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Abstract: Multiwalled carbon nanotubes (MWCNTS) have attracted attention from researchers
because of their superior thermal properties and high optical absorption. In this investigation,
the thermal and optical properties of functionalized and nonfunctionalized MWCNT nanofluid
based on ethylene glycol/water were experimentally studied and compared. The results indicated
that the use of the functionalized MWCNT nanofluid improved the thermal properties and optical
absorption performance compared with the nonfunctionalized MWCNT nanofluid. The thermal
conductivity enhancement of the functionalized MWCNT nanofluid was higher than that of the
nonfunctionalized MWCNT nanofluid. The maximum thermal conductivity enhancement (10.15%)
was observed in a functionalized MWCNT concentration of 0.01 wt% at 50 °C compared with the
base fluid. In addition, the photo-thermal energy conversion efficiency of the functionalized MWCNT
nanofluid was higher than that of the nonfunctionalized one owing to its higher light absorption and
thermal conductivity.

Keywords: MWCNT (multiwalled carbon nanotubes); functionalized; thermal conductivity; optical
transmittance; extinction coefficient

1. Introduction

In recent decades, the emission of greenhouse gases such as CO;, NOx and SOy has been
excessive because of the continuous and rapid growth of world energy consumption [1]. Consequently,
researchers and manufacturers have studied innovative ways to improve the efficiency of heat exchange
devices such as refrigerator, air conditioning, industrial heat transfer equipment and power plant.
The best way to reach the high heat transfer efficiency that contributes to higher performance and
eco-friendly properties in heat exchange equipment is to enhance the favorable properties of working
fluid in the thermal system. For this reason, Choi et al. [2] introduced the novel idea of using nanofluid,
which suspends nanosized materials with high thermal properties such as metal, metallic oxides and
carbon nanotubes, into the base fluid.

The thermal conductivity of nanofluid can be enhanced by increasing the intensity of Brownian
motion that is dominant mechanism and can be more activated by rising temperature [3-9]. Accordingly,
using the proper nanoparticles in various nanofluid is a fundamental research topic to achieve a highly
efficient working fluid. Nanofluid can also considerably augment the capability of photo-thermal
energy conversion and optical scattering of working fluids. Among the working fluids, water is
an almost perfect working fluid, however, the good thermal properties of water can be reduced when
antifreeze is added to the water owing to unfavorable operating conditions.
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To develop a highly efficient solar thermal collector system, many nanofluids have been used as
a working fluid in various types of solar thermal collectors such as a direct absorption solar collector
(DASC), flat-plate, evacuated tube and dish type and so forth. Furthermore, the optical properties of
nanofluid should be improved to increase the efficiency of solar collectors and especially, to develop
a highly efficient DASC. Kang et al. [10] studied the flat-plate and U-tube solar collectors using Al,O3
nanofluid and they reported that the electrical consumption reduction of flat-plate and U-tube solar
collector was 1546.56 kWh and 1315.9 kWh, respectively, because of efficiency improvement by using
AlyO3 nanofluid. Furthermore, the electrical cost saving a year by using the flat-plate and U-tube
solar collector with nanofluid was 510.4 and 432 USD in Germany. Lee et al. [11] used Al,O3 and CuO
nanofluid in the PVT system (Photo-voltaic thermal system) and their experimental results indicated
that the CuO and Al,O3 based PVT systems exhibited higher efficiency than water-based PVT system
because of thermal conductivity improvement in the working fluid. Sarafraz et al. [12] observed that
thermal and electrical production of the PVT system improved by 130% and 20% in case of using
MWCNT nanofluid instead of water.

Table 1 [13] shows the thermal properties of representative nanoparticles. Among the various
nanoparticles, MWCNT probably has the highest thermal conductivity. Moreover, the specific
heat of MWCNT is higher than that of other nanoparticles except for Al. In a study by Gan
et al. [14], compared with Al and carbon nanoparticles (CNPs), MWCNT nanofluid has a low
transmission in the ultraviolet range but higher transmission in the visible range. In addition, MWCNT
nanofluid showed an effective optical performance compared with other nanofluid using Al and CNP
nanoparticles. Meng et al. [15] reported that MWCNT nanofluid based on ethylene glycol exhibited
high thermal conductivity and photo-thermal energy conversion efficiency. In a comparative study
by Zeiny et al. [16], MWCNT nanofluid was the most suitable candidate in the DASC compared with
gold and copper nanofluid.

Table 1. Thermal properties of representative nanoparticles.

Properties MWCNT Ag Al Au Cu Fe
Thermal conductivity
(W/m°C) 3000 406 205 314 385 79.5
Density (kg/m?) 2100 10510 2707 19300 8954 7897
Specific heat (J/g-°C) 0.72 0.23 0.896 0.13 0.38 0.452

Generally, nanofluid are manufactured by one-step or two-step methods. In the one-step method,
nanofluid can be manufactured by using several complicated chemical processes. In the case of the
two-step method, nanoparticles are prepared by a form of powder through physical or chemical
methods and then they are blended into a base fluid. Kumar et al. [17] reported in the comprehensive
study that most researchers commonly used a two-step method than a one-step method in nanofluid
manufacturing because the one-step method requires more complicated processes and expensive
reagents. However, according to Sidik et al. [18], the one-step method is suitable for small-scale
production although a two-step method was less expensive for mass production.

