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The influence of different functional covalent groups on the thermophysical properties of carbon nanotube-base
fluid was first investigated experimentally. To shed more light on this issue, cysteine (Cys) and silver (Ag) were
covalently attached to the surface of the multi-walled carbon nanotubes (MWCNT). Functionality and morphol-
ogy were studied by the aid of characterization instruments to confirm surface functionalization, as well. To cal-
culate the thermal properties, different water-based nanofluids such as GumArabic-treatedmulti-walled carbon
nanotubes (MWCNT-GA), functionalizedMWCNT with cysteine (FMWCNT-Cys) and silver (FMWCNT-Ag) were
employed as coolants to investigate the convection heat transfer coefficient, Nusselt number, friction loss, pres-
sure drop and pumping power in a counter flow corrugated plate heat exchanger. Calculations were performed
for Reynolds numbers ranging from2500 to 10,000 (turbulentflow) and nanoparticleweight percentages of 0.0%
to 1.0% using a FORTRAN code. Nanofluid properties were alsomeasured through experimentation. It was found
that increasing Reynolds number, Peclet number or fraction of nanomaterial would improve the heat transfer
characteristics of the nanofluid. However, for a specific material, augmentation of Reynolds number or
nanomaterial fraction would cause the required pumping power to rise but this penalty was relatively small.
In all the investigated cases, heat transfer rate and power consumptionwere found to be less for water compared
to nanofluids. Besides, heat removal in nanofluids was discovered to be higher than that of water for a specific
pumping power. Therefore, performance of the plate heat exchanger can be enhanced by choosing MWCNT/
water as the working fluid.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The different types of heat exchangers like double pipe or plate types
are used extensively in various engineering applications such as power
generation and recovery, food industry, chemical industry, refrigeration,
air conditioning, and ventilation [1]. Plate heat exchangers including
plain or corrugated types are now taking the place of conventionally
used concentric or double pipe heat exchangers [2]. To transfer the
heat from one fluid to another, metal plates are used in a plate heat ex-
changer. This is an advantage of this kind of heat exchangers compared
to the conventional types which is due to the fact that the fluid, passing
through the plates, is subjected to a bigger surface [3].
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Nevertheless, improvement in the thermal efficiency of a plate heat
exchanger requires an augmentation in the thermal capability of the
working fluid [4]. In this regard, Choi and Eastman [5] were the first
to introduce the concept of nanofluids. Nanofluids are basically high-
conductive fluids composed of a base fluid and suspended particles
with the size of 1 to 100 nm. Nano fluids enhance the hate transfer be-
cause (a) nanoparticles increase the thermal conductivity of the operat-
ing fluid, which eventually enhances the heat transfer efficiency of the
system [6], and (b) as the temperature increases, the Brownian motion
of nanoparticles increases, which improves the convective heat transfer
of the fluid [7].

Many attempts have been performed in the field of nanofluids by
different researches in recent years [8,9]. Some of these works concen-
trate on application of nanofluids in various classes of heat exchangers
[10–13]. Pantzali et al. [14] studied, numerically and experimentally,
the influence of 4 vol.% CuO/water nanofluids on the efficiency of amin-
iature plate heat exchangerwithmodulated surface. They reveal that for
a certain heat load, the desired volumetric flow rate for nanofluid is less
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Nomenclature

A area (m)
H depth of corrugation (m)
f friction factor
h heat transfer coefficient (w m−2 K−1)
Dh hydraulic diameter (m)
l length of each surface in contact with the aqueous body

(m)
L length of the channel (m)
Nu Nusselt number
Pe Peclet number
p pressure (Pa)
Pp pumping power (W)
Re Reynolds number
Cp specific heat capacity (J kg−1 K−1)
T temperature (K)
k thermal conductivity (w m−1 K−1)
V velocity (m s−1)
P wetted perimeter (m)
W width of the channel (m)

Greek symbols
ρ Density (kg m−3)
μ Dynamic viscosity (Pa s)
υ Kinematics viscosity (m2 s−1)
α Thermal diffusivity (m2 s−1)
φ Volume fraction of nanoparticles

Subscripts
f base fluid
m mixture
np nanoparticles
i indices

AgNO
3

Ag

H2SO4/HNO3

Fig. 1. Schematic diagram of functionalization p
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than that for water, which leads to less pressure drop and therefore
lower pumping power.

Turbulent convective heat transfer of nanofluids in a corrugated
plate heat exchanger has been studied by Pandey and Nema [15]. The
nanofluids consisted of aluminum oxide nanoparticles mixed with
water as the base fluid in various concentrations. At a specific heat
load, the results indicated that the required flow rate for nanofluid is
lower than that for water, while pressure drop is higher.

