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Abstract

In this study, investigation of convective heat transfer enhancement with the use of CuO-Polyaniline (CuO-PANI) nanocomposite based
nanofluid inside vertical helically coiled tube heat exchanger was carried out experimentally. In these experiments, the effects of
different parameters such as Reynolds number and volume % of CuO-PANI nanocomposite in nanofluid on the heat transfer coefficient
of base fluid have been studied. In order to study the effect of CuO-PANI nanocomposite based nanofluid on heat transfer, CuO
nanoparticles loaded in PANI were synthesized in the presence of ultrasound assisted environment at different loading concentration
of CuO nanoparticles (1, 3 and 5 wt.%). Then the nanofluids were prepared at different concentrations of CuO-PANI nanocomposite
using water as a base fluid. The 1 wt.% CuO-PANI nanocomposite was selected for the heat transfer study for nanofluid concentration
in the range of 0.05 to 0.3 volume % and Reynolds number range of was 1080 to 2160 (+5). Around 37 % enhancement in the heat
transfer coefficient was observed for 0.2 volume % of 1 wt.% CuO-PANI nanocomposite in the base fluid. In addition, significant

enhancement in the heat transfer coefficient was observed with an increase in the Reynolds number and percentage loading of CuO

nanoparticle in Polyaniline (PANI).

Keywords

CuO-PANI nanocomposite based nanofluid, helical coil tube heat exchanger, CuO loading, ultrasound, heat transfer coefficient

1 Introduction

The need of efficient heat transfer has always been a seri-
ous matter as far as process cost is concerned. There are
many fields where heat transfer is essential right from a car
radiator to spacecraft thermal applications, from air-con-
ditioning systems to nuclear reactors and from small elec-
tronic devices to large industrial process equipments.
These applications utilize different kind of heat trans-
fer devices that provide varying degrees of heat transfer.
Simple modifications like vibration of heating surface,
injection and suction of fluids, application of electrical
and magnetic fields in these devices to increase the heat
transfer have been studied by several researchers [1]. Also,
the use of conventional heat transfer fluids like water, eth-
ylene glycol etc. does not seem to be offering high heat
transfer. Thus, there arose a need of using solid particles
dispersed in base fluids to increase the thermal conductiv-
ity of the base fluids due to the fact that solids have higher

thermal conductivity than liquids. Many research groups
made use of solid particles dispersed in liquids but were
discontent with the results. This was reported to be hap-
pening due to various disadvantages like settling, erosion,
clogging, increased pressure drop etc. exhibited by the
micrometer-sized particles due to their large size [2]. This
was again overcome by introducing nanometer-sized par-
ticles into base fluids as invented by Choi [3] and named
as ‘Nanofluids’. Nanofluids are uniform suspensions of
nanoparticles in various kinds of base fluids. They have
been used to enhance the thermal conductivity and in con-
vective heat transfer studies by many researchers [4-8].
There are many fields where nanofluids find applications
which include automobile radiator [9, 10], solar applica-
tions [11-13], electronic applications [14, 15], biomedi-
cal applications [16, 17], industrial cooling applications
[18, 19], anti-bacterial applications [20-22], targeted drug
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delivery [23]. Application of nanofluids can be coupled
with usage of modified heat transfer devices. A helical
coil heat exchanger can be used instead of straight tube
heat exchanger as a way of augmenting heat transfer [24].
There are many advantages that helical coil provides like
high heat transfer coefficient, compact size, high heat
transfer area, reduced fouling etc.

Kumar et al. [25] investigated heat transfer provided by
Al,O,/water nanofluid in a shell and helical coiled tube heat
exchanger. It was reported that the presence of nanoparti-
cles in the fluid flowing through the helical coil intensifies
the formation of secondary flow and promotes mixing of
the fluid. Kahani et al. [26] have reported that the second-
ary flow taking place in helical coil improves heat transfer
significantly more than that in straight tube. Kumar et al.
[27] also reported very little pressure drop provided by
the nanofluid in the helical coiled tube with enhanced heat
transfer. A numerical study of fully developed flow in heli-
cal coil has been studied by Liu and Masliyah [28]. They
reported that the Dean number [De = Re (d/D)"?] is a con-
trolling parameter in helical coil. It plays the same role as
Reynolds number in a straight tube.

