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In the present research, the synthesis of highly stable multiwalled carbon nanotubes in aqueous media is devel-
oped using a one-pot, covalent and green functionalization technique to improve the heat transfer and hydrody-
namic behavior of a horizontal stainless-steel tube subjected to a uniform heatflow at its outer surface. Instead of
using corrosive inorganic acids, the free radical grafting of gallic acids is used in this procedure. In this work, GA-
functionalized multiwalled carbon nanotubes water-based colloidal suspensions (nanofluids) were prepared at
three differentweight concentrations. Various characterization techniques comprising Fourier transform infrared
spectroscopy, Raman spectroscopy, High resolution transmission Electron Microscopy, and zeta-potential mea-
surements were performed and confirmed the success ofMWCNT functionalization. The thermophysical proper-
tieswere evaluated experimentally and validated using empirical correlations available in the literature. To prove
the colloidal suspension stability, ultraviolet-visible spectroscopy was used, and the results showed that
nanofluid was stable for almost 60 days. When the GAMWCNT concentration was increased, there was a signif-
icant improvement in the thermal conductivity. Moreover, the nanofluids' dynamic viscosity experienced a slight
increment up to 7.30% when the GAMWCNTs were loaded relative to distilled water. Following the confirmation
of the experimental setup's analytical correlations, tests for the colloidal GAMWCNT suspension flowing through
a heated horizontal tube were carried out in a fully developed turbulent state. A significant enhancement in the
convective heat transfer coefficient was obtained, with only minor growth in the relative pumping power by
33.05 and 1.19%, respectively. More importantly, the reported positive performance index indicator for all the
Reynolds numbers of ranges shows the possibility of using the synthesized GAMWCNT aqueous suspensions
as an alternative working fluid in heat transfer systems.

© 2022 Published by Elsevier B.V.
Keywords:
Nanofluid
Thermo-physical properties
Thermal conductivity
Convective heat transfer
Multiwalled carbon nanotubes
Environmentally friendly
1. Introduction

Convective heat transfer plays a crucial role in various thermal sys-
tems (e.g., heating and cooling devices and solar collectors). However,
the applicability and performance of heat transfer systems is restricted
by the low heat conductivity of traditional refrigerants (e.g., ethylene
mnewaz@um.edu.my
glycol, oil, and water) [1,2]. Therefore, scientists and researchers are ac-
tively seeking howalternative coolants can be generatedwith improved
thermal conductivity to boost the performance of thermal applications
[3,4]. In this respect, experimental and computational investigations
have been conducted on thermal systems, where nanofluids are em-
ployed as operating fluids to analyze the heat transfer and hydrody-
namic characteristics. Nanofluids are mainly nanoparticles blend
immersed in the base fluid (e.g., water). Nanofluids are effectively
used for convective heat transfer applications due to the higher thermal
conductivity relative to conventional working fluids [5–8].
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Nomenclature
A internal surface area of the tube (m2)
NIST National Institute of Standards and Technology (NIST)
Cp specific heat capacity (J/kg K)
CNT carbon nanotube
MWCNT multi walled carbon nanotube
GAMWCNT Gallic Acid-treated MWCNT
D tube diameter (m)
TEM transmission Electron Microscopy
GA Gallic Acid
wt% weight percentage/mass fraction
w
:

pumping power
k thermal conductivity, W/m.K
L tube length (m)
m
:

mass flow rate (kg/s)
UV-VIS ultraviolet-visible spectroscopy
Pr Prandtl number
Q input power (Watts)
q
:

heat flux (W/m2)
Nu Nusselt number
ƒ friction factor
h convective heat transfer coefficient
Re Reynolds number
V voltage (v)
T temperature, °C
I current (A)
ν velocity, m/s
FTIR Fourier transform infrared spectroscopy
Tw wall temperature (K)
Ti inlet fluid temperature (K)
To outlet fluid temperature (K)
Tb bulk temperature (K)

Greek symbols
ε performance Index
ρ density of the fluid (kg/m3)
Δp pressure drop (Pa)
μ dynamic viscosity (mPa.s)

Subscripts
bf base fluid
nf nanofluid
NPs nanoparticles
b bulk
i inlet
m mass
o outlet
t thermocouple
w wall
avg average
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So far Specific nanoparticles have been employed to produce
nanofluids with high thermal conductivity, for example carbon nano-
materials like carbon nanotubes (CNTs) [3,9], and graphene [10–14],
in addition to metal oxides like copper oxide (CuO) [15,16], Iron Oxide
(Fe2O3) [17], aluminum oxide (Al2O3) [4,18–20], and silicone dioxide
(SiO2) [17].

Nanofluids have been utilized in various thermal applications,
comprising the microchannel, solar collectors [21,22], and heat recov-
ery systems. During various numerical and experimental studies in
different types of pipes, the influence of employing nanofluids as al-
ternatives to traditional working fluids has been observed as the
modes and structures of heat exchanger pipes vary according to
2

their applications [23,24]. Theoretical and experimental studies of
nanofluids have been conducted in different flow regimes to achieve
high heat transfer performance and low-pressure reduction in square
and rectangular conducts. [25–27]. All of the experiments demon-
strated a substantial improvement in heat transfer when nanofluids
were used as the working fluid, where the pressure drop also in-
creased. Despite the variety of pipe shapes and designs, circular
tubes are still considered the most common type of tube in engineer-
ing applications.

Fotukian and Esfahany experimentally investigated the convective
heat transfer and pressure drop for a nanofluid with 0.24 vol% of CuO
(where water was used as the base fluid) passing through a circular
pipe [28]. The convective heat transfer improved by 25%, whereas the
pressure drop decreased by 20%. Sajadi and Kazemi reported 25% im-
provement in convective heat transfer in a circular tube under turbulent
flow regime when 0.24 vol% of TiO2 nanoparticles were loaded into the
base fluid [29]. The highest pressure drop (25%) was attained at Re =
5000 for the nanofluid containing 0.25 vol% of nanoparticles. They
proposed a Nusselt number (Nu) correlation for the single-phase fluid.
Esfe et al. conducted an experimental study on the effect of MgO/
water nanofluid on the heat transfer coefficient in a circular pipe [30].
They found 35.93% improvement at a nanoparticle concentration of
0.1 vol% and Re=7331. Li et al. reported a 13.62% improvement in ther-
mal conductivity of ZnO/EG-W nanofluid at a nanoparticle concentra-
tion of 5 wt% [31]. They demonstrated that the convective heat
transfer coefficient of the prepared nanofluid increased as the Re in-
creased, and they reported 30% enhancement at a nanoparticle concen-
tration of 2.5 wt%. Devi et al. conducted a numerical and experimental
investigation on the effect of Al2O3/water and CuO/water nanofluids
as coolants in a circular tube [32]. They considered a nanofluid volume
concentration of 1% and 3% in the laminar regime. The Nu of both
nanofluids improved substantially; however, the Al2O3/water
nanofluid showed better heat transfer coefficient values than the CuO/
water nanofluid.