Kabeel et al. [16] tested Al2O3 nanofluids in a corrugated plate heat
exchanger. It was found that increasing the nanomaterial concentration
dramatically increased the heat transfer coefficient and transmitted
power. At a given Reynolds number, the maximum rise in heat transfer
coefficient was 13% with 9.8% uncertainty. This increment was even
lower when constant flow rates were considered. Hence, there was
doubt about the influence of nanofluids on improving heat transfer in
the heat exchanger studied.

Taws et al. [17] experimentally tested CuO/water nanofluid in a
chevron-type two-channel PHE. Through the experiments, they deter-
mined the forced convective heat transfer of the nanofluid and hydrau-
lic characteristics of the heat exchanger. Nanofluid was applied in
volume concentrations of 2% and 4.65% and different Reynolds numbers
with a maximum value of 1000. As a result, at a certain Reynolds num-
ber, the friction factor appeared higher for nanofluids thanwater. Calcu-
lating the Nusselt number for 2% nanofluid concentration revealed no
noticeable increase in heat transfer. Nanofluid at 4.65% concentration
actually decreased the heat transfer. These findings were incongruent
with the results of Elias et al. [18], who found a significant rise in heat
transfer coefficient and heat transfer rate when using 0–1% Al2O3 and
SiO2 nanofluid concentrations. Khairul et al. [19] obtained the same
results as Elias et al. [18] when using CuO nanofluid of up to 1.5% in a
corrugated plate heat exchanger.

The presented literature survey suggests that nanofluids are effective
coolants [20,21] that also require additional investigations [22,23]. In par-
ticular, the effect of using FMWCNT based nanofluids on the heat transfer
performance and pumping power in a plate heat exchanger is not yet
COOH

SOCl
2

COCl
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Cysteine

rocedure of MWCNT with cysteine and Ag.



Fig. 2. Comparison of friction factor variations with previous works for turbulent forced
convection regime.

Table 1
Fourier transform infrared interpretation of the raw and treated MWCNT with cysteine
and Ag.

Type of functionalized
MWCNT

Peak
(cm−1)

Interpretation

Cysteine treated MWCNT
3000–3150 O–H & N–H stretching vibration of

primary amine/symmetrical–NH
stretching vibration (amide bond)

2916 C–H stretching vibration
2573 S–H stretching vibration
1621 –C=O stretching vibration (amide bond)
1586 C=C stretching vibration
1488 –NH bending vibration of primary amine
1409 COO− stretching vibration
1340 CH2 bending vibration
1297 C–N stretching vibration
1126 C–O stretching vibration

Ag-treated MWCNT
3200–3400 O–H & N–H stretching vibration
2904 C–H stretching vibration
1715 –C=O stretching vibration (amide bond)
1626 C=C stretching vibration
1384 C–N stretching vibration
1070 C–O stretching vibration
617 S-Ag
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entirely understood [24,25]. In the present study, particular attentionwas
paid to synthesis as well as analysis of FMWCNT characteristics. Some
functional and morphological studies were applied to investigate the
quality of the functionalization. FMWCNT, well-dispersed in water,
resulted in uniform nanofluids with different concentrations. Heat
transfer coefficient, pressure drop, friction factor, and the pumping
power of water/FMWCNT nanofluidswith different weight percentages
in a corrugated plate heat exchanger were analyzed finally. In order to
solve the governing equations, an in-house, FORTRAN code was devel-
oped. The results from the present study may lead to applications of
the new coolant in solar collectors and electronic devices [26].
2. Nanofluid preparation and characterization

2.1. Materials

In this study, raw MWCNT with a diameter of 10–20 nm, length
of 5–15 μm and carbon purity of higher than 95% was purchased
from Shenzhen Nano-Tech Port Co. Other chemical materials such
as sulfuric acid, nitric acid, N,N-dimethylacetamide (DMAc), cysteine,
dimethylformamide (DMF), silver nitrate (AgNO3), tetrahydrofuran
(THF) and thionyl chloride (SOCl2) were obtained from Merck Inc.
Besides, silver nanoparticles (purity of 99% and diameter b35 nm) and
Gum arabic as surfactant were provided from Neutrino Company and
Merck Inc., respectively.
Fig. 3. The FTIR spectra of raw and functionalized MWCNT with cysteine and Ag.
2.2. Synthesis of MWCNT-Ag

The schematic diagram of MWCNT functionalization with Ag
is shown in Fig. 1. In order to synthesize MWCNT-Ag, the following
steps should be accomplished. To synthesize the oxidized MWCNT
(MWCNT-COOH), Liu and Wagner [27] method with a slight modifica-
tion was employed. First, raw MWCNT and a mixture of HNO3/H2SO4

in a 1:3 volume ratio were blended and sonicated for 6 h at 100 °C.
The obtained mixture was filtered and washed with abundant deion-
ized water to neutralize the pH value of the black cake on the filter.
The carboxyl groups on the surface of MWCNTs changed into acyl
chloride through being stirred in thionyl chloride and DMF for 24 h at
70 °C. Then, the suspension was filtered, washed with THF and dried
in a vacuum oven.