Polyaniline (PANI) based nanofluids have been studied
earlier and it has been reported that it gives higher ther-
mal conductivity [29] and a higher heat transfer coefficient
[30]. Bhanvase et al. [31] studied heat transfer enhance-
ment in vertical helically coiled tube heat exchanger using
PANI/water nanofluids. Further, the thermal conductivity
of the base fluid can be enhanced by using CuO nanoparti-
cles is already known [32, 33], there have also been studies
of application of CuO based nanofluids in helical coil heat
exchangers. Hashemi and Akhavan-Behabadi [34] studied
the characteristics of heat transfer and pressure drop for
CuO/base oil nanofluid flowing inside horizontal helical
tube. Fule et al. [35] also studied heat transfer enhance-
ment in helical coil heat exchanger using CuO nanofluids
and reported enhancement in the heat transfer.

The idea that may come into one’s mind is to combine
PANI and CuO and prepare a nanofluid that may give bet-
ter performance than that given by nanofluids prepared
using both components individually. CuO—PANI nano-
composites have already been found to exhibit synergistic
hybrid properties which are derived from both its compo-
nents [36]. Bhanvase et al. [37] have studied convective
heat transfer by using PANI and PANI-CuO nanofluids.
The higher enhancement offered by PANI-CuO nano-
fluid is attributed to the PANI encapsulated CuO nano-
composite. The detailed literature review is depicted in the

Table 1, which provides the insight of the enhancement in
the heat transfer with the use of nanofluids [25-37].
Researches on using helical coil heat exchanger and also
that on heat transfer improvement due to nanofluids have
been widely done earlier. But there are very few reports
on the heat transfer enhancement due to a coupled effect
of application of helical coil heat exchanger and nanoflu-
ids which seems to be crucial. In this study, CuO-PANI/
water nanofluids were prepared with varying loading (1,
3 and 5 wt.%) of CuO nanoparticles in the CuO-PANI
nanocomposite. Thermal conductivity of the nanofluid
was measured and compared with different volume frac-
tion of nanocomposite in water as well as with nanocom-
posites possessing different loading of CuO nanoparticles.
In addition, axial change of heat transfer coefficient was
studied for different concentrations of nanofluids having
nanocomposite of different loading (weight fraction) of
CuO nanoparticles flowing at different Reynolds number.

2 Experimental

2.1 Materials

The chemicals used for the preparation of CuO—PANI
nanocomposite were of analytical grade. Copper acetate
monohydrate [Cu (CH3COO), H,O], glacial acetic acid,
sodium hydroxide, ammonium persulfate, sodium dodecyl
sulphate, hydrochloric acid and aniline were procured
from Loba Chemie, Pvt. Ltd, Mumbai, India. Distilled
water was used throughout the experimentation.

2.2 CuO nanoparticle preparation

CuO nanoparticles preparation was carried out with the
use of the method given by Fule et al. [35] and Bhanvase et
al. [37]. As reported by Fule et al. [35], synthesis of CuO
nanoparticles was carried out by using 0.2 M copper ace-
tate solution, glacial acetic acid and 8 M sodium hydrox-
ide solution in distilled water. In the typical synthesis of
CuO nanoparticles, 600 mL of 0.2 M copper acetate solu-
tion mixed with 2 mL of glacial acetic acid in a beaker
and was heated to 80 °C under constant stirring with the
help of magnetic stirrer due to which the subsequent color
obtained was bluish. In the resultant solution, the addition
of 30 mL of 8 M sodium hydroxide solution was accom-
plished which resulted in the formation of black precipi-
tate in the solution. The obtained solution was boiled and
stirred for 2 h. The formed CuO nanoparticles were sepa-
rated by centrifugation, washed with distilled water sev-
eral times in order to remove the impurities and dried in
oven at 60 °C temperature.
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Table 1 Summery of work done in reported literature on enhancement in heat transfer using nanofluids.
Type of heat Heat transfer coefficient/
Nanofluid Concentration P Nusselt number Significant Findings Ref.
exchanger used
enhancement
Shell and helical Fluid flowing through the helical coil
AlO,/water 0.1-0.8 vol.% coiled tube heat 17-28 % intensifies the formation of secondary flow and ~ [25]
exchanger promotes mixing of the fluid
Straight tube and 1330 W/m?°C s dary 1 . lace in the coil
. o . . econdary flow taking place in the co1
TiO,/water 2 vol% Helical coiled tube 4720 W/m? °C improves heat transfer significantly (26]
heat exchanger
Al O, /water 0.1-0.8 vol.% coiled tube heat 21-42 % . . [27]
23 exchanoer boundary thickness as the nanofluid is passed
g through the coiled tube.
Numerical Dean number is the controlling parameter in
study in helical - Helical coil COUro Hng p [28]
pipe helical coil.
Polyaniline o Highest thermal conductivity enhancement of
(PANT)/water 0.08-0.24 vol % ) ) 140% was reported for 0.24 vol.%. 29]
Polyaniline o Straight tube heat N Polyaniline nanoparticles in the fluid augments
(PANT)/water 0-2and 1.2 wt% exchanger 33and 63 % the heat transfer performance of the fluid. (30]
e Vertical helically .
Polyaniline o . N Heat transfer coefficient to be 515.8 W/m?°C
(PANT)/water 0.1 and 0.5 vol.% coiled tube heat 10.52 and 69.62 % for PANT nanofiuid having 0.5 vol.% [31]
exchanger
CuO/ethylene Thermal conductivity enhancement for the
Iveol 4 1-5 vol.% - - studied nanofluid range was found to be 4 to [32]
gly 224 %
Thermal conductivity enhancement for the
hyl . .
Clu?gta:degz o 0-2 vol.% _ ) studied nanofluid range was found to be 13 to 33]
e e 19 %, 5-10 % and 5-8 % for distilled water,
& ethylene glycol and engine oil respectively.
CuO/base oil 2 wt% Horizontal helical 30.4 % [34]
tube
Average heat transfer coefficient was 99.9 W/
for 0.1 vol.% and Helical coil heat N o m? °C for Reynolds number of 812 while it
CuO/water 0.5 vol.% exchanger 373 % and 77.7 % increased to 544.46 W/m? °C at Reynolds (35]
number of 1895
Polyaniline (PANI)—CuO nanocomposites
Polyaniline ) ) are synthesized and it is shown that it exhibit (36]
(PANI)-CuO synergistic hybrid properties which are derived
from both its components
- . Higher enhancement offered by PANI-
Polyaniline 0.5 vol.% Straight tube heat >12 % CuO nanofluid is attributed to the PANT [37]
(PANI)/water exchanger

