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In order to improve the dispersibility of multi-walled carbon nanotubes (MWCNT) in aqueous media,
MWCNT were functionalized with tetrahydrofurfuryl polyethylene glycol (TFPEG) in a one-pot, fast and
environmentally friendly method. To reduce defects and eliminate the acid-treatment stage, an
electrophonic addition reaction under microwave irradiation was employed. Surface functionalization
was analyzed by FTIR, Raman spectroscopy, thermogravimetric analysis (TGA). In addition, the
morphology of TFPEG-treated MWCNT (PMWCNT) was investigated by transmission electron
microscopy (TEM). After the functionalization phase, the convective heat transfer coefficient and
pressure drop in PMWCNT-based water nanofluids with various weight concentrations were analyzed
and compared with that of the base fluid. The results suggest that the addition of PMWCNT into the

water improved the convective heat transfer coefficient significantly. The pressure drop of prepared
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Accepted 13th April 2015 PMWCNT-based water nanofluids showed an insignificant variation as compared with the base fluid and

could result from good dispersivity of PMWCNT. According to the laminar flow results, as the weight
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1. Introduction

Energy optimization plays a vital role in different fields such as
infrastructure, industry, defense etc. To fully realize energy
optimization, different kinds of cooling systems with various
designs have been employed over the past century.'” It is
obvious that convective heat transfer can be considered as one
of the most significant parameters in energy saving, especially
in a majority of thermal equipment which commonly work with
base fluids such as water, ethylene glycol, and different kinds of
oils.>*” In order to enhance conventional heat transfer of base
fluids, the addition of highly thermally conductive nano-
particles such as metal, carbon, and metal oxides into the base
fluids was introduced as an appropriate technique.®*** Recently,
a novel type of fluid, so-called nanofluid that includes
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nanostructures has been introduced, and different types of
nanofluids have been prepared by researchers. These fluids
have shown attractive properties such as good stability, suitable
thermal conductivity and high heat transfer coefficient. Since
the time that the concept of nanofluids was introduced by
Choi,"* numerous scientists studied the effects of presence of
nanoparticles in various base liquids on their thermos-physical
properties. In particular, considerable attention was given to
the influence of nanoparticle concentration on the thermal
conductivity and heat transfer coefficients of base fluids.
Different carbon nanostructures like carbon nanotubes (CNT),
graphene, fullerene and metal nanoparticles like copper (Cu)
and aluminum oxide (Al,0;) have been used to enhance the
thermal properties of nanofluids.*****>°

It is known that the thermal conductivity of most carbon
particles such as CNT and graphene is much higher than that of
metal nanoparticles. This implies that the carbon-base nano-
particle have higher potential for enhancing the thermal
conductivity of base fluids.'®**> Among a variety of carbon
nanostructures, CNT is a more promising material since they
are economically-viable for replacing metallic nanoparticles
and graphene.”*** According to the previous studies, CNT
showed high thermal conductivity****> as compared with most
of the materials, which confirms the potential of CNT for
creating thermally conductive nanofluids. Such properties and
low cost suggest that CNT is an appropriate candidate for use in
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industrial thermal equipment such as car radiators**® and two-
phased closed thermosyphons.’**”* Choi and Eastman®
showed that CNT-based water nanofluids have higher thermal
conductivity compared with pure base fluids. In addition, Choi
et al® revealed that CNT/poly-a-olefin oil improved thermal
conductivity approximately 160%. Despite some promising
applications of CNT in the field of nanofluids, several issues
have limited their thermal applications.

One problem is the tendency of CNT to aggregate and form
bundles, which significantly affects the dispersion of CNT in
different media. The aggregation phenomenon is due to two
important interactions:

-The strong van der Waals interactions among CNT threads.

-The interactions between CNT and the base fluid.