To enhance the dispersibility of MWCNT in pure water, the obtained
MWNT-COCl was sonicated with cysteine in DMAc at 100 °C for 24 h
[28]. This step helps to attach the cysteine to the main structure of
MWCNT. To remove some unreacted cysteine, the mixture was filtered
Fig. 4. Raman spectra of pristine and functionalized MWCNT with cysteine and Ag.
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Fig. 5. TEM images of functionalized MWCNT with Ag (A–C).
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with a PTFE membrane andwashedwith water, DMAc and THF. Finally,
the cysteine-treatedMWCNT (MWCNT-Cys) was sonicated with deion-
izedwater and then poured into a vessel including silver nitrate solution
(0.2 mol/l). The prepared suspension was constantly stirred for 24 h
at 80 °C. Final solid products were obtained by filtration, washing and
drying.

2.3. Instrumentation

The morphology of silver nanoparticles attached to the MWCNT
surface was obtained by transmission electron microscopy (TEM).
The images were obtained by a LEO 912 AB electron microscope with
an accelerating voltage of 100 kV. To prepare TEM samples, the Ag-
treatedMWCNTwas first sonicated inmethanol followed by deposition
process on a carbon-coated copper grid.

To measure the rheological behavior, a Brookfield Rheometer
(DVIII Ultra Rheometer) was employed at a stable shear rate of
300 s−1 along with RTD temperature probe for sample monitoring.
Thermal conductivity of the samples was determined by a KD2 thermal
Table 2
Viscosity (mPa s) of FMWCNT/water-based nanofluid with influence of temperature.

Temp. (°C) 0.5%
Ag

1%
Ag

0.5% MWCNT 1% MWCNT 0.5%

20 2.28 2.31 2.69 2.69 2.28
40 1.70 1.77 2.17 2.21 1.75
60 1.32 1.43 1.66 1.85 1.38
80 1.30 1.40 1.50 1.58 1.18
properties analyzer, which worked according to the transient hot-wire
method.

3. Numerical approach

In the present analysis, the nanofluid flowing through the corrugat-
ed plate heat exchanger is assumed as fully developed and incompress-
ible. The viscosity and thermal conductivity of nanofluids have been
obtained experimentally. However, density and specific heat have
been estimated applying Eqs. (1) and (2) [29,30]:

ρm ¼ φρnp þ 1−φð Þρ f ð1Þ

ρcp
� �

m ¼ 1−φð Þ ρcp
� �

f þ φ ρcp
� �

np ð2Þ

Each rectangular channel has an equal flow area and a wetted
perimeter which are calculated using the following formulas:

A ¼ WH ð3Þ
MWCNT-Ag 1% MWCNT-Ag 0.5% MWCNT-Cys 1% MWCNT-Cys

2.28 2.26 2.28
1.82 1.76 1.80
1.43 1.34 1.41
1.33 1.10 1.26



Table 3
Thermal conductivity (w m−1 k−1) of FMWCNT/water-based nanofluid with influence of temperature.

Temp. (°C) 0.5%
Ag

1%
Ag

0.5% MWCNT 1% MWCNT 0.5% MWCNT-Ag 1% MWCNT-Ag 0.5% MWCNT-Cys 1% MWCNT-Cys

30 0.651 0.662 0.683 0.69 0.711 0.72 0.703 0.714
40 0.66 0.669 0.703 0.712 0.729 0.733 0.719 0.733
50 0.688 0.694 0.734 0.742 0.774 0.789 0.758 0.777
60 0.721 0.745 0.759 0.766 0.809 0.834 0.791 0.819
70 0.732 0.754 0.772 0.789 0.831 0.862 0.81 0.844
80 0.745 0.766 0.788 0.801 0.846 0.871 0.823 0.857

Table 4
Specific heat capacity and density of FMWCNTwith influence of
temperature.

Temp. (°C) Cp (J kg−1 K−1)

25 702
45 711
65 720
85 730

Temp. (°C) Density(kg m−3)

No effect 2100

Table 5
Thermophysical properties of water.