Because of the earth’s gravitation and electrical force, there is sedimentation of nanoparticles
in the nanofluid, which can have a negative influence on the thermal and optical properties of the
nanofluid. In the application of MWCNT nanofluid in thermal systems, the agglomerated particles can
cause blockage of the pump and other mechanisms. This dispersion stability problem can be solved
by chemical and physical treatments. The chemical treatment is relatively effective to make reliable
nanofluid because it increases the interaction force between nanoparticles and base fluid molecules
via atomic bonding in nanoscale. The chemical treatment consists of covalent and non-covalent
functionalization treatments. In non-covalent functionalization treatment, adding surfactants such as
gum-arabic (GA), sodium dodecyl sulfate (SDS) disperse into nanofluid does not change the structure
of nanoparticles. On the other hand, the covalent functionalization treatment modifies the structure of
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nanoparticles by using strong chemical reactions such as adding aqueous acids solutions and oxidizing
agents. In the covalent functionalization treatment, using carboxyl acid (-COOH) functionalization
group shows good results to guarantee dispersion stability of nanofluid. Barnali et al. [19] used the
carboxyl acid (-COOH) functionalization group to stabilize Au nanoparticles and they found that
cavitands carrying -COOH groups could stabilize nanoparticles in the working fluid. Yazid et al. [20]
conducted a review study of the effect of preparation on the stability of MWCNT nanofluid. In their
study, among stabilization methods, the most effective method to stabilize a nanofluid was shown to
be the covalent functionalization method, which is effective in the long-term stability of nanofluid.
Farbod et al. [21] carried out a stability experiment on MWCNT nanofluid that was functionalized
by the covalent method. In their result, no sedimentation was observed in MWCNT nanofluid after
80 days. Further, Karami et al. [22] showed that an alkaline functionalized water-based MWCNT
nanofluid yielded significant enhancement of dispersion stability in a low-temperature range.

In the case of high-temperature applications, MWCNT nanofluid had better stability at more than
250 °C after it was stabilized by KPS-functionalization and acid-functionalization compared to the
single-walled CNT and double-walled CNT nanofluid [23]. In a study by Hewakuruppu et al. [24],
a highly stable nanofluid, such as functionalized MWCNT nanofluid, had nearly identical properties as
an ideal working fluid in the DASC. Furthermore, a diluted water-based MWCNT nanofluid showed
higher thermal conductivity than ethylene glycol based one because of the high viscosity of ethylene
glycol [25]. In addition, the temperature effect on the thermal conductivity enhancement was more
noticeable at a higher concentration range in MWCNT nanofluid [26]. Jian et al. [27] reported that the
photo-thermal energy conversion potential of MWCNT nanofluid mostly depended on the concentration
and the maximum receiver thermal efficiency increased up to 96.4% at the MWCNT mass fraction of
0.01 wt%, which was about 32.5% higher than that of DI water. Besides, they presented that CNT
nanoparticles agglomeration was occurred by temperature rising under high mass fractions. Moreover,
Zeng et al. [28] studied the thermal performance of MWCNT-5iO,/Ag nanofluid and they reported the
absorption spectrum fitted with the solar spectrum could absorb solar light in all wavelengths because
of the low light transmittance of MWCNT nanofluid. Furthermore, Nadooshan et al. [29] reported that
MWCNT could be an excellent hybrid magnetic nanofluid with Fe;O,.

Most previous studies focused on the influence of nanofluid concentration to enhance the
photo-thermal energy conversion properties of MWCNT nanofluid. However, studies on the relation
between dispersion stability of nanofluid with thermal properties and efficiency of photo-thermal
energy conversion of MWCNT nanofluid have not carried out sufficiently. In addition, the use of
functionalized MWCNT nanofluid in the solar thermal collector as a working fluid have not been
carried out actively. Moreover, comparative studies on the thermal and optical performances of
functionalized and nonfunctionalized MWCNT nanofluid have not been reported in open literature
even though two kinds of MWCNT nanofluid are currently used and studied. Due to lack of
information on thermal properties and optical properties in related to the photo-thermal energy
conversion performance of MWCNT nanofluid, the comparison study on the thermal conductivity
and optical transmittance between functionalized and nonfunctionalized MWCNT nanofluid by using
-COOH functionalization group were investigated experimentally. Furthermore, comparative results
on the enhancement of photo-thermal energy conversion characteristics between functionalized and
nonfunctionalized MWCNT nanofluid based on ethylene glycol/water are presented. Generally,
the ethylene glycol solution has been used widely because the freezing temperature of the water
is not too low, thus it cannot be used in cold climate regions during winter season. The freezing
temperature of ethylene glycol/water (20/80) is —7.8 °C [13], thus it is suitable for use during winter
season in South Korea. Besides, the addition of ethylene glycol in the water increased the boiling
temperature of base fluid, which is 102.2 °C [13], thus this can prevent phase change of working fluid
in the high-temperature region.
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2. Experimental Setup and Methods