Among nanoparticles, carbon nanostructures have remarkable
physical, chemical, and mechanical properties, along with high ther-
mal conductivity, rendering these materials a promising candidate
for heat transfer applications. Carbon nanotubes (CNTs), a family of
carbon-based materials is suitable for diverse applications, comprising
heat transfer coolant and supercapacitor owing to their high durabil-
ity, low density, good reliability, and excellent electrical, thermal,
and mechanical characteristics. Nevertheless, the main obstacle in
their usage is their low solubility. CNTs are readily entangled as a re-
sult of strong intermolecular π-π interactions and appear to aggregate
in polar solvents such as ethylene glycol and water [33–35]. In indus-
trial applications, this obstructs the process capability of CNTs. Hence,
numerous procedures have been employing to improve the stability
and solubility of carbon-based materials in aqueous and organic
media, such as covalent and noncovalent functionalization of these
materials. The covalent functionalization of carbon-based materials
has been used to produce stable nanofluids and has attracted consid-
erable attention among researchers and scientists. In this method,
the hydrophilic functional groups for instance amine, carboxyl acids,
or esters are attached onto the surface of the carbon-based materials
employing either one of the following reaction methods: amination,
oxidation, esterification, nucleophilic addition, or free radical grafting
of CNTs with strong acids [6,36]. Despite these chemical methods are
commonly reliable in synthesizing functionalized CNTs, these routes
are not environmentally friendly because the reagents used are toxic
and environmentally harmful. Even more importantly, some of these
chemical paths may cause lattice defects, which weaken the inherent
CNT features. [33].

Recently, a new pathway of covalent functionalization of carbon
nanomaterial based on employing natural materials such as herbs was
introduced by our research group. In this work, clove buds [37] have
shown outstanding properties in improving the stability and solubility
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of CNTs in an aqueous medium. It has been noticed an improvement in
the thermophysical characteristics of the base fluid (i.e.Water) after full
dispersion of the nanoparticles. The heat transfer and hydrodynamic be-
havior for the clove-treated MWCNT/water nanofluids (C-MWCNT/
water) were investigated experimentally and numerically using an an-
nular heat exchanger subjected to a uniform heat flux. The findings
are promising as the C-MWCNT/water nanofluids were considerably
more thermally conductive, while the density and viscosity of the
nanofluids showed only aminor increase. The Nusselt number and con-
vective heat transfer improved markedly for the C-MWCNT/water,
while the increment in the friction factor was marginal.

Gallic acid (GA) is a polyphenol antioxidant extracts from various
types of vegetables such as berries, green tea and grapes. [38] GA is
widely utilized in various industries comprising food and pharmaceuti-
cal. Owing to its composition (phenol) and green characteristics, GA has
the potential to be used as a suitable candidate for functionalization of
MWCNTs in order to make the surface of MWCNTs hydrophilic and im-
prove their solubility and stability in aqueous media.

In this research, a green, non-corrosive and facile technique is devel-
oped for covalent functionalization ofMWCNTs usingGA via free radical
grafting of GA onto the surface of MWCNTs. This technique is particu-
larly advantageous due to the anti-oxidation, non-corrosive and
non-toxic properties of GA. To verify the success of the covalent
functionalization procedure, both pristine and functionalized MWCNTs
are characterized by Fourier transform infrared spectroscopy, Raman
spectroscopy, ultraviolet/visible absorption spectroscopy, transmission
electron microscopy, and zeta potential measurements to verify
the practical application of the functionalization and stability of
GAMWCNTs. Next, highly stable GA-treated MWCNTs aqueous suspen-
sions are prepared in different weight concentrations. Following this,
the rheological and thermo-physical characteristics of the GA-treated
MWCNTs are measured as a function of temperature. Afterward, the ef-
fectiveness of the prepared nanofluids in improving the convective heat
transfer and hydrodynamic behavior in a closed horizontal circular flow
passage subjected to a uniform heat flux is investigated experimentally
under turbulent flow conditions.
Fig. 1. Synthesis of t

3

2. Materials and methods

2.1. Materials

Pristine MWCNTs (diameter: <8 nm, purity: >95%, specific surface
area: >500 m2/g) were sourced from Nanostructured & Amorphous
Materials Inc., USA. The remaining chemical reagents were of analytical
grade, namely, G.A. (3,4,5-trihydroxy benzoic acid) and hydrogen per-
oxide (H2O2, 30%) which were supplied by Sigma-Aldrich.

2.2. Synthesis of GAMWCNT/water nanofluids

To functionalize the MWCNTs, 5 g pure MWCNT and 15 g GA were
poured into a beaker containing 1000 ml distilled water (DI water)
and stirred for 15 min at 80 °C on a hot-plate magnetic stirrer to obtain
a homogenous black suspension. In the next step, 25mLof concentrated
hydrogen peroxide (30%) as an initiator was gradually added under vig-
orous stirring. The blendwas ultrasonicated via a sonicator probe for 20
min. After sonication, the mixture was heated at 80 °C under reflux on
the hot-plate magnetic stirrer for 14 h. Afterward, the resulted black
suspensions containing functionalized MWCNTs were centrifuged and
washed several times with abundant DI water until a neutral pH was
reached. The GA-functionalized MWCNTs (GAMWCNTs) were dried at
60 °C under vacuum overnight. Introduction of hydrophilic functional
groups such as –COOH, –OH in sidewalls, and tips of MWCNTs render
them highly dispersible in water for convective heat transfer applica-
tions. Fig. 1 represents the procedure of the covalent functionalization
of MWCNTs gallic acid. The corresponding homogeneous colloidal sus-
pensions (Nanofluids) were prepared by sonicating 0.025, 0.075, and
0.1 wt% of GAMWCNTs in DI water for 10 min.