Temp.
(°C)

Density
(kg m−3)

Cp
(J kg−1 K−1)

Viscosity
(mPa s)

Thermal
conductivity
(w m−1 k−1)

Shear stress
(mN m−2)

20 998.2 4181.8 1.17 0.576 57
40 992.2 4178.5 1.15 0.624 56
60 983.2 4184.3 1.12 0.653 55
80 971.8 4196.3 0.61 0.669 30
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P ¼
X∞
i¼0

li ¼ 2 H þWð Þ ð4Þ

The hydraulic diameter of a rectangular channel canbe expressed as:

Dh ¼ 4A
P

¼ 2WH
H þW

ð5Þ

Reynolds and Peclet numbers:

Re ¼ VDh

υm
ð6Þ

Pe ¼ VDh

αm
ð7Þ

where

αm ¼ km
ρmCp

ð8Þ

and

υm ¼ μm

ρm
ð9Þ

The Nusselt number is given as [15]:

Nu ¼ 0:26þ 0:02ϕ−0:0051ϕ2
� �

Pe0:27 ð10Þ

Therefore, the convective heat transfer coefficient can be expressed
as:

h ¼ k � Nu
Dh

¼
k 0:26þ 0:02ϕ−0:0051ϕ2
� �

Pe0:27
h i

Dh
ð11Þ

The friction factor can be evaluated based on the recommendations
of Pandey and Nema [15]:

f ¼ 2:9þ 5:6ϕþ 0:12ϕ2
� �

Pe−0:13 ð12Þ

Pressure drop can be defined by:

Δp ¼ f
LρmV

2

2Dh

" #
ð13Þ

The pumping power is calculated by:

Pp ¼ VAΔp ð14Þ

Governing equations for the transport phenomenon have been
solved by developing a FORTRAN code.
4. Numerical procedure validation

The results from the present work were compared with Pandey
and Nema's [15] findings to validate the forced convection heat
transfer of turbulent flow in a corrugated plate heat exchanger.
Pandey and Nema [15] experimentally examined 2, 3 and 4 wt.%
Al2O3 nanoparticles in water in a corrugated plate heat exchanger.
They applied different flow rates in the range of 2 to 5 L/min for
hot and cold fluids. The comparison of friction factors from the
two studies showed excellent agreement between the results, as
depicted in Fig. 2. Accordingly, it can be concluded that the numer-
ical procedure is a reliable method of predicting the forced convec-
tive heat transfer of turbulent flow in a corrugated plate heat
exchanger.
5. Physical model

The configuration considered in this work consists of three chan-
nels formed by the corrugated plates in which each channel has
500 mm length (L) and 100 mm width (W). Each channel has a
depth of corrugation (H) equal to 30 mm. The entire plate heat ex-
changer is considered to be insulated. The utilized fluids include
pure water and water mixed with multi-walled carbon nanotubes
with Gum arabic (MWCNT-GA) as well as functionalized MWCNT in
the presence of cysteine (FMWCNT-Cys) and silver (FMWCNT-Ag)
(with weight percentages of 0.5% to 1.0%). During the analysis, the
Reynolds number is considered as equal to 2500–10,000 indicating a
turbulent flow regime.
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6. Result and discussion

6.1. Material characterizations

To illustrate the different functional groups on the surface of
MWCNT, the prepared samples were analyzed using FTIR and Raman
spectroscopy. In addition, the morphology of treated samples was ana-
lyzed by TEM, as well.

6.1.1. Fourier transform infrared spectroscopy.
The FTIR spectra of the raw and functionalizedMWCNT are depicted

in Fig. 3. It is obvious that the functionalized samples with cysteine and
silver own some recognizable cues of different functional groups com-
pared to the raw MWCNT. A list of peaks with their interpretations is
shown in Table 1. According to Table 1 and various observed peaks
in Fig. 3, it could be concluded that the MWCNT functionalization with
cysteine and Ag has been successful. Furthermore, the results showed
that the FTIR spectra of MWCNT-Ag demonstrated broader peaks
as compared to treated MWCNT with cysteine. Obviously, existence of
Ag nanoparticles in the treated sample with silver could create the KBr
pellet opaque, subsequently leading to a reduction in transmission
infrared light [28]. The mentioned reduction could remove or merge
some weak peaks making it possible to observe some broad peaks. It
is noteworthy that the spectra of the treatedMWCNTwithAg illustrated
a peak at 617 cm−1,which could verify thepresence of the S–Ag linkage.
As it is noted, after adding silver nanoparticles, the S–H stretching vibra-
tion has vanished, which is a further proof that a linkage exists between
the thiol side chain and Ag [28].