2.1. MWCNT Nanofluid

Manufacturing nanofluid is more complicated than just making a liquid-solid mixture because
of their dispersion stability and durable suspension for long-term use in engineering applications.
In this experiment, functionalized and nonfunctionalized MWCNT nanofluid was manufactured by
a two-step method, which mixes nanoparticles and ethylene glycol/water (base fluid). According to
previous studies, there are two ways to make a stable MWCNT nanofluid: one is to add the surfactant
and the other is the functionalization of MWCNT nanoparticles. The first method is easier to make
a nanofluid because it just adds the surfactant into a nanofluid, which does not change the structure
of the nanoparticles. In this study, two manufacturing methods were used to prepare the MWCNT
nanofluid for the comparative study. To make the nonfunctionalized MWCNT nanofluid by using the
first method, the gum-arabic was used as a surfactant, whereas the functionalized MWCNT nanofluid
used MWCNT-COOH to make nanofluid by the second method. Due to the carboxyl group (-COOH)
that changes the structure of MWCNT nanoparticles, the functionalized MWCNT nanofluid has better
bonding strength and dispersion characteristics.

Moreover, MWCNT nanoparticles functionalized by the COOH method are easily dissolved
in base fluid. There was no need to insert the surfactant in the functionalized MWCNT nanofluid,
which means a negative effect was not observed during the experiment. The physical properties of
MWCNT nanoparticles are shown in Table 2 [30].

Table 2. Physical properties of MWCNT nanoparticles [30].

Item Specification
Purity >95%
Color Black
Outer diameter 10-20 nm
Inner diameter 5-10 nm
Length 10-30 pm
Thermal conductivity 1500-3000 W/m°C
True density 2100 kg/m3
Manufacturing method CVD
Content of -COOH 2.00 wt%

To obtain good dispersion stability in nanofluid, the functionalized and nonfunctionalized
MWCNTs were dispersed into a 20% ethylene glycol/water solution with weight concentrations of
0.001, 0.002, 0.005 and 0.01 wt% by using an ultrasonic machine for 2 h at 20,000 Hz. The weight
concentration of nanofluid can be expressed as Equation (1).

wnp

W% = -100 1)

Wy + Wy
where, wy,p and wyy are the weights of the nanoparticle and base fluid, respectively. Figure 1 shows
the picture of functionalized and nonfunctionalized MWCNT nanofluid at different concentrations.
According to Figure 1, samples get darker as the concentration of MWCNT nanofluid increases.
At all concentrations, nanofluids have good dispersion stability and have no deposition for two
months. In addition, the zeta potentials of MWCNT nanofluid was measured and it ranged from
—44 to —68 mV for functionalized nanofluid and from —32 to =56 mV for nonfunctionalized MWCNT
nanofluid, respectively.
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Figure 1. Pictures of 0.001, 0.002, 0.005 and 0.01 wt% functionalized and nonfunctionalized
MWCNT nanofluid.

The size and structure of functionalized and nonfunctionalized MWCNT nanoparticles used
to make nanofluids were analyzed by the transmission electron microscopy (TEM) image and it is
presented in Figure 2. It can be seen that both MWCNT nanoparticles are partially tangled but dispersed
consistently. The inner and outer diameters of both functionalized and nonfunctionalized MWCNT
nanoparticles are about 5-15 nm and 10-25 nm, which are well in agreement with the specifications of
the manufacturer. In addition, it shows that the functionalized MWCNT nanoparticles are comparably
straighter and smoother than nonfunctionalized MWCNT nanoparticles.

(a) Nonfunctionalized MWCNT | (b) Functionalized MWCNT

Figure 2. Transmission electron microscope (TEM) image of (a) nonfunctionalized and (b) functionalized
multiwalled carbon nanotube (MWCNT) nanofluid with aspect ratio of 100 nm.

2.2. Thermal Conductivity of MWCNT Nanofluid

To measure the thermal conductivity of MWCNT nanofluid, KD2-Pro (Decagon Devices, Inc.,
USA) was used. This device uses a transient hot-wire method, which is based on the measurement of
the temperature increment in a defined distance from the linear heat source (hot wire) embedded in the
test sample. The heating wire and the temperature sensor were encapsulated in a probe. The thermal
conductivity of the nanofluid can be expressed by Equation (2) [31].