Fig. 2 demonstrates theproposed free radical grafting reaction of gal-
lic acid (GA) andMWCNTs in aqueousmedia. In the first step (initiation
step), hydrogen peroxide becomes unstable at high temperatures and
decomposes spontaneously into hydroxyl radicals [39]. These hydroxyl
radicals attack the GA to create free radicals on the GAmolecules, which
results in covalent bonding of the activated molecules onto the surface
he GAMWCNTs.



Fig. 2. Schematic of the functionalization procedure of MWCNTs with gallic acid.
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of MWCNTs. The hydroxyl radicals can attack the CNTs directly, leading
to the formation of hydroxyl groups on the CNTs surface [40].

2.3. Experimental procedure

Th experimental procedure comprises several steps. First, the
nanofluids were produced and then the thermophysical properties
of the nanofluids were assessed for the base fluid and synthesized
nanofluids. Different analytical equipment was used to characterize
the nanomaterials, base fluid, and nanofluids. Finally, the closed conduit
was used to investigate the heat transfer and frictional properties of
nano-coolants.

Ultrasonicationwas carrying out using an ultrasonic liquid processor
(Misonix Inc., USA) having an output up to 600 W. Hitachi HT7700
transmission electron microscope (high-resolution digital TEM) was
employed to test themorphological properties of the pristine and func-
tionalized MWCNTs. Prior to TEM, the samples were prepared by ultra-
sonically dispersing the functionalized MWCNTs in ethanol before
collection on Lacey carbon grids. The Zetasizer Nano ZS two-angle par-
ticle and molecular size analyzer (Malvern Instruments Ltd., UK) was
utilized to estimate the zeta potential of the samples. The UV-1800
Ultraviolet–visible spectrophotometer (UV/VIS spectrometer)
(Shimadzu Corporation, Japan) was employed to examine the
dispersibility and stability of the nanofluids. To enable detectable wave-
lengths for the UV/VIS spectrometer to pass through the aqueous
nanofluids, DI water was used to dilute the samples with a ratio of
1:20. Using special quartz cuvettes suitable for UV region, the light ab-
sorbance of all samples was measured at different time intervals over
the course of 63 days. The effective thermal conductivity of the
nanofluids was measured using KD-2 Pro thermal properties analyzer
(Decagon Devices, Inc., USA) with KS-1 probe sensors (length: 6 cm,
4

diameter: 1.3 mm). The accuracy of the thermal conductivity measure-
mentwas about 5%. To ensure equilibrium of the nanofluids, an average
of 16 measurements was recorded over a 4-h period for each tempera-
ture and nanoparticle weight concentration. The instrument was cali-
brated using DI water as the base fluid before measuring the thermal
conductivity of the nanofluids. The thermal conductivity of DI water
was measured at 30 °C and the value was found to be 0.609 W/m·K,
which are in good agreement with those obtained in previous studies
[41,42]. The Physica MCR rheometer (Anton Paar GmbH, Austria) was
utilized to measure the dynamic viscosity of the aqueous nanofluids.
The rotary rheometer comprising a cylindrical moving platform and a
steady cylindrical surface parallel to a tiny gap. The sample density
was analyzed via DE-40 density meter (Mettler Toledo GmbH,
Switzerland) with a precision of 10−4 g/cm3.

The general experimental setup for convective heat transfer includes
a horizontal pipe as the test section, a pump, reservoir tank, cooling unit,
data acquisition system, a heated test section, and measuring instru-
ments (including a flow meter and differential pressure transmitter
(DPT). The experimental setup used in this study is displayed in Fig. 3.
In addition, a 10-L stainless steel jacket tank with pump (Araki Axis
EX-70 R) was used for the aqueous nanofluids with a flow rate of
0–14 L/min. Foxboro differential pressure transmitter and SE 32 inline
paddle wheel transfer transmitter (Bürkert Contromatic Corp., USA)
with display were used to evaluate the pressure loss and flow rate, re-
spectively. The pump flow was regulated using Hoffman Muller in-
verter. A straight, seamless, stainless steel tube (outer diameter: 12 ±
0.1 mm, length: 1400mm, inner diameter: 10 mm)was used as the ex-
perimental test section. An ultra-high-temperature flexible tape heater
(width: 12.5 mm, length: 3.6 m) was carefully wrapped surrounding
the test section at a maximum power of 940 W to prepare the final
heated section of 1.2 m. The heater wires were linked to a QPS VT2–1



Fig. 3. Photographs of the experimental setup used to measure the convective heat transfer of a closed conduit where GAMWCNT-water nanofluids were utilized as the operating fluid.
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variable voltage transformer (Success Electronics & Transformer Manu-
facturer Sdn. Bhd., Malaysia).

The voltage and current were measured by 1000 A true RMS
clamp meter (Agilent) to set the desired heating power. Five
K-type thermocouples were inserted into stainless steel thermo-
couple sleeves, which were installed on the upper surface of the
test section by using high-temperature epoxy glue. The axial dis-
tances of the thermocouples from the test tube inlet were 20, 40,
60, 80, and 100 cm. Two platinum resistance temperature sensors
(Pt-100 RTDs) were used in the stream of the tube inside at the
outlet and inlet positions of the test rig to measure the bulk flow
temperature. The maximum error of the thermocouples was ±0.2
°C. To track and record the temperature values, the thermocouples
were linked to the GL220 10-channel digital logger (Graphtec Cor-
poration, Japan). The test section was wrapped with thick fiber-
glass wool for the purpose of reducing heat loss to the
surroundings as well as to achieve steady-state temperature at
the inlet and outlet of the test section.