Non-covalent functionalization is an effective approach to
improve the dispersibility of CNT.**"** However, surfactants
might cause some issues such as contamination of the heat
transfer media, reducing the effective area of heat transfer,
forming foam which consequently causes a disturbance in the
setup performance and increasing the thermal resistance
between the CNT and the base fluid.** To develop the inter-
activity, covalent modification was suggested as another solu-
tion.*** In order to enhance dispersibility of CNT in pure water,
covalent functionalization using oxidizing acid mixtures has
been investigated. Unfortunately, shortening of CNT with
oxidizing acid mixtures was a problem and reduced the thermal
performance.?*' By synthesizing a nanofluid in this way, stable
nanofluids were prepared because the van der Waals forces
among nanotubes were removed. To attain a good dispersion in
the aqueous media, numerous carboxylic acid groups should be
added to the surface of CNT. Frequently, acid-treatment tech-
niques over a long period of time can be used to achieve this
goal.*” On the other hand, lots of defects and shortened-length
CNT resulted from such techniques, which consequently
reduced some thermal properties.”*"*> Although these tech-
niques have been utilized by a majority of thermal scientists as
the base-functional group (bridge) for attaching to other func-
tional groups, acidic groups swiftly create a condition that is
susceptible for more corrosion. Some other functional groups
like different kinds of diamine and ethylene glycol were added
to the CNT for enhancing dispersivity in most non-polar and
polar solvents.**** However, majority of the functionalization
methods with this approach are comprising of multiple steps
and are time-consuming. Some researchers used functional
groups with two or more active chains, which can cross-link
adjacent CNT. They can behave as a medium to attach adja-
cent CNT, and finally CNT are interconnected to form aggre-
gates. Also, there are a few functionalized samples that can
improve the CNT dispersibility in different base fluids such as
water, ethylene glycol (EG), methanol and ethanol.*® In order to
reduce the number of defects and increase the speed and degree
of functionalization, the microwave technique along with a non-
acidic mixture can be employed.** Nowadays, the microwave
method is recommended as a rapid and environmentally-
friendly route to functionalize CNT.****

The use of monofunctional tetrahydrofurfuryl-terminated
polyethylene glycol (TFPEG) prevents cross-linking of the
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adjacent CNT in the final samples, which provides more
dispersed CNT in the some base fluids like pure water and EG.
Also, in order to decrease the steps of the functionalization, an
electrophilic addition reaction under microwave irradiation can
be employed as one of the novel methods.*® This procedure can
be introduced as a method for industrial scale production of
TFPEG-treated CNT and subsequently production of CNT-based
water and/or ethylene glycol coolants for heat dissipation
applications.

Here, a fast, one-pot and efficient covalent route is employed
to synthesize TFPEG-treated multi-walled carbon nanotubes
(PMWCNT). An electrophilic addition reaction under micro-
wave irradiation was utilized to synthesize PMWCNT. Also, the
mono-functional structure of TFPEG was used to prevent cross-
linking among MWCNT, implying higher dispersibility in the
polar solutions like water and EG. To prove functionalization,
the MWCNT sample was subjected to morphological and
chemical characterization. The treated sample was added to the
pure water as a base fluid to investigate the thermal properties
of PMWCNT-based water nanofluids. Finally, the laminar
convective heat transfer and pressure drop of the prepared
nanofluids with different weight concentrations were studied at
the constant heat flux.

2. Experimental section
2.1. Materials

Pristine MWCNT with diameters less than 30 nm, lengths of 5-
15 pm and carbon purity over 95% were purchased from
Shenzhen Port Co. Tetrahydrofurfuryl polyethylene glycol
(CsHoO (CyH40),—, 30H, MW ~ 200 g mol "), AlCl; and HCI
were obtained from Sigma-Aldrich. N,N-Dimethylformamide
(DMF) with analytical grade was obtained from Merck Inc.