encapsulated CuO nanocomposite

2.3 CuO-PANI nanocomposite preparation

Preparation of CuO—PANI nanocomposite was accom-
plished by ultrasound assisted in situ emulsion polymer-
ization in the presence of prepared CuO nanoparticles.
Initially 500 mL of 1 M HCI solution was prepared in dis-
tilled water. Further initiator and surfactant solution were
prepared in distilled water by adding 3 g sodium dodecyl
sulphate in 20 mL distilled water and 5 g ammonium
persulfate in 50 mL distilled water, respectively. CuO
nanoparticles were added to the surfactant solution on
basis of weight percentage of aniline. All these prepared

solutions were added in the sonochemical reactor equipped
with probe sonicator (Make: Dakshin, 240 W, 22 kHz) and
were sonicated for 30 min. The temperature of this resul-
tant mixture was maintained at 4 °C and 10 mL of ani-
line was added in the reaction mixture. Further, the resul-
tant reaction mixture was sonicated for 1 h at 4 °C, which
leads to the formation of CuO—PANI nanocomposite par-
ticles. During reaction, dark green color of the suspension
was observed, which confirmed the formation of PANI. For
loading of 1, 3, and 5 wt. wt.% of CuO nanoparticles in
PANI, 0.09, 0.27 and 0.45 g CuO nanoparticles were added
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in the reaction mixture which resulted into formation of 1%
CuO-PANI nanocomposite, 3% CuO—PANI nanocompos-
ite, and 5 % CuO—PANI nanocomposite, respectively. The
formed nanocomposite particles were separated by centrif-
ugation, washed with distilled water and dried in an oven
at 80 °C. Dried CuO—PANI nanocomposite particles were
then used for the preparation of CuO—PANI nanocomposite
based nanofluid in water as a base fluid.

2.4 Characterization

UV/Vis spectra of CuO nanoparticles, 1 % CuO-PANI
nanocomposite, 3 % CuO—PANI nanocomposite, and 5 %
CuO—-PANI nanocomposite were recorded on UV/VIS
Spectrophotometer (LABINDIA UV3200 model). XRD
patterns of CuO nanoparticles, 1 % CuO—PANI nanocom-
posite, 3 % CuO—PANI nanocomposite, and 5 % CuO—-PANI
nanocomposite were obtained by using powder X-ray dif-
fractometer (Rigaku Mini-Flox, USA). The morphology of
CuO nanoparticles and 5 % CuO—PANI nanocomposite was
investigated by Transmission Electron Microscopy (TEM),
(PHILIPS, CM200, 20-200 KV, magnification 1,000,000X).