Table 1 Provides the accuracy and specifications of the measuring
devices and sensors utilized in the present experimental setup.
2.4. Data processing

The values obtained from experiments were processed to analy-
sis the heat transfer and hydrodynamic behavior of an innovative
Table 1
Specifications and errors of the measuring instruments and sensors utilized in the current exp

Measured parameter Devices and sensor type

Surface temperature K-type thermocouple
Bulk temperature RTD (PT-100) sensor
Flowmeter Bürkert ceramic paddle wheel
Pressure drop ALIADP differential pressure transmitter (DPT
Cooling unit WiseCircu DAIHAN Scientific Refrigerated circ

5

eco-friendly functionalized-MWCNT nano-coolant in a closed con-
duit system. By considering the pipe wall conduction and convec-
tion heat transfer by the fluid flow in the experimental test
section, calibration is crucial to determine the temperature of the
interior surface of the tube. Therefore, the Wilson plot technique
[43] was used, which equates the resistance between various sec-
tions of the heat transfer direction and measuring the internal sur-
face temperatures of the pipe via mathematical formulation. To
study the effect of the GAMWCNT aqueous suspensions on the
thermal properties of the base fluid, the significant parameters,
namely, the convective heat transfer coefficient (h), pressure drop
(DP), and Nu need to be assessed. The coefficient of convective
heat transfer was measured from the experimental values includ-
ing the measured surface, bulk, and outlet and inlet temperatures
using Newton's cooling law:

h ¼ q}

Tw−Tbð Þ ð1Þ

In Eq. (2), the wall temperature, bulk, and heat flux are represented
by Tw, Tb, and q", respectively. In addition, Tb is calculated as (To + Ti)/2,
where Ti and To denote the inlet and outlet temperatures of theworking
fluid, respectively. Eq. (2) is used to measure the heat flux:

q} ¼ Q
A

ð2Þ
eriment.

Working condition Error

0–300 °C ±0.1 °C
0–200 °C ±0.1 °C
0.03–12.00 m/s ±0.5%

) 0–25 kPa ±0.075%
ulating bath 2.2 kW ±0.1 °C



Table 2
Uncertainty analysis data for the convective heat transfer experiment.

Variable name uncertainty range

Reynolds number, Re ±2.23%
Convective Heat transfer coefficient, h ±1.11137%
Nusselt number, Nu ±3.55%
Friction factor, f ±1.39168%
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where the input power (Q = VI) provided by the power supply and
A the internal surface area of the heated pipe is defined as πDL.

The input power of 600Wwas used in this experimentwhich is cal-
culated as VI. The Nu can be determined using Eq. (3) as follows:

Nu ¼ h� D
K

ð3Þ

where h, K, and D are defined as the convective heat transfer coeffi-
cient, thermal conductivity, and the inner diameter of the tube, respec-
tively. The Reynolds number (Re) was measured via the following
equation:

Re ¼ ρvD
μ

ð4Þ

here velocity, density, and dynamic viscosity of the operatingfluid are v,
ρ, and μ, respectively.

The empirical correlations for Nusselt number for single-phase fluids
were proposed by Gnielinsky [44], Petukhov [45], and Dittus Boelter
[46], respectively, are as follows:

Nu ¼
f
8

� �
Re � 1000ð ÞPr

1þ 12:7 f
8

� �0:5
Pr

2
3 � 1

� � ð5Þ

Where Pr, Re, and f is the Prandtl number (Pr), Reynolds number
(Re), and the friction factor, respectively. Eq. (5) is acceptable for the fol-
lowing range: 0.5 < Pr < 2000 and 3 × 103 < Re < 5 × 106.

Nu ¼
f
8

� �
RePr

1:07þ 12:7 f
8

� �0:5
Pr2=3 � 1
� � ð6Þ

Eq. (6) is useful for the range of 3000 < Re < 5 × 106 and 0.5 < Pr<
2000.

Nu ¼ 0:023 Re 0:8Pr0:4 ð7Þ

Eq. (7) is applicable for the range of 0.6 < Pr < 200 and Re > 104.
The friction factor, in Eqs. (5), (6) is determined by Petukhov [45] as:

f ¼ 0:79 Ln Re � 1:64ð Þ � 2 ð8Þ

For 2300 < Re < 5 × 106. The pressure drops across the test section
measured from experiments was used to determine the friction factor
of the DI water and GAMWCNT/water nanofluids using Eq. (9):

f ¼ ΔP
L
D

� � ρv2
2

� � ð9Þ

where v and ΔP denote the flow velocity and pressure drop, respec-
tively.

Eqs. (8), (10) represent the empirical correlations for the friction fac-
tor of the base fluid proposed by Petukhov [45] and Balsius [47], respec-
tively.

f ¼ 0:3164 Re � 0:25 ð10Þ

Eq. (10) is useful for the following range: 3000 < Re < 5 × 105.
Eq. (11) is used to measure the pumping power for the turbulent

flow regime [48]:

W
:

¼ 0:158
4
π

� �1:74 Lm
:
2:75μ0:25

ρ2D4:75

 !
ð11Þ

here m
:
is the mass flow rate.
6

By using ρ ¼ m
:

V
: and v ¼ V

:

A for a constant Re ¼ ρvD
μ and substitutingm

:

into Eq. (11) [49], the relative pumping power (
_Wnf

_Wbf

Þ for a fixed Re is pro-

vided as follows:

_Wnf

_Wbf

¼ ρbf

ρnf

 !2
μnf

μbf

 !3

ð12Þ

where _Wbf and _Wnf denote the pumping power of the water and
GAMWCNT aqueous nanofluids, respectively [6].

The performance index of the convective heat transfer system can be
determined using Eq. (13) [6]:

ε ¼ hnf =hbf
ΔPnf =ΔPbf

¼ Rh

RΔP
ð13Þ

Here, RΔP, Rhis the ratio of pressure drop and convective heat transfer
enhancement.

The uncertainty analysis of the measured data containing Nusselt
number, heat transfer coefficient, friction factor and Reynolds number
are carrying out based on the procedure of Taylor and Thompson [50],
and Kline and Mcclintock [51]. The uncertainty of parameter R can be
determined using Eq. (14) as follows:

UR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1

∂R
∂Vi

UVi

� �2
s

ð14Þ

Where UR and UVi denote the uncertainties related to the parameter
R and independent variable Vi, respectively. In addition, n is the number
of independent variables. The uncertainty values calculated using
Eq. (14) and the results are represented in Table 2.