2.2. Microwave-assisted functionalization

The functionalization procedure of synthesizing PMWCNT is
schematically shown in Fig. 1. In a typical experiment, the
pristine MWCNT (10 mg) and AlCl; as a Lewis acid (0.1 mol)
were poured into an agate mortar and were grounded for several
minutes. This mentioned mixture and 10 mL TFPEG were then
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Fig. 1 Schematic illustration of the functionalization of MWCNT with
tetrahydrofurfuryl polyethylene glycol (TFPEG).
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poured into a Teflon vessel and sonicated for 30 min at 50 °C
until a homogeneous suspension was produced. Afterwards,
0.5 mL concentrated hydrochloric acid was added drop by drop
with sonication at 50 °C. The mixture was then heated in an
industrial microwave (Milestone MicroSYNTH programmable
microwave system) up to 120 °C with output power of 700 W for
30 min. After the reaction was completed, the resulting mixture
was cooled to the room temperature, filtered through a thin
layer Teflon membrane. In order to remove any unreacted
materials, the filter cake was thoroughly washed with DMF and
abundant deionized water and then dried under vacuum at
50 °C.

2.3. Preparation of PMWCNT-based water nanofluids

To synthesize PMWCNT-based water nanofluids, PMWCNT
were sonicated in a known amount of pure water as a base fluid
for nearly 20 min using an ultrasonicator. Unsurprisingly,
PMWCNT can easily disperse in the water. The easily-miscible
TFPEG functionalities can clarify the higher dispersion of the
treated MWCNT (Fig. S;1). The PMWCNT-based water nano-
fluids were synthesized with weight concentrations of 0.05, 0.1,
and 0.2%.

2.4. Thermal apparatus

In the field of heat transfer, the heat transfer coefficient (%) plays
the key role in the rate of heat transfer and the performance of
thermal equipment. To investigate the thermal properties of
samples, a convective heat transfer setup was manufactured,
and the schematic is shown in Fig. 2. It had a heat exchanger,
pump, flow loop, tank, test section, flow-measuring unit and a
differential pressure transducer.

The test section consisted of an adjustable power supply,
copper pipe (length of 1.3 m and diameter of 7 mm), three
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Fig. 2 Schematic of the convective heat transfer loop.
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electrical resistances, two insulation layers, RTD sensors, six
K-type thermocouples, and temperature indicators. Six K-type
thermocouples were installed in the copper pipe to measure
the surface temperature at the different axial distances of 3, 10,
25, 50, 90, and 120 cm from the entrance. Two other PT-100
thermocouples determined the inlet and outlet fluid tempera-
tures of the test section. Also, the precision of the thermocou-
ples were 0.1 °C. The copper pipe and reservoir tank were
surrounded uniformly using the insulation layers to enhance
validity and decrease the amount of heat loss. A differential
pressure transducer was employed to attain the pressure drop of
the fluids along the pipe line. Three electrical resistances and
power supply were utilized to provide a uniform heat flux
around the circular copper pipe. In addition, a pump was used
to circulate the fluids, and two valves were installed to adjust the
volume flow rate in to the cycle. All tests were carried out in
triplicate to improve the accuracy.

2.5. Characterization

Fourier transform infrared spectroscopy, FT-IR, (Nicolet
470 FTIR), Nuclear magnetic resonance spectroscopy, NMR,
(FT-NMR LAMBDA 400 MHz, LA 400), Raman spectroscopy
(Renishaw confocal spectrometer at 514 nm), thermogravi-
metric analysis, TGA, (TGA-167 50 Shimadzu), and transmission
electron microscopy, TEM, (HT7700, High-Contrast/High-
Resolution Digital TEM) were employed to analyse samples.
Regarding thermogravimetric analysis (TGA), the mass loss of
samples was measured at the heating rate of 10 °C min ", initial
mass of 4 mg and the temperature range of 17-600 °C in air. The
preparation of TEM samples comprised of the sonication of
GNP in ethanol solution and dropping on a lacey carbon grid
and followed by drying under vacuum. The infrared spectra
were evaluated in the range of 400-4000 cm ™" and all samples
were placed on KBr pellets.