2.5 CuO-PANI nanocomposite nanofluid preparation

In order to maintain the desired properties of the nanoflu-
ids, it is necessary to get uniform, stable and long lasting
suspension with minimum agglomeration of the particles in
nanofluids. Therefore, in the present work, the preparation
of CuO—PANI nanocomposite based nanofluids was carried
with the use of hydrodynamic cavitation. Hydrodynamic
cavitation is a process in which cavities are generated by
passing the liquid through a constriction such as orifice
plate. When the liquid passes through the constriction,
the kinetic energy associated with the liquid increases at
an expense of the local pressure. When the pressure at the
throat or vena-contracta of the constriction falls below
the vapor pressure of the liquid, the liquid flashes, gener-
ating number of cavities that subsequently collapse when
the pressure recovers downstream of the mechanical con-
striction. The collapse of these cavities generates extreme
environment (temperature of the order of 10,000 K, and
pressures of about 1000 atm) which results in the high tur-
bulence and shearing action in the liquid medium. In order
to prepare CuO—PANI nanocomposite based nanofluid, the
said nanocomposite was first pulverized from the flakes
formed during drying into powdered form. Then the CuO—
PANI nanocomposite powder prepared in this study was
added in the distilled water which is the base fluid in vary-
ing volume percentage. With the aim of prevention of any

agglomeration, the nanofluid solution was passed through
hydrodynamic cavitation setup. In this work, during the
preparation of nanofluid no dispersing agent was used to
stabilize the nanocomposite particles in the nanofluid as
this might change the effective thermal conductivity of
the nanofluids. The volume percentage selected for 1 wt.%
CuO-PANI nanocomposite based nanofluid was 0.05, 0.10,
0.15, 0.20 and 0.30 vol.%. Further for the case of 3 wt.%
CuO-PANI nanocomposite and 5wt.% CuO—PANI nano-
composite, 0.05 volume % was selected for the preparation
of nanofluids which is used for the study of effect of CuO
loading of in CuO—PANI nanocomposite.

2.6 Thermal conductivity measurement of CuO-PANI
nanocomposite based nanofluid

The thermal conductivity of CuO—PANI nanocompos-
ite based nanofluids was measured with the use of KD2
Pro Thermal Properties Analyzer (Decagon Devices Inc.,
Pullman, WA, USA). This procedure follows the standards
of ASTM D5334 and works on the principle of measure-
ment based on the transient hot-wire source approach. This
instrument is comprised of readout unit and sensor that
is single needle. The needle i.e. thermal probe (1.27-mm
diameter, 60-mm length) which have heating element and
a thermoresistor was inserted in the CutO—PANI nanocom-
posite based nanofluids vertically. The measurement was
made by heating the probe within the sample, at the same
time the temperature change of the probe was monitored.
In this system thermal stability was confirmed in first 90 s
and in last 30 s the probe was heated with the help of con-
trolled intensity. The change in the temperature during
this process is recorded by thermistor and data is stored in
microprocessor. The thermal conductivity of CuO—PANI
nanocomposite based nanofluids was measured for differ-
ent volume percentage of nanofluids and at different tem-
peratures and was reported in this manuscript.

2.7 Experimental set up and procedure

A schematic diagram of the experimental setup used in
the present study, is depicted in Fig. 1. It was the same
experimental setup used in our previous study [31, 35].
The experimental setup depicted in Fig. 1 was built as
closed loop system consisting of a nanofluid tank, pump,
flow rate measuring unit, heat transfer section and cooling
section. The heart of the system consists of a vertical heli-
cal copper coil having internal diameter of 13 mm, outside
diameter of 15 mm and length of 10 m. The diameter of the
helical coil was 290 mm with pitch of 35 mm and number
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Fig. 1 Schematic of the experimental set up for convective
heat transfer study for PANI-CuO nanofluids.

of turns was 12. The tubes have vertically down entry with
pipe of same inside diameter and exit at the top followed
by cooling section.

The coil was equipped with J-type thermocouples which
indicated the temperature of inner fluid as well as inner
wall of tube of alternate turn. These thermocouples were
soldered at distance of 165 cm, 330 cm, 495 cm, 660 cm,
825 cm and 990 cm from the entrance of the tube. Digital
temperature indicator was used to display thermocouple
output. Flow rate of nanofluid was measured using rotam-
eter and readings were taken at various flow rates ranging
from 40 LPH to 80 LPH. Nanofluid from the tank was cir-
culated in the experimental setup by means of pump. The
assembly of helical coil and thermocouples was kept in a
circular tank fabricated by sheet metal.