3. Results and discussion

3.1. Materials characterization

The FTIR spectra of pure MWCNTs and GAMWCNTs are displayed in
Fig. 4(a). The GAMWCNT sample demonstrates clear evidence of the
presence of various functional groups compared to that of the pure
MWCNTs. The sharp and broad peaks at 3446–3750 cm−1 are associ-
ated with the O–H stretching vibrations at the main structure of both
MWCNTs and GAMWCNTswith different intensities. The reason behind
this is because of the reaction between the MWCNTs and hydroxyl (O–
H) groups of gallic acid (GA) and/or hydrogen peroxide (H2O2).
Moreover, both GAMWCNTs and MWCNTs are given symmetric and
asymmetric peaks in a range of 2850–3000 cm−1 which are ascribed
to the C–H bonds. It can be observed from Fig. 4(a) that a peak centered
at a wavenumber of 2360 cm−1 in the spectrum of the GAMWCNTs
corresponds to CO2 [52]. Moreover, a couple of peaks at 1388 and
1562–1639 cm−1 are assigned to CH2 bending vibrations and C=C
stretching vibrations of MWCNTs after opening owing to the addition
of electrophilic reactions between the main structure of MWCNTs and
the –OHbandof GA, respectively. In accordancewith the FTIR spectrum,
the GA is successfully connected to the pure MWCNTs via free-radical
grafting reaction.



Fig. 4. (a) FTIR spectra and (b) Raman spectra for pristine MWCNTs and GAMWCNTs.
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Raman spectroscopy is now an increasingly important method for
characterizing carbon-based materials. In addition to its non-
destructive nature, it is simple and relatively sensitive not only to the
crystal structure, but also to the structural changes at the molecular
level. As a result, Raman spectroscopy thus has a strong ability for the
assessment of chemical functionalization. The Raman spectra of the
GAMWCNTs and pristine MWCNTs are shown in Fig. 4(c). What can
be seen in this figure is that both the pristineMWCNTs and GAMWCNTs
have D and G bands at a wavenumber of ~1350 and 1590 cm−1, respec-
tively. The D and G bands are associated with amorphous carbon/disor-
dered carbon (sp3) and graphitic carbon (sp2), respectively. A higher
ID/IG rate means that owing to covalent functionalization, the number
of sp2 hybridized carbons changed to the sp3 hybridization carbons.
The ID/IG ratio was found to be 0.62 and 0.71 for the MWCNTs and
GAMWCNTs, respectively. The elevated ID/IG ratio of the GAMWCNTs
was due to the increased number of sp3 carbon and the occurrence of
electrophilic addition reaction. The complete data of Raman spectra
analysis are given in Table 3.

Despite that the TEM imaging does not provide any details on the
functional groups, this techniquemakes it possible to examine the alter-
ation on the MWCNT surface, which serves as supplementary proof of
successful covalent functionalization. Fig. 5(a–b) illustrates the TEMpic-
tures of the pristine MWCNTs and GAMWCNTs. The cut and open ends
of the GAMWCNTs are evident, which might be a result of the partial
damage of graphitic (sp2) carbon after covalent functionalization in
which the carboxylation stages and replacement of carboxyl groups oc-
curred. The defects are the places to characterize GA in the main struc-
ture of the MWCNTs. As the defects increase in the structure, the
carboxylic groups (defects) in the structure of the MWCNTs consider-
ably increase the stability of MWCNTs in the base fluid. The measured
zeta potential data of GAMWCNT with respect to the pH are shown in
Fig. 5(c). The GAMWCNTs show high negative values in the range of
−16 to −52.4 mV for a pH range of 2.70–9.56, where the values are
far from the point of isoelectric. In the pH range of 3.10–9.56, the
GAMWCNTs have strong electrostatic repulsion force, which prevents
theMWCNTs from aggregation by noncovalent interactions like π-π in-
teractions or H-bonding. The oxygen functional groups at the surface of
Table 3
Raman spectra analysis results for the pristine MWCNTs and GAMWCNTs.

Sample Peaks Center (cm−1) Intensity (a.u.) ID/IG

Pristine MWCNTs D band 1344.989 1117.054 0.63
G band 1594.618 1777.089

GAMWCNTs D band 1352.577 1308.141 0.71
G band 1587.16 1836.491
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theMWCNT are responsible for this phenomenon. The aqueous suspen-
sions of GAMWCNT are thus stable at a pH above 3.1, with a zeta poten-
tial of about −32.1 mV. It shall be highlighted that in this work, the
GAMWCNT/water colloidal suspensions are well-stable in even slightly
acidic conditions. The material appears to agglomerate in more acidic
solutions (pH < 3.1) and undergoes intermolecular dehydration cata-
lyzed with H+, which contributes toward coupling of the GAMWCNTs
through the ether connections. By adding alkaline to the aqueous sus-
pension, which leads to an additional negative charge in the nanoparti-
cles, the GAMWCNT nanofluid is more stable.

Ultraviolet–visible spectroscopy analysis is a typical procedure used
to investigate the stability of nanoparticle aqueous suspensions. The
Beer-Lambert law states that there is a direct connection between the
absorbance of a colloidal suspension and the mass fraction of the ab-
sorbing species like particles in a suspension. Following this law, the ab-
sorption spectrum of the prepared aqueous nanofluids displayed a
maximumpeak at around260nm,which corresponds to π – π transition
of conjugation system in the polyaromatic structures.

A typical method of stabilizing aqueous suspensions for nanoparti-
cles is the UV/VIS spectrum analysis. The Beer-Lambert law states that
the absorption of a colloidal dispersion is specifically related to the
mass fraction of absorbent species, like suspended solids particles in
the solution. Under this rule, there was a maximum absorption range
of 260 nmof the synthesized nanofluids, which correlates to a π–π con-
jugation mechanism transformation in the polyaromatic structures.

UV/VIS spectroscopy analysis was conducted for the GAMWCNT/
water nanofluids at various nanoparticle concentrations and photomet-
ric analysis was employed to examine the variation of relative weight
fraction of the samples versus time (number of days after preparation).
The UV/VIS spectra for the GAMWCNT/water nanofluids are shown in
Fig. 6(a). The absorbance peak values for all of the samples were located
at 260 nm, which is attributed to the presence of GAMWCNTs. More-
over, the absorbance of the GAMWCNT aqueous nanofluids decreased
as the nanoparticle concentration decreased from 0.1 wt% to 0.025 wt
%, indicating that increasing the amount of the dispersed GAMWCNTs
will increase the absorbance value. As shown in Fig. 6(b), there is a
strong linear relationship between the concentration of GAMWCNTs
and the absorbance, which conforms to Beer's law, indicating that the
functionalized GAMWCNTs are well dispersed in the base fluid.