2.6. Data processing

To investigate the influence of the PMWCNT on the thermal
properties of pure water, the heat transfer coefficient (#) and the
pressure drop (AP) may be considered as two critical parame-
ters. The local heat transfer coefficient ((x)) at an axial distance
‘x’ from inlet is given as:
q
h(x) = —————— 1
(%) o) - Tl (1)
where g, T,(x) and Ty(x) are heat flux and wall and fluid bulk
temperature at a distance “x” from the inlet, respectively. The
heat flux (g) was obtained using:

=2 @)

The parameter of Q is the power provided by the power supply.
The bulk temperature of the fluid was calculated at the axial
distance of ‘x’ as:*

qrmtDx

Tb(-x) =T+ o C
p

(3)
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Table 1 The thermal conductivity of PMWCNT-based water nano-
fluids at different temperature and weight concentrations

Thermal conductivity (W m™" K )

0.05% 0.1% 0.2%
T (°C) Water wt PMWCNT wt PMWCNT wt PMWCNT
30 0.601 0.623 0.651 0.686
40 0.624 0.543 0.672 0.704
50 0.642 0.654 0.689 0.736
60 0.653 0.669 0.696 0.751

Previously, some correlations such as Xue**~* and Nan and
Lin*' were suggested to calculate the thermal conductivity of the
PMWCNT-based water nanofluids and some other nanofluids.
However, they did not consider the effect of different functional
groups the weight ratio of functionality to carbon. Thus, in this
study, thermal conductivity of samples was measured experi-
mentally to avoid any uncertainly. To increase the validity of
results, the thermal conductivity of PMWCNT-based water
nanofluids, recorded with a KD2 Pro thermal analyzer (Decagon
Devices, USA), was recorded at different temperatures and
weight concentrations as shown in Table 1. It can be seen that
as the temperature and weight concentration of PMWCNT
increased, thermal conductivity increased.

In addition, the viscosity of PMWCNT-based water nanofluid
(ung) is calculated by the correlation of Brinkman:*?

1
Fof = 55 My 4)

(1-9)

In order to obtain the density of nanofluids, the mixture
model*® is used. That is,

Pt = 0pp + (1 — @)py, (5)

The Reynolds number was calculated using:
_pUD
o

Re (6)

Also, the pressure drop of pure water at different Reynolds
numbers was calculated using:

32u, UL

The uncertainties of the experiments were obtained by the
Holman method** as follows:

MaxEy, = i[(EQ)2 + (—Ep)? + (—E(warb))z]llz (8)
MaxEQ = j:[(EV)2 + (EI)2]1/2 (9)
MaxEx = £[(—Ep)® + (—Ex)*]"? (10)

MaxE,p = £[(E, ) + (Ev)* + (EL)” + 2(Epy]"?  (11)
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Finally, the maximum uncertainty of the heat transfer coef-
ficient and pressure drop are less than 5.5 and 5 respectively.

3. Results and discussion
3.1. Functionalization study

In the field functionalization, the covalent functionalization of
MWCNT with TFPEG was reported by Kalinina et al.** Here,
tetrahydrofurfuryl polyethylene glycol (TFPEG) was used as a
monofunctional oligomer in order to prevent cross-linking
among the CNT.* It is noteworthy that TFPEG can be also
utilized as a function in order to disperse MWCNT in water and
EG, which has been used as the base fluids in a majority of
thermal equipment such as car radiators. In addition, TFPEG
has no destructive effects such as corrosion or foaming in the
thermal equipment. In addition, a microwave-assisted method
is introduced for functionalization of MWCNT via TFPEG in
order to provide an effective, economical and rapid method.
Thus, in order to confirm this functionalization procedure and
investigate the degree of functionalization, qualitative (FT-IR)
and quantitative (thermogravimetric analysis (TGA) and
Raman spectroscopy) characterizations have been employed.