2.8 Physical properties determination by correlations
The density, heat capacity, viscosity and thermal conduc-
tivity of the nanofluids were estimated using following cor-
relations because these are the important properties used for
the calculation of heat transfer rate. In these correlations,
the nanoparticles were assumed to be uniformly dispersed
in the base-fluid. The density of CuO—PANI nanocompos-
ite based nanofluids was estimated for various volume con-
centrations using following correlations [38, 39]:

Pur =¢pp+(1_¢)pbf' 1)

The specific heat of CuO-PANI nanocomposite based
nanofluids were calculated in the present work using
Eq. (2) [39].

Cp, =¢C,+(1-9)C,,. @

The viscosity of CuO-PANI nanocomposite based
nanofluids was estimated using following equation:

t,y =ty (1+2.59). 3
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The effective thermal conductivity of CuO—-PANI nano-
composite based nanofluids of mono-disperse, low vol-
ume- fraction mixtures of spherical particles was esti-
mated as [40]:

B kp +2kb/’ +(2¢kp —kbf)
v kp +2klzf _¢(kr1 _kh/') "

@

2.9 Convective heat transfer measurement

The following correlation was used for the estimation of
the convective heat transfer coefficient at an axial distance
‘x’ from inlet in a straight tube, which is given by:

qs

AN AORAE ®
where ¢g_heat flux applied to the fluid; 7 (x) the wall tempera-
ture at a distance ‘x” from the inlet, and 7',(x) the fluid bulk
temperature being measured at a distance ‘x’ from the inlet.

Further, the equation given below was used for the cal-
culation of the heat transfer coefficient in the case of heli-
cal coil:

D
1+3.53j. 6)

hi(c'oil) = hi(straighr) (
Where D is diameter of inside tube and D, is the diameter
of helix.

The heat flux was estimated with the use of Eq. (7):
nC, (T,,-T,,)

y @)

qs =
where, T, , T, and A are the bulk fluid outlet temperature,
bulk fluid inlet temperature and inner surface area
respectively of the copper helical coil.

3 Results and discussion

3.1 UV-visible, TEM and XRD analysis

The U V-visible absorption spectra of CuO nanoparticles and
CuO-PANI nanocomposites for different loading of CuO
nanoparticles are depicted in Fig. 2. In case of CuO nanopar-
ticles, broad absorption peaks at 300 and 355 nm were
observed. Whereas, in case of CuO—-PANI nanocomposite,
the absorption peak observed at 330 nm is attributed to IT-IT*
transition of Benzenoid ring. Further the absorption peak
at 440 nm is attributed to the Polaron —IT* transition. The
absorption peak at around 620 nm is due to the transitions
from localized benzene molecular orbital to a quinonoid
molecular orbital [41]. Further, the absorption peaks of CuO
nanoparticles were observed in the same wavelength range.
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Fig. 2 UV-visible absorption spectra of CuO Nanoparticles, 1 %
CuO—-PANI Nanocomposite, 3 % CuO—-PANI Nanocomposite
and 5 % CuO—PANI Nanocomposite

Fig. 3 depicts the TEM images of CuO nanoparticles
(A and B) and CuO—PANI nanocomposite (C and D). From
Fig. 3 A and B, it has been observed that the CuO nanopar-
ticles are rod-shaped and have uniform particle size con-
sistently less than 10 nm without showing any agglomer-
ation. Fig. 3 C and D shows TEM images of CuO—PANI
nanocomposite particles prepared by ultrasound assisted in
situ emulsion polymerization. The TEM images depict the
fine and uniform dispersion of CuO nanoparticles in PANI
matrix resulting in the formation of finely dispersed CuO—
PANI nanocomposite particles. This is attributed to the
physical effects of the ultrasound, which generates turbu-
lence and micro mixing due to implosion of the cavities in
the reaction medium that will give synergetic effect in the
properties of CuO—PANI nanocomposite based nanofluids.

Fig. 4 shows the XRD pattern of CuO nanoparticles and
CuO-PANI nanocomposite particles. The characteristic
peaks at 35.1, 38.2, 48.4, 52.9, 57.8, 61.3, 65.5 and 67.7°
corresponding to the planes at (0 02), (1 1 1), (2 0 2), (0
20),(202),(113),(311)and (22 0), shows monoclinic
phase of CuO nanoparticles (JCPDS Card. No. 89-5899)
[37,42, 43]. This confirms the formation of crystalline CuO
nanoparticles. The XRD pattern of CuO—-PANI nanocom-
posite is depicted in Fig. 4. The peaks at 19.9, 22.4, 27.1°
are characteristics of PANI (EB). In the presence of CuO
nanoparticles the peaks of PANI becomes weaker. Further,
the peaks of CuO nanoparticles in the case of CuO—PANI
nanocomposite becomes too weak which is attributed to
lesser loading of CuO nanoparticles in PANI matrix.