Fig. 6(c) shows the variation of colloidal stability of the GAMWCNT
aqueous nanofluids as a function of the number of the days after prepa-
ration. What can be clearly seen in this figure is the relative concentra-
tion of GAMWCNT aqueous nanofluids decreases with the number of
the days after preparation. In spite of the fact that the relative concen-
tration of the GAMWCNT aqueous nanofluids remained steady after
Day 45. The maximum magnitude of sedimentation was reported



Fig. 5. (a, b) TEM pictures of pure MWCNTs and GAMWCNTs, and (c) zeta potential data of GAMWCNT aqueous nanofluids against pH values.
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8.00, 9.33, and 10.9% for a weight fraction of 0.025, 0.075, and 0.1%, re-
spectively. This certifies the stability of the synthesized nanofluids.

3.2. Thermophysical properties of GAMWCNTs aqueous suspensions

Fig. 7(a) shows the effective viscosity of GAMWCNT aqueous
nanofluids and DI water. It is evident that the effective dynamic viscos-
ity is dependent on the temperature and weight concentration at spe-
cific shear rate of 150 s−1. The dynamic viscosity of the samples only
increased slightlywhen the GAMWCNTswere loaded relative to the dy-
namic viscosity of DI water. This phenomenon is anticipated because
our samples used only a small weight fraction of GAMWCNTs [6]. This
slight increase in viscosity also indicates the benefit of using the cova-
lent functionalization method rather than using the noncovalent
functionalization method including surfactants such as gum arabic, tri-
ton X-100, sodium dodecylbenzene sulfonate surfactant (SDBS), which
leads to a higher viscosity of corresponding nanofluids. Moreover, the
GAMWCNTs remain more suspended in the DI water. According to a
previous study [53], poor dispersibility and consequently increasing ag-
glomeration sizewill directly promote the viscosity of nanofluids. In ad-
dition, the Fig. 7(a) shows that the dynamic viscosity of the GAMWCNT
aqueous working fluids decreases as the temperature increases, which
might be a result of the weakening of intermolecular forces between
the GAMWCNT particles [54–56].

This observation are in agreement with the results of Aravind et al.
[54], Sadri et al. [57], Ko et al. [58], andwhich showed the viscosity de-
creased with a growth in the fluid temperature. The slight increase in
the effective viscosity with an increase in the nanoparticle concentra-
tion is a major benefit of the GAMWCNT/water nanofluids since a
higher effective viscosity can undermine the useful effect of the higher
8

thermal conductivity of the nanofluids owing to the increase in
pumping power, which is detrimental for heat transfer systems.
Keblinski, Phillpot, Choi, & Eastman [59] and Jeffrey A. Eastman,
Phillpot, Choi, and Keblinski [60] have proposed four possible mecha-
nisms to explain the reasons for increasing the thermal conductivity of
nanofluids including liquid molecular level layering at the interface
between fluid and particles, nanoparticles Brownian motion, the na-
ture of nanoparticle's thermal transport, nanoparticles cluster im-
pacts. The thermal conductivity of a coolant plays an important role
in rising the rate of heat transfer in heat exchangers. Therefore, in
this work, the thermal conductivity of the GAMWCNT aqueous
working fluids was assessed experimentally and the outcomes
are represented as a function of temperature and nanoparticle
weight concentration, as shown in Fig. 7(b). Low concentrations of
GAMWCNTs have been taken into consideration in this work to pre-
vent an increase in the dynamic viscosity. In comparison with that in
the database of the National Institute of Standards and Technology
(NIST), the thermal conductivity of the DI water as the base fluid
was found to be consistent [61], with less than 1% deviation. What
can be clearly seen in Fig. 7(b) is that the thermal conductivity of
the nanofluids is remarkably higher than that for the base fluid. In ad-
dition, it is clear that the thermal conductivity of both the nanofluids
and DI water increase with a growth in the fluid temperature. How-
ever, the increase in thermal conductivity is greater for the nanofluids
at higher nanoparticle concentrations. It can be deduced from Fig. 7
(b) that the thermal conductivity of the nanofluids is a significant fac-
tor in increasing the Brownian movement of nanoparticles dispersed
in the base fluid (e.g. water). [54]. The highest increase in nanofluid
thermal conductivity achieved was 5.024, 14.130, and 21.510% for a
weight fraction of 0.025, 0.075, and 0.1% at 45 °C.



Fig. 6. (a) UV/VIS spectroscopy analyses of theGAMWCNT aqueous nanofluids at diversewavelengths and nanoparticle concentrations. (b) Absorption values of theGAMWCNTs dispersed
in DI water at diverse nanoparticle concentrations. (c) Colloidal stability of the GAMWCNTs suspended in water at diverse nanoparticle concentrations.
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The specific heat capacity of the GAMWCNT nanofluids as a function
of the nanoparticle concentration and fluid temperature is shown in
Fig. 7(c). The specific heat capacity for DI water was also plotted in the
same graph for comparison. What can be seen in the Fig. 7(c) is that
the specific heat capacity of the GAMWCNT nanofluids decreases by en-
hancing the weight fraction of the GAMWCNTs, where the average re-
duction in the specific heat capacity was 0.33–1.42% compared with
those for DI water, and this is only a marginal decrease. This reduction
is attributed to the reduced specific heat capacity of the GAMWCNT
aqueous nanofluids compared with that of the base fluid.

The experimental values of the dynamic viscosity for the GAMWCNT
aqueous nanofluidswere comparedwith those calculated using the em-
pirical correlations of Batchelor [62] and Einstein [63] (Eqs. (14, 15), re-
spectively) and the results are presented in Fig. 8. The experimental
values were consistent with those calculated from the correlational
analysis with a maximum error of ~7% for the GAMWCNT/water
nanofluids. It is crucial to reduce the increment in viscosity of heat
transfer working fluids by using an appropriate synthesis method. Con-
sidering the low nanoparticle concentrations for the GAMWCNT/water
nanofluids in this work, particularly for heat transfer systems, in
where the overall positive impact in heat transfer is not undermined
by the pumping fluid penalty because there is only a minor increase in
viscosity [64,65]. Hence, to maximize the heat transfer performance of
closed-loop systems in which nanofluids are used as theworking fluids,
it is imperative to maintain the resultant colloidal mixtures in
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Newtonian behavior since this will reduce the pumping power com-
pared to non-Newtonian fluids.