3.1.1. Fourier transform infrared spectroscopy. As noted
before, TFPEG can enhance the dispersibility of CNT in aqueous
media.*® Here an electrophilic addition reaction was utilized to
speed the reaction between MWCNT and TFPEG under micro-
wave irradiation. Fig. 3 illustrates the FT-IR spectra of PMWCNT
and pristine MWCNT in transmittance (%) vs. wavenumber
(em™). In contrast to the pristine sample, the PMWCNT
demonstrates the cues of TFPEG molecules on the MWCNT
structures. A detailed list of the main infrared peaks along with
their assigned bonds is given in Table 2. According to Fig. 3,
PMWCNT shows significant peaks of C-O, CH,, and C-H bonds.
The mentioned bonds correspond to attaching TFPEG on the
MWCNT surface. It is noteworthy that the PMWCNT sample
represents a specific peak in the range of 3000 to 3500 cm ™,
which confirms the presence of -OH groups on the surface of
MWCNT.**%

To evaluate the degree of functionalization, the quantitative
tests (Raman spectroscopy and TGA) have been applied to
provide additional evidences.

Raman spectroscopy was also employed to provide basic
information for studying the covalent functionalization of
MWCNT. Raman characterization was determined by an
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Fig. 3 FTIR spectra of pristine and TFPEG-treated MWCNT.
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Table 2 Fourier transform infrared interpretation of the TFPEG-treated MWCNT

Peak (cm ) Interpretation T%

1213 C-O stretching vibration 25.47 (S)
2800-2850 C-H stretching vibration and asymmetric stretching of CH; 32.48 & 49.68 (M)
1398 CH, bending vibration 33.12 (M)
3000-3500 -OH stretching vibration 17.19 (S)

eminent sensitivity to the disordered band on the structure
depending upon the optical skin depth.***¢ Therefore, the
Raman spectra of the pristine MWCNT and PMWCNT are
shown in Fig. S,.T It can be seen that the intensity ratios (Ip/Ig)

TH NMR L
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Fig. 4 'H NMR and *C NMR spectra of TFPEG-treated MWCNT.

of PMWCNT is higher than that of the pristine MWCNT, which
can be an evidence for functionalization of MWCNT with TFPEG
and/or inducing defects in CNT by sonication.*”**

3.1.2. NMR spectroscopy. The '"H NMR spectrum of TFPEG-
treated MWCNT suspension in CDCl; in a high-field region
(Fig. 4) contains signals of the hydrogen atoms of the TFPEG
substituent.

The sharp signal at dy 3.645 is characteristic of TFPEG-
treated MWCNT, which is attributed to the surface alcohol
groups (OH) formed during the chemical modifications.

The "H NMR spectra results of analyses of the addi-
tion product of TFPEG to the MWCNT surface are given in
Table 3.

The C NMR spectrum and results of TFPEG-treated
MWCNT are given in Fig. 4 and Table 3, respectively. The
resonance region of TFPEG-treated MWCNT contains signals
from the aromatic furan and methylene groups. Overall, NMR
results suggest some results as follow:

-Functionalization of MWCNT with TFPEG was successful.

-The presence of furan signals could be an indicative of the
lack of ring-opening reaction (Friedel-Crafts acylation).

-A broad signal at dy 3.55 is attributed to the methylene
group, which can be an evidence for the presence of linkage
between MWCNT surface and TFPEG. Also, a peak at 3.55 can be
attributed to the protons on MWCNT surface.*

3.1.3. Thermogravimetric analysis. TGA provides the valu-
able information about the quantitative amount of functional
groups on MWCNT surface. Fig. 5 illustrates evidence of the
functionalization of MWCNT with TFPEG. As can be seen in
Fig. 5, the TGA curve of the pristine sample depicts no signifi-
cant mass loss up to 500 °C which is attributed to the thermal
degradation of the main graphitic structures. On the other
hand, PMWCNT illustrates two noticeable mass losses in the
temperature range of 0-600 °C. Consistent with the curve of
PMWCNT, the mild mass loss (the first weight loss) in the