6.1.2. Raman spectroscopy
The curves of Raman spectroscopy of the functionalized samples as

well as rawMWCNT are shown in Fig. 4. The Raman spectra of the treated
samples and rawMWCNT showD andG bands at around 1362 cm−1 and
1592 cm−1, respectively.With regard to functionalization ofMWCNT, it is
clear that the more ID/G ratio means that more sp2-hybridized carbons
changed form to sp3-hybridized carbons [31–33].

As noted from Fig. 4, the ID/G ratios of all functionalized MWCNT are
bigger than that of raw MWCNT. Thus, it can again confirm the appro-
priate functionalization of MWCNT with cysteine and silver.

6.1.3. Morphology study
The surface morphology of the treated MWNT with Ag was studied

with the aid of TEM and has been shown in Fig. 5. As seen in this figure,
many Ag nanoparticles were placed on the surface of MWCNT, as a
Fig. 6. Average convective heat transfer coefficient pro
result of connections between Ag ions and the thiol groups in cysteine
molecules. Furthermore, the silver nanoparticles were dispersed on
the surface ofMWCNTwithout any agglomeration. Interestingly, the av-
erage size of the silver nanoparticles decorating the MWCNT surface
was in the range of 5–10 nm.

6.2. Rheological property of nanofluids

The thermal properties of nanofluids are listed in Tables 2 to 5 based
on nanoparticle weight percentage. As observed from these tables, aug-
mentation of thermal conductivity is significantly affected by tempera-
ture and weight fraction of nanoparticles, because of the expanded
surface area of dispersed nanoparticles in water [11]. This increase
was observed to be more than 30% when using 1 wt.% FMWCNT-Ag at
80 °C in comparison with pure water at the same temperature.

6.3. Heat transfer analysis

Depicted in Fig. 6 is the average convective heat transfer coeffi-
cient versus Peclet number for water and different volume fractions
of nanofluids. Eqs. (7) and (11) have been employed to calculate the
Peclet number and heat transfer coefficient. Compared to water, for 1%
MWCNT-GAnanofluid, 41.3073% and 41.3058% increase in heat transfer
coefficients were found at minimum and maximum Peclet numbers,
respectively.

Heat transfer coefficient is usually enhanced through addition of
nanoparticles into the base fluids. This is attributed to the augmentation
of the thermal conductivity of nanofluids relative to that of water
(see Tables 3 and 5) and due to the fact that thermal conductivity is in
proportion with the heat transfer coefficient [34]. From the figure, it is
also evident that the rate of heat transfer coefficient augmentation
is almost constant with Peclet number. Peclet number depends on
the flow velocity and thermal diffusivity for a given heat exchanger. If
temperature variation in the thermal boundary layer is assumed linear,
it can be stated that h ¼ k

δt
[15]. Augmentation of thermal conductivity

and viscosity due to the increase in volume fraction, result in a thicker
hydraulic and therefore thermal boundary layers.

Fig. 7 shows the variation of Nusselt number with respect to Peclet
number. From the results, it can be understood that rising volume frac-
tion of nanoparticleswould increase theNusselt number.Moreover, in a
certain Peclet number, increasing the volume fraction of nanoparticles
would result in improvement in both heat transfer coefficient (shown
in Fig. 6) and thermal conductivity (shown in Table 3). Reynolds
number deals with the momentum diffusion rate only, while thermal
files for different nanofluids and Peclet numbers.



Fig. 9. Friction factor profiles for different nanofluids and Peclet numbers.
Fig. 7. Average Nusselt number profiles for different nanofluids and Peclet numbers.
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diffusivity rate is also considered in Peclet number. Therefore, Peclet
number can be taken as amore proper baseline to compare the efficien-
cy of a given plate heat exchanger working with various coolants [15].
Analysis of the results reveals that water possesses the lowest Nusselt
number, whereas the maximum Nusselt number belongs to 1 vol.%
MWCNT-GA/water. All the obtained Nusselt numbers for the nanofluids
were higher than the base fluid, though values varied for different
nanofluids.

The relation between pressure drop and Reynolds number is plotted
in Fig. 8 for different nanofluids. Pressure drop of a heat exchanger has a
direct relation with the Reynolds number, thermophysical properties of
the working fluid and hydraulic diameter. Hence, increasing Reynolds
number leads to the augmentation of pressure drop. In addition, at a cer-
tain Reynolds number, pressure dropwas the lowest forwater. This value
amplified with the nanofluid concentration, when the maximum value
was obtained for 1% MWCNT-GA/water.

Effect of Peclet number on the friction factor is displayed in Fig. 9.
Here, friction factor was determined from the formulation developed
by Pandey and Nema [15]. Based on this equation, friction factor is a
function of Peclet number and nanoparticle volume fraction. It was ob-
served that friction factor decreases when increasing Peclet number,
which is similar to the findings by Ray et al. [35].