3.2 Effect of concentration of nanofluid on thermal
conductivity ratio

Fig. 5 depicts the thermal conductivity ratio of 1 wt%
CuO-PANI nanocomposite (with 1 wt.% loading of CuO

Fig. 3 TEM Images of (A and B) CuO Nanoparticles, (C and D) 5%
CuO—-PANI nanocomposite

—— 5% CuO-PANI Nanocomposite
—— CuQ Nanoparticles

(B)

0 T r r
10 30 70

50
26 (Degree)

Fig. 4 XRD pattern of (A) CuO Nanoparticles and (B) 5% CuO-PANI
nanocomposite

nanoparticles in the nanocomposite) based nanofluids pre-
pared using distilled water as a base fluid against the tem-
perature of the nanofluids for different concentrations
(volume %). As can be seen from the graph, the thermal
conductivity ratio of all the prepared nanofluids having 0.1,
0.2, 0.3 and 0.4 vol.% concentration increases with increase
in temperature. Along with this, it is clear that the increas-
ing concentration shows an increasing trend in thermal con-
ductivity ratio with a highest ratio exhibited by the 0.4 vol.%
concentrated nanofluid recorded to be 2.10 at 40 °C.

It has been already known that the addition of nanopar-
ticles to the base fluid leads to enhancement in the ther-
mal conductivity of the nanofluids. Further, an increase
in the temperature intensifies the Brownian motion of the
nanoparticles which in turn enhances the thermal con-
ductivity of the nanofluids. Similar results were obtained
for nanofluids containing CuO-PANI nanocomposite
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Fig. 5 Thermal conductivity ratio of 1 % CuO—-PANI
nanocomposite based nanofluids with water as the base
fluid with respect to temperature at different vol.%.

composed of 3 wt.% CuO nanoparticles at concentrations
of 0.1, 0.2 and 0.4 vol.% as shown in Fig. 6.

The thermal conductivity ratios obtained for 0.1, 0.2
and 0.4 vol.% nanofluids are 2.34, 2.51 and 2.59, respec-
tively at 40 °C. The increase in thermal conductivity ratio
with temperature for nanofluids containing CuO-PANI
nanocomposite composed of 5 wt.% CuO nanoparticles
has also been observed (Fig. 7) for different concentra-
tions with the highest shown by 0.5 vol.% nanofluid as
3.87 at 48.8 °C. An enhancement in the thermal conduc-
tivity of CuO—PANI nanocomposite based nanofluid with
an increase in the loading of CuO nanoparticles in the
said nanocomposite is attributed to increase in the content
of the CuO nanoparticles in the CuO—PANI nanocom-
posite. As the thermal conductivity CuO nanoparticle is
higher, it contributes in the enhancement in the thermal
conductivity of resulted nanocomposite based nanofluids.

3.3 Effect of CuO loading in the nanocomposite on
thermal conductivity ratio

Fig. 8 illustrates the thermal conductivity ratio of CuO—-PANI
nanocomposite based nanofluids having 0.5 vol.% concen-
tration against temperature for different loading of CuO
nanoparticles in the nanocomposite, namely 1 wt.%, 3 wt.%
and 5 wt%. The highest increase in thermal conductivity
ratio of 3 is shown by the nanofluid containing CuO—-PANI
nanocomposite with 5 wt.% CuO loading at 42 °C. As the
thermal conductivity of copper is very high, an increase in
its concentration in the CuO—PANI nanocomposite shall aug-
ment the thermal conductivity of the nanocomposite. This
result in the higher thermal conductivity ratios presented by
nanofluids prepared using the CuO—PANI nanocomposite
possessing higher CuO nanoparticles concentration.
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Fig. 6 Thermal conductivity ratio of 3% CuO-PANI
nanocomposite based nanofluids with water as the base
fluid with respect to temperature at different vol.%.
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Fig. 7 Thermal conductivity ratio of 5% CuO-PANI nanocomposite
based nanofluids with water as the base fluid with respect to
temperature at different vol.%.
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nanoparticles in CuO—PANI nanocomposite with water as the
base fluid with respect to temperature.
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3.4 Effect of concentration of nanofluid on heat