Table 3 Results of *H NMR and **C NMR spectroscopy of TFPEG-treated MWCNT

Position ~ 'H NMR (chemical shift) ~ DEPT 3C NMR (chemical shift) ~ DEPT

1 3.7&3.8 CH, (protons of tetrahydrofuran) 67.9 CH, (tetrahydrofuran)

2 1.8&1.9 CH, (protons of tetrahydrofuran) 25.88 CH, (tetrahydrofuran)

3 1.69 & 1.96 CH, (protons of tetrahydrofuran) 27.69 CH, (tetrahydrofuran)

4 4.07 CH (protons of tetrahydrofuran) 77.8 CH (tetrahydrofuran)

5 3.48 & 3.61 CH, (protons of methylene) 76.6 CH, (aliphatic)

6 3.47 & 3.59 CH, (protons of methylene) 70.56 CH, (aliphatic)

7 3.46 & 3.57 CH, (protons of methylene) 61.35 CH, (aliphatic)

8 3.55 Protons of benzene rings of MWCNT  113.59 C=C of benzene rings of MWCNT
9 3.64 OH (alcohol) — .

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Thermogravimetric analysis of the pristine and TFPEG-treated
MWCNT.

temperature range of 100-150 °C is related to the functiona-
lionality of TFPEG as an unstable organic moiety on MWCNT.
TGA results confirm that MWCNT was successfully functional-
ized via a monofunctional oligomer (TFPEG), which is in
agreement with the increased Ip/I; observed in the Raman
spectra of the pristine and treated samples. Moreover, the
second mass loss around 500 °C is associated with the degra-
dation temperature of the main graphitic structures in air.*
3.1.4. TEM microscopy. TEM images of the PMWCNT and
pristine sample are shown in Fig. 6A. In the pristine MWCNT
image (Fig. 6A), one can see multi-walled CNT with relatively
smooth and intact walls and low wall-defected CNT. On the
other hand, cut and open ends of MWCNT are obvious after
treatment, which could be the result from the severe function-
alization condition under microwave irradiation. Moreover,
Fig. 6B and C depict the high surface roughness for the
PMWCNT. This surface roughness can be the result from the
partial damage of graphitic carbon that occurred due to the
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severe condition of functionalization. In fact, the sp” carbon in
the graphitic network of MWCNT disrupted during the func-
tionalization procedure can be the main reason for the surface's
deterioration, which is in agreement with the higher Ip/I; in the
Raman results. In addition, the easily miscible TFPEG func-
tionalities on MWCNT in water can elucidate the excellent
dispersion of the PMWCNT (ESI, Fig. S;7).

3.2. Thermal analysis

3.2.1. Accuracy. To evaluate the accuracy and reliability of
the experimental system before conducting systematic experi-
ments with PMWCNT-based water nanofluids, pure water was
tested as the base fluid and compared with the reported equa-
tion. The experimental heat transfer coefficients of the pure
water at different values of x/D were employed as an excellent
parameter for comparison. The results are presented in Fig. 7,
along with predictions of the common Shah equation for
laminar flows over the constant heat flux boundary condition.
As can be seen in Fig. 7, the predicted heat transfer coefficients
by the Shah equation is in good agreement with the experi-
mental data over the Reynolds number range used in this work,
which verified the accuracy of the apparatus.

Eqn (12) demonstrates Shah's correlation.