Variation of pumping powerwith Reynolds number is demonstrated
in Fig. 10. Again, pumping power was found minimum for water, while
it increased with nanoparticle volume fraction. Based on the equation,
Fig. 8. Pressure drop profiles for different nanofluids and Reynolds numbers.
pumping power is a function of flow velocity, pressure drop and geom-
etry of the heat exchanger. Hence, rise in volume fraction of nanoparti-
cles or Reynolds number would increase the pumping power.

7. Conclusion

In this study, a special technique was initially employed to in-
crease the dispersibility of MWCNT in aqueous media by covalent
functionalization with Cys followed by addition of Ag to enhance the
thermal conductivity of functional groups attached on the MWCNT
surface. Different peaks in FTIR results of treated samples, an increase
in the ID/G ratio of functionalized sample in Raman spectra and mainly
morphological study by TEM verified that functionalization was suc-
cessful. Also, due to hydrophilic properties of Cys, covalent samples
resulted in high dispersion within aqueous media, which provides
appropriate condition for realizing thermal properties of MWCNT.
In addition, the influence of using MWCNT based/water nanofluids in
a corrugated plate heat exchanger has been studied as well. Different
materials with various volume fractions and Reynolds numbers in tur-
bulent regime were considered. Heat transfer coefficient and Nusselt
number as well as various parameters such as friction factor, pressure
drop and pumping power were evaluated.

Findings indicate that adding nanoparticles to water can enhance
the heat transfer coefficient of the working fluid. It was also noted that
rise of particle volume fraction and reduction of Peclet number could
Fig. 10. Pumping power profiles for different nanofluids and Reynolds numbers.
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add to the friction factor which in turn causes the pressure drop and
pumping power to increase. Density and thermal conductivitywere rec-
ognized as the key parameters in the improvement of heat exchanger
efficiency. From the present work, it can be outlined that by changing
the working fluid of a heat exchanger with nanofluid, efficiency of the
device can be improved.

Author Contributions

The coding and numerical parts have been developed by M.
Goodarzi and M.S. Goodarzi. All the experimental part has been done
by A. Amiri. All authors read and approved the final manuscript.

Acknowledgments

The authors gratefuly acknowledge High Impact Research Grant
UM.C/HIR/MOHE/ENG/23, Faculty of Engineering, University of
Malaya, Malaysia and Dr. S.N. Kazi for support in conducting this re-
search work. The second author is also grateful for further support
from the ‘Bright Spark’ Unit.

References

[1] G. Huminic, A. Huminic, Application of nanofluids in heat exchangers: a review,
Renew. Sust. Energ. Rev. 16 (8) (2012) 5625–5638.

[2] M.H. Fard, M.R. Talaie, S. Nasr, Numerical and experimental investigation of heat
transfer of zno/water nanofluid in the concentric tube and plate heat exchangers,
Therm. Sci. 15 (1) (2011) 183–194.

[3] J.A. Gut, R. Fernandes, J.M. Pinto, C.C. Tadini, Thermal model validation of plate
heat exchangers with generalized configurations, Chem. Eng. Sci. 59 (21) (2004)
4591–4600.

[4] A.K. Dwivedi, S.K. Das, Dynamics of plate heat exchangers subject to flow variations,
Int. J. Heat Mass Transf. 50 (13) (2007) 2733–2743.

[5] S.U. Choi, J. Eastman, Enhancing thermal conductivity of fluids with nanoparticles,
Enhancing Thermal Conductivity of Fluids with Nanoparticles, Argonne National
Lab., IL (United States), 1995.

[6] M. Goodarzi, M.R. Safaei, K. Vafai, G. Ahmadi, M. Dahari, S.N. Kazi, N. Jomhari,
Investigation of nanofluid mixed convection in a shallow cavity using a two-phase
mixture model, Int. J. Therm. Sci. 75 (2014) 204–220.

[7] A. Malvandi, D. Ganji, Effects of nanoparticle migration on force convection of
alumina/water nanofluid in a cooled parallel-plate channel, Adv. Powder Technol.
25 (4) (2014) 1369–1375.

[8] F. Hedayati, A. Malvandi, M. Kaffash, D. Ganji, Fully developed forced convection of
alumina/water nanofluid inside microchannels with asymmetric heating, Powder
Technol. 269 (2015) 520–531.

[9] A. Karimipour, M.H. Esfe, M.R. Safaei, D.T. Semiromi, S. Kazi, Mixed convection of
copper–water nanofluid in a shallow inclined lid driven cavity using lattice
Boltzmann method, Physica A 402 (2014) 150–168.