transfer coefficient

Fig. 9 shows the trend of heat transfer coefficient with
respect to axial position for the flow of the nanofluids with
different 1wt.% CuO—PANI nanocomposite concentration
at Reynolds number of 1890. It is clear from the Fig. 9 that
the heat transfer coefficient increases with an increase in
the CuO—PANI nanocomposite concentration in nano-
fluid. This is because of higher thermal conductivity pos-
sessed by the higher concentration CuO—PANI nanocom-
posite in nanofluid as known earlier. Also, a large number
of nanoparticles present in the nanofluid bring about more
chaotic movements thus disturbing the thermal boundary
layer present at the tube wall surface formed as a form
of heat transfer resistance. At lower axial distance i.e. at
the entrance of the test section, the value of heat trans-
fer coefficient is large which is attributed to the entrance
effect. After a certain axial distance, the decline in heat
transfer coefficient becomes gradual due to developed
thermal boundary layer. The rise in the concentration of
the nanofluid results in a delay in thermal boundary layer
formation thus increasing the heat transfer coefficient.
At the exit (i.e. x/D, = 761.5), heat transfer coefficient for
water is found to be 335.1 W/m?°C and that for 0.3 vol.%
CuO-PANI nanofluid with 1 wt.% CuO nanoparticles in
CuO-PANI nanocomposite is 460.4 W/m?°C. Significant
enhancement in heat transfer coefficient was observed
with increase in the volume % of nanocomposite particles
in the base fluid. The possible reasons are stated above.
Also, addition of CuO-PANI nanocomposite particle in
the nanofluid increases the effective thermal conductivity
and reduces the thickness of the boundary layer. The heat
transfer coefficient is the ratio of thermal conductivity
and thickness of boundary layer. Therefore, increase in

1300 -
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g 1100 4 —4—0.10 Vol.%
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Fig. 9 Trend of heat transfer coefficient (h) vs the axial position at
different 1% CuO—PANI nanocomposite concentration (Re=1890)

the thermal conductivity and decrease in the thickness of
boundary layer results in the increase in the heat transfer
coefficient of the nanocomposite based nanofluid. Also
Brownian motion plays significant role in the enhance-
ment of heat transfer coefficient. Also with the use of
helical coiled heat exchanger it is possible to generate the
secondary flow that improves heat transfer significantly
compared to that of in straight tube, which is well defined
by Dean number. Further with an increase in the volume
percentage of the nanoparticles in the basefluid, the mar-
ginal increase in the pressure drop and friction factor is
reported in the literature. However, in the present work
we have used hydrodynamic cavitation for the prepara-
tion of nanofluids which confirms the fine dispersion of
the nanocomposite particle in the basefluid. Therefore,
slight increment in the pumping power at higher concen-
tration of nanocomposite particles can be predicted.

Fig. 10 shows the effect of concentration of 1wt.%
CuO-PANI nanocomposite based nanofluids flowing at
Reynolds number of 1890 + 5 on the heat transfer coeffi-
cient enhancement measured at outlet of the test section.

As it can be seen in the figure, a maximum enhance-
ment of 37.4 % in the heat transfer coefficient provided by
the 1wt.% CuO—PANI nanocomposite based nanofluids is
at 0.2 vol.% concentration after which there is no further
enhancement in the heat transfer coefficient as compared
with the base fluid. This is due to the agglomeration or
setting of particles taking place at the high concentration.
Large amount of nanoparticles flowing inside the test sec-
tion can tend to settle at the bottom wall of the coil result-
ing into less nanoparticles flowing through the coil. This
helps to conclude that the nanofluid concentration of 0.2
vol.% is the optimum concentration required to achieve
maximum heat transfer enhancement.
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Fig. 10 Effect of 1% CuO-PANI nanocomposite concentration
in nanofluid on heat transfer coefficient enhancement (at x/Di =
761.5 i.e. at outlet of the helical coil and Re = 1890 £ 5)



3.5 Effect of CuO loading in the nanocomposite on heat
transfer coefficient

The effect of loading of CuO in CuO-PANI nanocompos-
ite on the heat transfer coefficient for 0.05 vol.% concen-
tration of nanofluid can be seen in Fig. 11. It can be found
that the nanofluid containing CuO—PANI nanocomposite
composed of higher loading of CuO nanoparticles in CuO—
PANI nanocomposite has higher heat transfer coefficient.
The highest heat transfer coefficient was observed to be
460.8 W/m?°C for the 5 wt.% loading CuO nanoparticles.
At the exit of the test section, the heat transfer coefficient
was found to be increased from 391.6 to 460.8 W/m? °C
with an increase in the loading of CuO nanoparticles
from 1wt% to 5 wt% in CuO—PANI nanocomposite. This
is attributed to the higher thermal conductivity of CuO—
PANI nanocomposite composed of higher loading of CuO
nanoparticles as discussed earlier. Thus, more the loading
of CuO in the CuO—PANI nanocomposite, higher will be
the enhancement in the heat transfer coefficient.