1/3
1.953 (Re X Prg)

4.364 + 0.0722 (Re X Prg) (Re X Pr%) <333

(Re X Prg) =333

(12)

3.2.2. Convective heat transfer coefficient of PMWCNT-
based water nanofluids. With the confirmed accuracy of the
experimental approach, systematic tests were carried out at
various Reynolds numbers (in laminar flow range) and different

Fig. 6 TEM microscopy of the (A) pristine and (B and C) TFPEG-treated MWCNT.
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Fig. 8 Heat transfer coefficients of PMWCNT-based water nanofluids
at different concentrations as well as pure water at (A) Re = 800 + 50
and (B) Re = 1100 + 50.

PMWCNT concentrations. Fig. 8a and b illustrate the influence
of PMWCNT concentration on the local heat transfer coefficient
at different axial distances from the entrance of the test section
at Re = 800 £ 50 and Re = 1100 £ 50, respectively. Also, the
results for distilled water are presented in Fig. 8 for comparison
purposes. As can be seen, the curve of pure water is under the
three curves of PMWCNT-based water nanofluids at different
axial distances, three concentrations and both Reynolds
numbers. This figure confirms that the addition of MWCNT
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into the water enhances the convective heat transfer coefficient.
As a result, as the weight concentration of MWCNT increases,
the convective heat transfer coefficient at different axial
distances from the inlet of the test section increases. For
example, at the Reynolds number of 1100 + 50 and x/D of
71.428, by increasing the weight concentration from 0.05 to
0.2%, the convective heat transfer coefficient increases from
1549 t0 2021 W m > K. Indeed, this change in MWCNT weight
concentration from 0.05% to 0.2% enhances the convective heat
transfer coefficient more than 30%. The presence of MWCNT
enhances the convective heat transfer coefficient considerably
and the ratio of growth is approximately similar as the
concentration increases. The increasing of Nusselt number with
the increasing of Reynolds number can be also attributed to the
increasing of fluid thermal conductivity.

In addition, the heat transfer coefficient shows a downward
trend with axial distance at a constant concentration of
PMWCNT, which is an expected trend.****> The reported results
confirm that the development of the convective heat transfer
coefficient with change in axial distance is significant and is
attributed to the improvement of thermal conductivity of base
fluid in the presence of nanostructures.**>** Xuan and Li**
showed that the heat transfer coefficient increases by 60% in
the presence of Cu-based water nanofluids nanofluid with
copper concentration of 2%. Again, as the thermal conductivity
of nanoparticles in base fluids increases, the thermal boundary-
layer thickness decreases, which results in an increasing
convective heat transfer coefficient.>>**

In order to provide a better comparison and investigate the
influence of a PMWCNT addition on the convective heat
transfer coefficient, the enhancement of the convective heat
transfer coefficient with reference to the distilled water is
studied at different weight concentrations and Re = 800 + 50
and Re = 1100 £ 50, which are shown in Fig. S; (ESIt). Overall,
the results show that all synthesized samples have an excellent
potential to transfer heat in thermal equipment and confirm the
positive effect of covalent functionalization on the thermal
performance of various setups.

Fig. 9 illustrates the influence of the Reynolds number on the
convective heat transfer coefficient, which obviously is shown as
an upward trend with increasing Reynolds number at constant
weight concentration of 0.1%. First, it can be seen that the
convective heat transfer increases with increasing Reynolds
number. For example, at x/D of 71.428, an increase in Reynolds
number from 800 to 2000 results in improvement of the
convective heat transfer coefficient from 1655.8 to 2673.9, which
shows 61.4% growth. Also, there is a great difference between the
convective heat transfer coefficient at Re = 1100 and that at Re >
1500. At all x/D, the enhancement for Re = 1500 is higher than
that for Re = 1100 and 800. Ding et al.*>* reported that the influ-
ence of Reynolds number on convective heat transfer coefficient
is small at Re < 1100; however, a significant growth can be
obtained at Reynolds numbers higher than 1100. They concluded
that the shear rate at the wall is around 500 s~* at Re = 1100,
which they attributed to the change from the strong shear thin-
ning region to the region with constant viscosity. Similarly,
Fig. S,t illustrates the measured Nusselt number of the
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Fig. 9 Heat transfer coefficients of PMWCNT-based water nanofluids
at constant weight concentration of 0.1% at different Re numbers.
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Fig. 10 Effect of Reynolds number and concentration of PMWCNT-
based water nanofluids on the pressure drop.