[10] K. Anoop, J. Cox, R. Sadr, Thermal evaluation of nanofluids in heat exchangers, Int.
Commun. Heat Mass Transfer 49 (2013) 5–9.

[11] M. Khoshvaght-Aliabadi, A. Zamzamian, F. Hormozi, Wavy channel and different
nanofluids effects on performance of plate-fin heat exchangers, J. Thermophys.
Heat Transf. 28 (3) (2014) 474–484.

[12] A.K. Tiwari, P. Ghosh, J. Sarkar, Heat transfer and pressure drop characteristics of
CeO2/water nanofluid in plate heat exchanger, Appl. Therm. Eng. 57 (1–2) (2013)
24–32.

[13] Y. Kwon, D. Kim, C. Li, J. Lee, D. Hong, J. Lee, S. Lee, Y. Cho, S. Kim, Heat transfer and
pressure drop characteristics of nanofluids in a plate heat exchanger, J. Nanosci.
Nanotechnol. 11 (7) (2011) 5769–5774.

[14] M.N. Pantzali, A.G. Kanaris, K.D. Antoniadis, A.A. Mouza, S.V. Paras, Effect of
nanofluids on the performance of a miniature plate heat exchanger withmodulated
surface, Int. J. Heat Fluid Flow 30 (4) (2009) 691–699.
[15] S.D. Pandey, V. Nema, Experimental analysis of heat transfer and friction factor of
nanofluid as a coolant in a corrugated plate heat exchanger, Exp. Thermal Fluid
Sci. 38 (2012) 248–256.

[16] A.E. Kabeel, T. Abou El Maaty, Y. El Samadony, The effect of using nano-particles on
corrugated plate heat exchanger performance, Appl. Therm. Eng. 52 (1) (2013)
221–229.

[17] M. Taws, C.T. Nguyen, N. Galanis, I. Gherasim, Experimental investigation
of nanofluid heat transfer in a plate heat exchanger, ASME 2012 Heat Transfer
Summer Conference Collocatedwith the ASME 2012 Fluids EngineeringDivision Sum-
mer Meeting and the ASME 2012 10th International Conference on Nanochannels,
Microchannels, and Minichannels 2012, pp. 1–8.

[18] M. Elias, R. Saidur, N. Rahim, M. Sohel, I. Mahbubul, Performance investigation of a
plate heat exchanger using nanofluid with different chevron angle, Adv. Mater.
Res. 832 (2014) 254–259.

[19] M. Khairul, M. Alim, I. Mahbubul, R. Saidur, A. Hepbasli, A. Hossain, Heat transfer
performance and exergy analyses of a corrugated plate heat exchanger using
metal oxide nanofluids, Int. Commun. Heat Mass Transfer 50 (2014) 8–14.

[20] A. Karimipour, A. Hossein Nezhad, A. D’Orazio, M. Hemmat Esfe, M.R. Safaei, E.
Shirani, Simulation of copper–water nanofluid in amicrochannel in slip flow regime
using the lattice Boltzmann method, Eur. J. Mech. B. Fluids 49-Part A (2015) 89–99.

[21] M.R. Safaei, H. Togun, K. Vafai, S.N. Kazi, A. Badarudin, Investigation of heat transfer
enhancement in a forward-facing contracting channel using FMWCNT nanofluids,
Numer Heat Transfer, Part A Appl. 66 (2014) 1321–1340.

[22] M.R. Safaei, O. Mahian, F. Garoosi, K. Hooman, A. Karimipour, S.N. Kazi, S.
Gharehkhani, Investigation of micro and nano-sized particle erosion in a 90° pipe
bend using a two-phase discrete phase model, Sci. World J. 2014 (2014) 1–12,
http://dx.doi.org/10.1155/2014/740578 (Article ID 740578).

[23] M. Mehrali, E. Sadeghinezhad, M. A. Rosen, S. Tahan Latibari, M. Mehrali, H.S.C.
Metselaar, Effect of specific surface area on convective heat transfer of graphene
nanoplatelet aqueous nanofluids, Exp. Thermal Fluid Sci. Available online 3 April
2015, ISSN 0894–1777, http://dx.doi.org/10.1016/j.expthermflusci.2015.03.012.

[24] N.S. Akbar, Entropy generation analysis for a cnt suspension nanofluid in plumb
ducts with peristalsis, Entropy 17 (3) (2015) 1411–1424.

[25] M. Liu, M.C. Lin, C.Wang, Enhancements of thermal conductivities with Cu, CuO, and
carbon nanotube nanofluids and application of MWNT/water nanofluid on a water
chiller system, Nanoscale Res. Lett. 6 (1) (2011) 1–13.