3.6 Effect of Reynolds number on heat transfer
coefficient

The heat transfer coefficient for 0.2 vol.% concentration of
nanofluid containing 1 wt.% CuO-PANI nanocomposite at
different Reynolds number is plotted against axial distance
in Fig. 12. It is seen that higher Reynolds number depict
higher heat transfer coefficient, which is attributed to the
increased turbulence of the nanofluid with an increase in
the Reynolds number. For Reynolds number equal to 1079,
the heat transfer coefficient was found to be 263.2 W/m?°C,
which is found increased to 592.1 W/m?°C for the Reynolds
number equal to 2158 at the exit of the test section. This
is due to the turbulence at higher Reynolds number, which
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Fig. 11 Effect of percentage loading of CuO in CuO—PANI
nanocomposite for its 0.05 volume % concentration in
nanofluid on heat transfer coefficient (Re = 1890 + 5)
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facilitates chaotic movement of the nanoparticles resulting
in increase in heat transfer coefficient. Fig. 13 shows the
increasing trend of heat transfer coefficient with respect to
Reynolds number measured at outlet of the test section for
a 1 wt.% CuO—-PANI nanocomposite based nanofluid with
0.2 vol.% concentration. With the increase in Reynolds
number, eddies are developed in the flow that reduces the
thickness of boundary layer and that results in enhance-
ment in the heat transfer coefficient.

4 Conclusions

The convective heat transfer study was successfully car-
ried out in the present study using CuO—PANI nanocom-
posite based nanofluid at various volume % (0.05 to 0.3) in
a helical coiled tube heat exchanger at different Reynolds
number ranging from 1079-2158. Also the effect of loading
of CuO nanoparticles in the CuO—PANI nanocomposite on
heat transfer coefficient of nanofluid was studied. It has
been observed that an increase in the volume % of CuO—
PANI nanocomposite, Reynolds number and CuO load-
ing in the nanocomposite shows significant enhancement

500 A

Heat Transfer Coefficient

200 r T T
100 300 500 700

Fig. 12 Trend of heat transfer coefficient (4) vs the axial
position at different values of Reynolds Number for 1 %
CuO-PANI nanocomposite at 0.2 Vol. % concentration.

600 -

500 1

)

400 4

5300 -

200 T T 3
1000 1500 2000 2500

Reynolds Number

Heat Transfer Coefficient
m2oC

Fig. 13 Effect of Reynolds number of 1% CuO—PANInanocomposite
based nanofluid on heat transfer coefficient (at x/Di = 761.5 i.e. at
outlet of the helical coil and Volume % = 0.2)
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in the thermal conductivity and heat transfer coefficient.
The CuO-PANI nanocomposite in the present study was
successfully prepared by ultrasound assisted in situ emul-
sion polymerization method and used for the preparation
of nanofluids. An increase in the loading of CuO nanopar-
ticles in CuO—PANI nanocomposite shows a noteworthy
increase in the heat transfer coefficient of nanofluid from
391.6 to 460.8 W/m?°C at 0.05 volume %. Around 17 %
enhancement in the heat transfer coefficient was observed
at 0.05 volume % concentration of Iwt% CuO-PANI
nanocomposite and 37.4 % enhancement at 0.2 volume %.
Therefore, the use of CuO-PANI nanocomposite based
nanofluid is a superior option wherever higher heat trans-
fer rate is expected.

Nomenclature
A Inner surface area of the copper helical coil
(m?)
C, Heat capacity of nanoparticles (J/kgK)
Cy Heat capacity of base fluid (J/kgK)
CPn/ Heat Capacity of nanofluid (J/kgK)
D Diameter of inside tube of helical coil (m)
Dc Diameter of helix (m)
hi o Heat Transfer coefficient in helical coil
(W/m?°C)
hiaqn — Heat Transfer coefficient in straight tube
(W/m?°C)
K, Thermal conductivity of base fluid (W/mK)
K, Thermal conductivity of nanofluid (W/mK)
K, Thermal conductivity of nanoparticles
(W/mK)
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