_ q(Int; —Inty)

© 4n(AT, - ATy) @
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where, g is the constant heat rate applied to an infinitely long and small “line” source and AT, and AT,
are the changes in the temperature at ¢; and f,. The sensor of KD2-Pro was KS-1 vertically inserted into
a sample nanofluid, which located in double jacket chamber that connected to the thermal constant
bath to control the constant temperature during measuring of thermal conductivity of nanofluid.
The sensor probe, which was made of stainless steel with a length of 60 mm and diameter of 1.3 mm,
can measure thermal conductivity in the ranges of 0.02 to 2.00 W/m°C. Thermal conductivity was
recorded three times at 20-min intervals. Before the measurements of the samples, the measurement
device was verified by using ethylene glycol and it showed a good agreement to the reference within
error of £2.3% [32]. Thermal conductivities of 0.001, 0.002, 0.005 and 0.01 wt% MWCNT nanofluid
were measured at temperatures ranging from 20 °C to 50 °C. A schematic of the thermal conductivity
experimental setup is shown in Figure 3. The experimental setup consisted of the heat exchanger glass
beaker, thermal isolator chamber, thermal constant circulation water bath and temperature and thermal
conductivity sensors. In addition, the physical properties of the base fluid (20% ethylene glycol/water)
with the temperature are shown in Table 3 [32].

Themnal conductivity
measurement device

Temperature
sensor l%
T
=}
Double jacket Thermal
chamber constant bath

Figure 3. Schematics and picture of thermal conductivity experimental setup.

Table 3. Physical properties of water/ethylene glycol (20 vol%) as a base fluid [32].

Thermal Conductivity

o s 3 1 i 2
Temperature (°C) Density (kg/m?) Viscosity (m*/s) (W/m°C)
20 1029.72 1.65 0.497
30 1026.02 1.3 0.509
40 1021.83 1.06 0.52
50 1017.16 0.88 0.529

2.3. Optical Absorption of MWCNT Nanofluid

Among the optical properties, the transmittance and extinction coefficients are critical properties.
To investigate the light transmittance spectrum of the MWCNT nanofluid, an optical experiment was
carried out at room temperature (25 °C) and wavelengths of light ranging from 300 to 1300 nm. Figure 4
shows the schematic of the optical transmittance experimental setup. The optical transmittance was
measured at least three times in a 10-mm glass cuvette to obtain the precise properties. The light from
the light source (Avalight-DHc, Apeldoorn Gelderland, Netherlands) passed through the nanofluid
and the spectrometer (AvaSpec-ULS2048XL, Apeldoorn Gelderland, Netherlands) measured the
light waves.
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Glass cuvette

Spectrometer

Chamber

Computer

Figure 4. Schematics and picture of optical transmittance experimental setup.

The extinction coefficient is calculated by the Beer-Lambert law [33], which can be expressed by
Equation (3).
T(A) — efk(/\)e,/\y (3)

where, T(A) is light transmittance and K, 5 and y are absorption efficiency and material thickness (10
mm glass cuvette), respectively.

2.4. Photo-Thermal Energy Conversion Efficiency of MWCNT Nanofluid

A schematic of the photo-thermal energy conversion experimental device is shown in Figure 5.
The nanofluid was filled in a glass-topped beaker that faced the light source. Each beaker had
three temperature sensors (top, middle and bottom) connected to the data acquisition system.
The photo-thermal energy conversion experimental setup consisted of four main components. The main
experimental chamber which contained five glass-topped beakers, the data acquisition system consisted
of 16 temperature sensors, one light source radiance meter and a computer. The most important part
of this experiment was the light source. In this study, the sun was used as a light source in the test.
To prevent any radiation and conduction heat transfer from the outside, aluminum insulation on the
outside and foam insulation on the inside were used. The solar weighted absorption fraction is given
by Equation (4).

/\max
[ Sm(1- ek()x)dx
Amin
Am - /\max (4)
[ Swm(A)dA
/\min

where, S, is the solar spectral irradiance in the atmosphere and K(A) is the extinction coefficient by
wavelength. The photo-thermal energy conversion efficiency can be expressed by Equation (5).

~ mep(Ts = Tj)

GAAt ©)

where, m and c, are the mass and specific heat of the nanofluid, T; is initial temperature, T; is
instantaneous temperature, A is the top surface area of the receiver, G is the heat flux of incident solar
and At is the time of exposed solar radiation.



Energies 2019, 12, 3763 8of 17

Solar light

Data logger

Glass cover

£
amn === -—
Y
Acrylic case/ ample
Temperature sensor Thermal insulation

Figure 5. Schematics and picture of photo-thermal energy conversion experimental setup.
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Also, according to the Carolina et al. [34] the photo-thermal energy conversion property can be
calculated by stored energy ratio (SER) and total stored energy by fluid (Eot,1). The stored energy ratio
can calculate the extra energy absorbed by the nanofluid because of the presence of nanoparticles.
SER evaluated by the ratio between stored energy of the nanofluid and base fluid. SER of this study
can be calculated by Equation (6).