[26] A. Ijam, R. Saidur, Nanofluid as a coolant for electronic devices (cooling of electronic
devices), Appl. Therm. Eng. 32 (2012) 76–82.

[27] L. Liu, H.D. Wagner, Rubbery and glassy epoxy resins reinforced with carbon nano-
tubes, Compos. Sci. Technol. 65 (11) (2005) 1861–1868.

[28] A. Amiri, M. Shanbedi, H. Eshghi, S.Z. Heris, M. Baniadam, Highly dispersed
multiwalled carbon nanotubes decoratedwith Ag nanoparticles inwater and exper-
imental investigation of the thermophysical properties, J. Phys. Chem. C 116 (5) (2012)
3369–3375.

[29] O. Mahian, A. Kianifar, C. Kleinstreuer, M.d.A. Al-Nimr, I. Pop, A.Z. Sahin, S.
Wongwises, A review of entropy generation in nanofluid flow, Int. J. Heat Mass
Transf. 65 (2013) 514–532.

[30] H. Togun, M.R. Safaei, R. Sadri, S.N. Kazi, A. Badarudin, K. Hooman, E. Sadeghinezhad,
Numerical simulation of laminar to turbulent nanofluid flow and heat transfer over
a backward-facing step, Appl. Math. Comput. 239 (2014) 153–170.

[31] A. Amiri, M. Maghrebi, M. Baniadam, S. Zeinali Heris, One-pot, efficient
functionalization of multi-walled carbon nanotubes with diamines by microwave
method, Appl. Surf. Sci. 257 (23) (2011) 10261–10266.

[32] A. Amiri, M. Memarpoor‐Yazdi, M. Shanbedi, H. Eshghi, Influence of different amino
acid groups on the free radical scavenging capability of multi walled carbon nano-
tubes, J. Biomed. Mater. Res. A 101 (8) (2013) 2219–2228.

[33] H.Z. Zardini, A. Amiri, M. Shanbedi, M. Maghrebi, M. Baniadam, Enhanced antibacte-
rial activity of amino acids-functionalized multi walled carbon nanotubes by a
simple method, Colloids Surf. B: Biointerfaces 92 (2012) 196–202.

[34] A. Malvandi, M.R. Safaei, M.H. Kaffash, D.D. Ganji, MHD mixed convection in a
vertical annulus filled with Al2O3-water nanofluid considering nanoparticle migra-
tion, J. Magn. Magn. Mater. 382 (2015) 296–306.

[35] D.R. Ray, D.K. Das, R.S. Vajjha, Experimental and numerical investigations of
nanofluids performance in a compact minichannel plate heat exchanger, Int. J.
Heat Mass Transf. 71 (2014) 732–746.

http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0005
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0005
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0010
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0010
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0010
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0015
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0015
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0015
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0020
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0020
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0155
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0155
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0155
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0025
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0025
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0025
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0030
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0030
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0030
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0035
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0035
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0035
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0040
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0040
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0040
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0045
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0045
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0050
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0050
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0050
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0055
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0055
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0055
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0055
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0060
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0060
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0060
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0065
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0065
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0065
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0070
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0070
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0070
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0075
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0075
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0075
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0080
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0080
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0080
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0080
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0080
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0085
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0085
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0085
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0090
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0090
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0090
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0160
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0160
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0160
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0095
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0095
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0095
http://dx.doi.org/10.1155/2014/740578
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0100
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0100
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0105
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0105
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0105
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0110
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0110
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0115
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0115
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0120
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0120
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0120
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0120
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0125
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0125
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0125
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0130
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0130
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0130
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0135
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0135
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0135
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0175
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0175
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0175
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0140
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0140
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0140
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0145
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0145
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0145
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0145
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0145
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0150
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0150
http://refhub.elsevier.com/S0735-1933(15)00080-9/rf0150

	Investigation of heat transfer and pressure drop of a counter flow corrugated plate heat exchanger using MWCNT based nanofluids
	1. Introduction
	2. Nanofluid preparation and characterization
	2.1. Materials
	2.2. Synthesis of MWCNT-Ag
	2.3. Instrumentation

	3. Numerical approach
	4. Numerical procedure validation
	5. Physical model
	6. Result and discussion
	6.1. Material characterizations
	6.1.1. Fourier transform infrared spectroscopy.
	6.1.2. Raman spectroscopy
	6.1.3. Morphology study

	6.2. Rheological property of nanofluids
	6.3. Heat transfer analysis

	7. Conclusion
	Author Contributions
	Acknowledgments
	References