Batchelor model :
μnf

μbf
¼ 1þ 2:5φþ 6:5φ2 ð14Þ

Einstein model :
μnf

μbf
¼ 1þ 2:5 φ ð15Þ

where μnf, μbf and φ is the viscosity of the nanofluid, the viscosity of the
base fluid, and the volume fraction of the nanoparticles, respectively.

The density was experimentally tested for the GAMWCNT aqueous
nanofluids and water at a variety of temperature, and outcomes are
set out in Table 4. It can be observed that therewas a drop in the density
for both the aqueous nanofluids and DI water as the fluid temperature
increased due to thermal expansion of liquid. In addition, there was a
slight increase in the density of all nanofluids as the nanoparticle con-
centration was increased. The observed increase in density may be re-
lated to the density of the GAMWCNTs, which is higher than that for
water. Thereupon, an increase in particle loading will lift the density
of the nanofluids suspensions. The maximum increase in density of
the GAMWCNT aqueous nanofluids was 0.055% for a weight fraction
of 0.1% at 35 °C. In addition, the density dropped for the same nanopar-
ticle concentration by 0.6% as the fluid temperature was raised from
20 °C to 40 °C.



Fig. 7. Variations of the (a) dynamic viscosity, (b) effective thermal conductivity, and (c) specific heat capacity of GAMWCNT aqueous working fluids at diverse temperatures and weight
concentrations.

Fig. 8. Dynamic viscosity values of the GAMWCNT aqueous nanofluids compared with
those calculated by theoretical models with respect to the nanoparticle wight concentra-
tion and temperature at a shear rate of 150 s−1.
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3.3. Heat transfer and hydrodynamic characteristics

The averageNu obtained fromexperimentwas comparedwith those
evaluated from the empirical correlations of Dittus-Boelter [46],
Petukhov [45], and Gnielinski [44]. The Nu increased when the Re in-
creased, as shown in Fig. 9(a). Furthermore, the experimentalNu values
were consistent with the values obtained from empirical correlations.
The average error between the experimental values and those obtained
from the correlations of Dittus-Boelter [46], Petukhov [45], and
Gnielinski [44] were 7.96, 2.01, and 7.11%, respectively. Thus, it can be
Table 4
The density of the DI water and GAMWCNT at diverse fluid temperature and weight
fraction.

Density (kg/m3)

Nanoparticle concentration/Fluid
temperature

20 °C 25 °C 30 °C 35 °C 40 °C

DI water 0 wt% 998 996.85 995.5 993.9 992
GAMWCNT 0.025 wt% 998.1 997 995.6 994.05 992.1
GAMWCNT 0.075 wt% 998.4 997.25 995.85 994.35 992.35
GAMWCNT 0.100 wt% 998.5 997.35 995.95 994.45 992.5



Fig. 9. (a) Evaluation of the Nu between experiments and correlational analysis for the base fluid. (b) Average heat transfer coefficient and (c) average Nu of the GAMWCNT aqueous
nanofluids and base fluid at different Re.
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deduced that our experimental findings correspond well to that of the
empirical correlations, which shows the precision of our experimental
setup for heat transfer measurements. Hence, this experimental setup
can be used to assess the effectiveness of the GAMWCNT aqueous
nanofluids in the improvement of heat transfer properties.

Todetermine the convectiveheat transfer coefficient of theGAMWCNT
working fluids under turbulent flow regime (Re: 6371–15,927), different
nanoparticle concentrations (0.025–0.100 wt%) were considered for the
nanofluids in this study. The electrical power input was maintained at
615W. The outcomes are set out in Fig. 9(b) at a constant inlet tempera-
ture of 30 °C. What stands out in Fig. 9(b) is the growth of convective
heat transfer coefficient as the Re increases for both DI water and
GAMWCNT-water nanofluids. It is apparent that the concentration of
nanoparticle has a significant effect on the coefficient of convective heat
transfer.

The notable enhancement in the convective heat transfer coefficient
of the nanofluids might be related to the reduced thickness of the ther-
mal boundary layer and the improved thermal conductivity in the
11
existence of the GAMWCNTs, which result in a significant reduction in
thermal resistance between the inner tube wall and working fluid in
comparison to that of base fluid [66–69]. According to [54,70], the thick-
ness of the thermal boundary layer tends to be reduced by carbon nano-
materials (e.g., nanoplatelets and CNTs). The Brownian motion and
specific surface area (SSA) of the particles also contribute to the im-
provement in convective heat transfer. In the present work, the en-
hancement in convective heat transfer of the nanofluids was 7.94,
22.37, and 33.05% at 0.025, 0.075, and 0.1 wt%, respectively.

To evaluate the ratio of convective-to-conductive heat transfer of
water-based GAMWCNT aqueous nanofluids, the average Nu data de-
termined from Eq. (3) are presented in Fig. 9(c) against the Re and
weight concentration. It can be observed that the Nu increases signifi-
cantly as the weight fraction of GAMWCNT and Re increases compared
to those for DI water. The improved Nu of the GAMWCNT/water
nanofluids is attributed to the large surface area, Brownian motion,
and thermophysical properties of the suspended GAMWCNTs. This fur-
ther promotes the heat transport capability of the nanofluids [71]. In
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addition, the improved Numay be due to the properties of nanofluids in
terms of lower specific heat and higher thermal conductivity in compar-
ison with those of DI water. For a weight concentration of 0.025, 0.075,
and 0.1, the highest improvement in Nuwas observed to be 4.69, 10.93,
and 16.30%, respectively. The maximum rise in Nu was achieved when
Re = 15,927.