~ Qup(t)  (mugepp + mupcnp) (Tup(£) = Tys(0))
SER = Gur®) ~  iageny (Tos ()~ Ty (0)) ©

where 1y, and mys are mass of nanoparticle and base fluid, ¢,y and ¢ represents specific heat capacity
of nanoparticle and base fluid, additionally T),s and Ty are the temperature of nanofluid and base fluid.
In case of 1yycyp<< mypcyr, then Equation (6) can be simplified as Equation (7):

(Tug (1) = Tp5(0))

SER = @)
(Tye(t) = Tyr(0))
The total stored energy by fluid can be expressed as Equation (8) [34]:
Etotar = myg (Tmax = Tiin) 8

Tynax and T, represents the maximum and minimum temperature of the fluid.
3. Results and Discussion

3.1. Optical Transmittance and Extinction Coefficient of MWCNT Nanofluid

To investigate the optical properties of MWCNT nanofluid, an optical experiment was carried
out at room temperature (25 °C) and under the solar wave ranges of 300-1300 nm. Figure 6 shows
the variation of the optical transmittance of MWCNT nanofluid according to the concentration.
Both MWCNT nanofluid had low transmittance compared with the base fluid (20 vol% ethylene
glycol/water). That can be explained by the transparent color of the base fluid because they cannot
efficiently absorb the light. The transmittance of the nonfunctionalized MWCNT nanofluid was
enhanced by adding the surfactant (gum-arabic) because gum-arabic has a higher transmittance
in wavelength ranges of 500-1000 nm compared with the functionalized MWCNT nanofluid [35].
The functionalized MWCNT nanofluid had a higher absorption of solar waves, especially in low light
spectrum range (300-700 nm) than the nonfunctionalized MWCNT nanofluid. The functionalized
MWCNT nanofluid could completely absorb all of the wavelengths. Moreover, in both MWCNT
nanofluid, the transmittance increased as the concentration of the MWCNT nanofluid decreased. In the
functionalized MWCNT nanofluid, the transmittance of light was almost zero for the concentration of
0.002 wt%, whereas it was almost zero for the concentration of 0.005wt% nonfunctionalized MWCNT
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nanofluid. In this optical transmittance experiment, both MWCNT nanofluid had the highest absorption
performance at a concentration of 0.01 wt%.

14 Base fluid — - 0.001wt%- - - - 0.002wt% 14 Base fluid— — 0.001wt%- - - - 0.002wt%
—-— 0.005Wt% --- - 0.01wt% —-— 0.005wt% - -- - 0.01wt%
1.2 1.2
= 1.0 = 1.0-
g 3
O 0.38- Q 0.8
1] 1]
£ o6 £ o6
: :
c 044 c 044 === -- ~.
© © - S~
s - -
0.2 o024 .-~
------------ —-N r e e s
0.0 +—=r==7= I s p 00wz . ; ; g2 e
300 500 700 900 1100 1300 300 500 700 900 1100 1300
Wavelenght (nm) Wavelenght (nm)
(a) Functionalized MWCNT nanofluid (b) Nonfunctionalized MWCNT nanofluid

Figure 6. Variation of optical transmittance of (a) functionalized and (b) nonfunctionalized
MWCNT nanofluid.

Figure 7 presents the variation of the extinction coefficient of the functionalized and
nonfunctionalized MWCNT nanofluid. In this experiment, it was measured how heavily an MWCNT
molecule absorbs the light under a given wavelength range. For both MWCNT nanofluid, the extinction
coefficient increased with the increase of concentration of the MWCNT nanofluid. A high extinction
coefficient in a wavelength ranges of 300-900 nm was found in both the functionalized and
nonfunctionalized MWCNT nanofluid. In addition, the extinction coefficient gradually decreased
under long-wavelength ranges. As the wavelength increased, the extinction coefficient of the
functionalized MWCNT nanofluid decreased compared with the nonfunctionalized one. Additionally,
at a concentration of 0.01 wt%, both MWCNT nanofluid exhibited an unstable trend in the extinction
coefficient because of the small amount of agglomeration of nanoparticles under high concentration.

14 14

——Base fluid - - 0.001wt%- - - - 0.002wt% | ——Base fluid— - 0.001wt%- - - - 0.002wt%

T 1277 0.005wt% - -- - 0.01wt% = 412 —— 0.005wt%—--- 0.01wt%
s 57
pas T 104 TN
;é; H 1 ol ‘ Nl
b= £ / e T
g I N
o o NN
E .E 44 \'\‘x 7N
5 I E N
3 3 R
i 11

0 T T T T T T T T T 0 T T T T

300 500 700 900 1100 1300 300 500 700 900 1100 1300

Wavelength (nm) Wavelength (nm)

(a) Functionalized MWCNT nanofluid  (b) Nonfunctionalized MWCNT nanofluid
Figure 7. Extinction coefficient of (a) functionalized and (b) nonfunctionalized MWCNT nanofluid.