PMWCNT-based water nanofluids at weight concentration of
0.1% for different Reynolds numbers. It is observed that the
Nusselt number decreases quickly with the increase in x/D. Also,
as the Reynolds number increases, the Nusselt number increases.

3.2.3. Pressure drop. Fig. 10 shows the pressure drop of
pure water and PMWCNT-based water nanofluids versus Rey-
nolds number in various weight concentrations. It can be seen
that the pressure drop of PMWCNT-based water nanofluids
increases continuously with increasing PMWCNT concentra-
tion and Reynolds number, in which the dependence of the
pressure drop on Reynolds number is almost linear. According
to the results, the highest increase in pressure drop of
PMWCNT-based water nanofluids is obtained at the weight
concentration of 0.2% and Re = 2000 + 50. As compared to the
pure water, the maximum increase in the pressure drop in the
presence of MWCNT is about 13%. That is, the higher weight
concentration of PMWCNT in the base fluids means the higher
viscosity, implying more pressure drop.*

4. Conclusions

In this study, a simple and cost-effective method that included
the use of microwave irradiation was used to functionalize
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MWCNT with TFPEG. In addition, an electrophilic reaction
under microwave irradiation was utilized to speed up
the functionalization procedure, which resulted in the
high-performance reaction as well as excellent solubility in
water.

According to the characterization and morphology results,
functionalization of MWCNT with TFPEG was successful. As the
functionalization was carried out, the stability of PMWCNT in
water increased significantly. PMWCNT-based water nanofluids
with different weight concentrations were synthesized and their
convective heat transfer coefficient and pressure drop under
laminar flow condition were investigated.

Based on the presented results, the following conclusions
are drawn:

-Covalent functionalization via TFPEG under microwave
irradiation along with an electrophilic reaction may be used as
an economical method to synthesize PMWCNT-based water
nanofluids with high dispersibility and stability in aqueous
media.

-As the MWCNT concentration increases, the convective heat
transfer coefficient is enhanced at various Reynolds numbers in
the laminar flow regime.

-At constant weight concentration, as the Reynolds number
increases, the convective heat transfer coefficient increases.

-The enhancement of the convective heat transfer coefficient
with reference to the distilled water demonstrates that
PMWCNT-based water nanofluids with various weight concen-
trations would be an appropriate operating fluid at different
Reynolds numbers.

-The improvement of heat transfer at various weight
concentrations of PMWCNT was attributed to the decrease in
the thermal boundary layer thickness.

-Results show that the pressure drop increases with weight
concentration of MWCNT and flow Reynolds number, although
the influence of weight concentration is small.

The effective and promising microwave-assisted method for
preparing PMWCNT-based water nanofluids results in excellent
stability, non-acidic environments, and a high convective heat
transfer coefficient. These findings suggest that the PMWCNT-
based water nanofluids can be used as effective coolants in
heat transfer equipment.

Nomenclature

Cp Specific heat, J kg7 ' K™!

D Tube diameter, m

h Heat transfer coefficient, W m 2 K *
k Thermal conductivity, W m~* K *
L Tube length, m

m° Mass flow rate, kg s~

Nu Nusselt number

Pr Prandtl number

q Heat flux, W m~>

Q Heat transfer rate, W

Re Reynolds number

T Temperature, °C

This journal is © The Royal Society of Chemistry 2015
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U Velocity, m s™*
x Axial distance, m

Greek symbols

@ Volume fraction

o Density, kg m

I Fluid viscosity, Pa s
e Performance index
AP Pressure drop
Subscripts

b Bulk fluid

in Inlet

nf Nanofluid

p Particles

w Wall
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