The correlations of Blasius [47] and Petukhov [45] (Eqs. (8), (10)),
respectively) were utilized to compare the friction factor of DIwater ob-
tained from Eq. (9). Fig. 10 (a) displays the variation of friction factor
with respect to the Re. The findings are promising because the highest
difference between the friction factor obtained from experiment data
and those acquired from the Blasius's [47] and Petukhov's [45] correla-
tions is less than 5%. It is a demonstration of the precision and reliability
of our experimental setup to estimate the pressure loss over the Re
range investigated in this work.

The pressure drops of the GAMWCNT aqueous nanofluid flowing
through the pipe was examined at different Re and the results are
shown in Fig. 10(b). Eq. (9) was used to determine the corresponding
values of friction factor, and the findings are set out in Fig. 10
(c) versus Re. What is striking in this figure is a minor increase in both
the friction factor and pressure drop for the GAMWCNT aqueous
nanofluids in comparison with that of the base fluid. The highest incre-
ment in the friction factor was found to be ~1.38, 3.00, and 3.62% at
Fig. 10. (a) Comparison of the friction factor values obtained from experimental and empirical c
respect to the Re for the GAMWCNT nanofluid in the test section.
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0.025, 0.075, and 0.1 wt%, respectively. The highest increase in the fric-
tion factor was found to be ~1.38, 3.00, and 3.62% for the GAMWCNT
weight fraction of 0.025, 0.075, and 0.1, respectively. This growth in fric-
tion factor is mainly attributed to the slight increase in dynamic viscos-
ity for all nanofluids. For this reason, the velocity of the nanofluids plays
an important role in increasing the pressure drop and friction factor rel-
ative to that for base fluid in forced convection heat transfer systems.
This matter can be acknowledged by revisiting Eq. (9) for the friction
factor and pressure drop, and Eq. (4) for the Reynolds number (Re).
This can be confirmed by considering Eq. (9) for the friction factor and
pressure drop, and Eq. (4) for the Re.

The power consumption and pumping characteristics of a heat
transfer setup is an important factor when it comes to the energy sav-
ings and energy consumption in order to evaluate the suitability of a
working fluid and optimize the energy usage of thermal equipment.
The relative pumping power of the GAMWCNT nanofluids and DI
water was determined using Eq. (12) and the results are presented in
Fig. 11(a) as a function of the nanoparticle concentration. It shall be
highlighted that Fig. 11(a) shows only a small increment in the relative
pumping power up to 1.19 for the highest nanoparticle concentration
(0.1 wt%). The reason behind this phenomenon might be related to
the low weight fraction of the GAMWCNTs for the nanofluids in this
study. Eq. (13) was used to calculate the performance index, ε. In this
orrelations for the base fluid. Variation of the (b) pressure drop and (c) friction factor with



Fig. 11.Variation of the (a) relative pumping power against theweight concentration and (b) performance index against the Reynolds number of the GAMWCNT/water nanofluids and DI
water.
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work, eco-friendly GAMWCNT/water nanofluid, synthesized as a poten-
tial working fluid in heat transfer devices namely solar collectors and
heat exchangers, were used to assess the economic performance.

Fig. 11(b) shows the performance index of the GAMWCNT/ water
nanofluids for various nanoparticle concentrations and Re. The perfor-
mance index for all samples was more than one and indicated the im-
portance of using these innovative aqueous nanofluids in convective
heat transfer systems. What can be clearly seen in this figure is that
the performance index improves with an increase in GAMWCNT con-
centration in the base fluid (i.e., DI water). This signifies that loading
of these eco-friendly functionalized MWCNTs in the base fluid boosts
the thermal performance of the system. Fig. 11(b) indicates that, regard-
less of nanoparticle concentration, the Performance Index continues to
increase with a grow in the Re. This also demonstrates that the
GAMWCNT/water nanofluids can be utilized as an alternative heat
transfer coolant.

4. Conclusion

An environmentally friendly functionalization procedure was effec-
tively established to synthesize finely dispersed MWCNT water-based
colloidal suspensions for use as coolants to improve the hydrodynamic
and convective heat transfer characteristics of a straight, stainless steel
heat exchanger. The following conclusions were drawn based on the
findings of this study:

• The effectiveness of covalent functionalization technique was con-
firmed by means of characterization tests comprising FTIR spectros-
copy, Raman spectroscopy, and high-resolution transmission
electron microscopy.

• The stability and solubility of the functionalized MWCNT in aqueous
media are confirmed via UV/Vis Spectroscopy and Zeta Potential
Tests, the dispersibility value was more than 89.1% for 63 days.

• The thermal conductivity of the DI water was in good line with the
NIST data [61] and the error was less than 1%. The reported improve-
ment in the thermophysical characteristics of nanofluids compared
with those for the base fluid indicates that the synthesized
GAMWCNT/water nanofluids are promising coolants for convective
heat transfer applications. The maximum thermal conductivity en-
hancement (21.51%)was achieved at the lowest nanoparticle concen-
tration of 0.1 wt% and fluid temperature of 45 °C.

• The precision of the closed conduit heat transfer systemwas validated
by experiments where DI water was employed as the operating fluid.
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The results showed that there was excellent agreement between the
Nu obtained from experiments and those determined from Dittus-
Boelters [46], Petukhov's [45], and Gnielinski's [44] theoretical
correlations with a maximum deviation of 7.11, 2.01, and 7.96%,
respectively. The friction factor obtained from experiments was also
firmly endorsed with those determined from empirical correlations
of Petukhov [45] and Blasius [47] with an average deviation of 5 and
4%, respectively.

• The results showed that there was a remarkable improvement in
the convective heat transfer coefficient (~33.049%) of the
GAMWCNT/water nanofluids in comparison to those for the base
fluid, at a nanoparticle weight fraction of 0.1 and Reynolds number
of 15,927. it is especially important that there was only a negligible
increase in the friction factor up to 3.62%. These findings were pro-
vided under a turbulent flow regime with a constant wall heat flux
of 12,752 W/m2.

• The findings are very encouraging because the pumping power of
all nanofluids prepared in this study was close to that of the DI
water. Furthermore, the performance index for all samples was
more than one and improved with an increase in the Re, which re-
flects the benefit of utilizing these novel nanofluids in thermal sys-
tems. The findings showed that nanofluids prepared with
covalently functionalized carbon nanostructures led to a signifi-
cant improvement in the heat transfer rate while the pumping
power penalty was very low.
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