Figure 8 shows the variation of the solar weighted absorption fraction of the MWCNT nanofluid.
In Figure 8b, the solar weighted absorption fraction of the nonfunctionalized MWCNT nanofluid at
a short penetration distance was different according to the concentration of the nanofluid. Additionally,
the solar weighted absorption fraction reached the maximum value separately according to the
concentration. The solar weighted absorption fraction of the nonfunctionalized MWCNT nanofluid
was 1.0 at a penetration distance of 5 cm for all concentrations, especially at concentrations of 0.001 and
0.002 wt%. At a concentration of 0.005 wt%, it was 1.0 at a penetration distance of 1 cm. In the case of
the functionalized MWCNT nanofluid, the solar weighted absorption fraction was not significantly
influenced by the concentration of nanofluid. In the functionalized MWCNT nanofluid, the solar
weighted absorption fraction was 1 at a penetration distance of 1 cm except for 0.001 wt%. In the case
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of 0.001wt% functionalized MWCNT nanofluid, it was 2 cm to reach the maximum solar weighted
absorption fraction (1.0). The base fluid absorbed only 27.1% of solar energy at a penetration distance
of 5 cm and the percentage increased as the penetration distance increased. The lowest solar weighted
absorption fraction was observed at a MWCNT nanofluid concentration of 0.001 wt%. Additionally,
functionalized MWCNT nanofluid almost absorbed all solar energy at all concentrations compared
with the nonfunctionalized one. It can be inferred that the functionalization of MWCNT nanoparticles
can improve the solar absorption characteristics of the MWCNT nanofluid.
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o

Figure 8. Solar weighted absorption fraction of (a) functionalized and (b) nonfunctionalized
MWCNT nanofluid.

3.2. Thermal Conductivity Characteristics of MWCNT Nanofluid

The variation of the thermal conductivity of functionalized and nonfunctionalized MWCNT
nanofluid is presented in Figure 9. The thermal conductivity of the MWCNT nanofluid increased
with the increase of temperature. Furthermore, adding MWCNT nanoparticles into the base fluid can
increase thermal conductivity significantly. In the case of the base fluid, the thermal conductivities of the
ethylene glycol/water solution were 0.49 and 0.522 W/m°C at temperatures of 20 °C and 50 °C, that fits
the ASHRAE [32] and Harkireat [36] results, respectively. Compared with the base fluid, the maximum
increase of thermal conductivity was 10.15%, which was observed at a temperature of 50°C and
a functionalized MWCNT nanofluid concentration of 0.01 wt%. The thermal conductivities of the
functionalized and nonfunctionalized MWCNT nanofluid were 0.511 W/m°C and 0.502 W/m°C at 20 °C
and 0.54 W/m°C and 0.538 W/m°C at 50 °C, respectively, when the concentration MWCNT nanofluid
was 0.01 wt%. Compared with the base fluid, 4.23% and 2.5% enhancements in thermal conductivity
were observed in functionalized and nonfunctionalized MWCNT nanofluid at a concentration and
temperature of 0.01 wt% and 20 °C and 10.15% and 9.93% enhancement in thermal conductivity was
shown at 0.01 wt% and 50 °C, respectively. Figure 9a,b show the similar increment trend of thermal
conductivity for two kinds of MWCNT nanofluid.

In Figure 9b, the experimental result revealed that the thermal conductivity of nonfunctionalized
MWCNT nanofluid significantly increased with rising temperature and concentration of the nanofluid.
Both figures show that there is a parallel tendency for concentrations and temperature. Additionally,
the tendency of both graphs is almost similar to that in previous studies on the thermal conductivity of
nanofluid [37-44]. The temperature effect on the improvement of thermal conductivity in nanofluid is
mainly caused by the increase in the intensity of Brownian motion that is the result of augmentation of
interactions and movement between nanoparticles. Furthermore, this study confirmed that the effect of
concentration on the thermal conductivity enhancement is surprisingly superior at higher temperatures.
In both MWCNT nanofluid, the increment of thermal conductivity at a lower temperature range was
morerapid than at a higher temperature range. In other words, the functionalized and nonfunctionalized
MWCNT nanofluid exhibited logarithmic variation of thermal conductivity enhancement, as shown in
Figure 9.
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Figure 9. Variation of thermal conductivity with temperature at different weight concentrations of (a)
functionalized and (b) nonfunctionalized MWCNT nanofluid.

Figure 10 shows the variation of thermal conductivity according to the concentration of
functionalized and nonfunctionalized MWCNT nanofluid. Thermal conductivity increased with
the increase of concentration of MWCNT nanofluid. Compared with the functionalized MWCNT
nanofluid, the increase of thermal conductivity of nonfunctionalized MWCNT nanofluid was more
linear. For the concentration of 0.001 wt%, the functionalized MWCNT nanofluid demonstrated
exponential line; thus, it can be assumed that when the concentration increases beyond the critical
concentration, the thermal conductivity may not increase anymore, as shown in Figure 10a. In Figure 9,
in the case of the nonfunctionalized MWCNT nanofluid, gaps between concentration curves increased
with an increase of concentration. However, in the case of the functionalized MWCNT nanofluid,
the opposite phenomenon was observed. The gap between concentration curves in the functionalized
MWCNT nanofluid decreased with the increase of concentration. As the concentration of MWCNT
nanofluid increased from 0.001 to 0.002wt%, the enhancements of thermal conductivity of functionalized
and nonfunctionalized MWCNT nanofluid were 1.68% and 0.29% at 20 °C and 1.52% and 0.38% at
50 °C, respectively. In addition, they were 0.78% and 1.28% at 20 °C and 0.18% and 1.63% at 50 °C,
respectively, when the concentration of the MWCNT nanofluid increased from 0.005 to 0.01 wt%.
It can be inferred that the reason for the decrement of thermal conductivity enhancement was the
side effect of MWCNT functionalization. In the case of the functionalized MWCNT nanofluid, a high
concentration could cause little agglomeration in the MWCNT nanofluid, which also can be explained
by the enhancement reduction of thermal conductivity.
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Figure 10. Thermal conductivity of the (a) functionalized and (b) nonfunctionalized MWCNT nanofluid
with weight concentration for different temperatures.
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3.3. Photo-Thermal Energy Conversion Characteristics of MWCNT Nanofluid

Figure 11 shows the temperature variation of functionalized and nonfunctionalized MWCNT
nanofluid according to the time during the photo-thermal energy conversion experiment. Al MWCNT
nanofluid were heated by the unstable actual solar with average solar irradiation of 800 W/m? for
more than 2 h. The temperature of the MWCNT nanofluid increased as the operating time passed.
For both MWCNT nanofluid, the photo-thermal energy conversion ability increased disproportionately
with an increase of concentration, which can be also explained by the enhancement of thermal
conductivity. That means that the increase of thermal conductivity of the MWCNT nanofluid can bring
the enhancement of convection heat transfer and specific heat in the working fluid. The functionalized
MWCNT nanofluid had a better ability to store and convert solar thermal energy because of its high
specific heat compared with the nonfunctionalized MWCNT nanofluid. Moreover, the temperature of
the functionalized MWCNT nanofluid increased faster than that of the nonfunctionalized MWCNT
nanofluid and base fluid. The maximum temperature increment was 8.6 °C and it was observed
in the functionalized MWCNT nanofluid at a concentration of 0.005 wt%. In the case of the base
fluid, the temperature increased by 5.2 °C after 2 h. The temperature of the functionalized and
nonfunctionalized MWCNT nanofluid increased by 7.9 °C and 7.5 °C at a concentration of 0.002 wt%
and it also increased by 8.6 °C and 8.2 °C at a concentration of 0.005 wt%, respectively. In Figure 11,
the unstable temperature increment of MWCNT nanofluid is shown. It was mostly caused by
inconsistent solar radiation from the sun. The ability of photo-thermal energy conversion can be
enhanced by adding a small amount of MWCNT nanoparticles into the base fluid. Additionally, it can
be inferred that the functionalization of MWCNT nanoparticles can bring an improvement of the
photo-thermal energy conversion capability.

40 5000
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—— NF-0.005wt%

—— F-0.002wt% X

—— NF-0.002wt% U 4000
36 Basefluid 4
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)
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Figure 11. Variation of temperature with time for functionalized and nonfunctionalized
MWCNT nanofluid.

Figure 12 presents the SER for the functionalized and nonfunctionalized MWCNT nanofluid
for the different weight concentrations. The SER (stored energy ratio) increased in case of addition
of MWCNT nanoparticles into the EG (20 wt%). As a result, the F-0.005 wt% nanofluid presents
the maximum SER, while NF-0.002 wt% nanofluid shows the minimum SER. The maximum SER
was 2.78 which was observed at a concentration of 0.005wt% functionalized MWCNT after 6000 sec.
In addition, the functionalization of MWCNT nanoparticle can enhance SER of nanofluid under wide
operating conditions. The difference between the maximum and minimum SER lines are greater at first
1200 sec than the last period of experimental time, which indicates the concentration effect was stronger
in the first 20 min compared to the last period of operating time. The concentration effect on SER
was dominant at first 2400 sec because the temperature increment of nanofluid was higher in the first
period of the experiment. After a first half of operating time in the photo-thermal energy conversion
experiment, SER was increased significantly again due to the increase of ambient temperature.
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Figure 12. Stored Energy Ratio (SER) for functionalized and nonfunctionalized MWCNT nanofluid.

To investigate the photo-thermal energy conversion performance of the MWCNT nanofluid in
more detail, three thermocouples at three points (top, bottom and middle) in each sample beaker were
used in the photo-thermal energy conversion experiment. Figure 13 shows the temperature increase
of the MWCNT nanofluid according to the sensor location after 2 h. Compared with the base fluid,
the functionalized and nonfunctionalized MWCNT nanofluid showed a lower temperature at the
bottom sensor because of low light transmittance. The top temperatures of the functionalized and
nonfunctionalized MWCNT nanofluid were 8.2 °C and 8.1 °C at a concentration of 0.005 wt% and they
also were 7.9 °C and 7.5 °C at a concentration of 0.002 wt%, respectively. However, the top temperature
of the base fluid was 5.2 °C. Furthermore, the functionalized and nonfunctionalized MWCNT nanofluid
show high temperature in the top sensor because of the high solar energy absorption fraction in the top
part. The bottom temperatures of the functionalized and nonfunctionalized MWCNT nanofluid were
5°Cand 5.2 °C at a concentration of 0.005 wt% and they also were 5.3 °C and 5.3 °C at a concentration
of 0.002 wt%, respectively. However, the bottom temperature of the base fluid was 6.6 °C. The bottom
temperature of the MWCNT nanofluid decreased as the concentration increased, which indicated that
the light could not pass through the whole MWCNT nanofluid to the bottom because of low light
transmittance. In addition, most of the solar energy was almost absorbed in the MWCNT nanofluid
at the top area owing to superior solar absorption characteristics. However, the opposite trend was
shown in the base fluid. Because the base fluid does not have good absorption performance, most of
the solar radiation can reach the bottom area through the test section. Therefore, the temperature of
the base fluid at the bottom was the highest.

—{1— F-0.005wt%
—O— NF-0.005wt%
—/— F-0.002wt%
—/— NF-0.002wt%
—_— Base fluid

Temperature increase (°C)
(-]

Top Middle Bottom
Sensor location

Figure 13. Variation of temperature increase of MWCNT nanofluid according to sensor location.
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Figure 14 shows the total stored energy during the heating process in function of the weight
concentration of functionalized and nonfunctionalized MWCNT nanofluid. The result indicates that the
addition of MWCNT nanoparticles into base fluid can increase in the total stored energy significantly.
The maximum total stored energy was presented at the F-0.005 wt% nanofluid but the difference of
total stored energy between the functionalized and nonfunctionalized MWCNT nanofluid with the
concentration of 0.002 wt% and 0.005 wt% was very small, it is just about 2% and 1%, respectively.
The concentration effect on the increase of total stored energy was greater than the functionalization
effect of MWCNT nanofluid. Compared to the base fluid, the maximum enhancement of total stored
energy was 77.6% at the F-0.005 wt% MWCNT nanofluid.

4700

4200 -

3700 -

32001

E. . (kJ/kg)

27004

2200 -
EG(20wt%) NF-0.002 F-0.002 NF-0.005 F-0.005

Working fluids

Figure 14. Total stored energy during heating process in function of the weight concentration of
functionalized and nonfunctionalized MWCNT nanofluid.

Figure 15 presents the photo-thermal energy conversion efficiency for different MWCNT
nanofluid according to time. The photo-thermal energy conversion efficiency of MWCNT nanofluid
decreased with the operating time and increased with the concentration of nanofluid. Moreover,
the functionalization of the MWCNT nanofluid had better photo-thermal energy conversion efficiency
than the nonfunctionalized one, which can be described by the increase of the specific heat and thermal
conductivity of the nanofluid. The photo-thermal energy conversion efficiencies of functionalized
and nonfunctionalized MWCNT nanofluid decreased from 60% to 19.1% and from 57% to 18.6%
at concentrations of 0.005 wt% after 2 h, respectively. When the temperature of the working fluid
increased, the heat loss from the working fluid to ambient was also increased. This can explain the
decrease of the photo-thermal energy conversion efficiency as time passed. With the addition of
MWCNT nanoparticles into the base fluid, the photo-thermal energy conversion efficiency increased
significantly because of the good thermal properties and other positive effects. In addition, at the same
concentration, the functionalized MWCNT nanofluid could reach a higher temperature under the same
solar radiation than the nonfunctionalized one. Therefore, the functionalized MWCNT nanofluid has
better solar light absorption capability than the nonfunctionalized MWCNT nanofluid and water.
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Figure 15. Comparison of photo-thermal energy conversion efficiency for different MWCNT nanofluid
with time.

4. Conclusions

In this study, the thermal conductivity, optical transmittance and photo-thermal energy conversion
efficiency of two different types of MWCNT nanofluid were compared experimentally. As a result,
the functionalized MWCNT nanofluid has a higher thermal conductivity and dispersion stability than
those of the nonfunctionalized MWCNT nanofluid. The maximum increase of thermal conductivity
was 10.15% at a temperature of 50 °C and the concentration of 0.01 wt% in the functionalized
MWCNT nanofluid. The thermal conductivities of the functionalized and nonfunctionalized MWCNT
nanofluid were 0.511 W/m°C and 0.502 W/m°C at 20 °C and 0.54 W/m°C and 0.538 W/m°C at
50 °C in a concentration of 0.01wt%, respectively. Compared with the base fluid, in the case of
a concentration of 0.01 wt%, 4.23% and 2.5% enhancements in thermal conductivity were observed in
the functionalized and nonfunctionalized MWCNT nanofluid at a temperature of 20 °C and 10.15%
and 9.93% enhancements were also measured at a temperature of 50 °C, respectively.

According to the optical experimental result, light absorption increased with nanofluid
concentration. In the case of the functionalized MWCNT nanofluid, the solar weighted absorption
fraction was not influenced seriously by the concentration of nanofluid. The functionalized MWCNT
nanofluid had a better solar light absorption capability compared with that of the nonfunctionalized one
and water. The photo-thermal energy conversion efficiency of the MWCNT nanofluid decreased with
the operating time and increased with the concentration of nanofluid. Moreover, the functionalized
MWCNT nanofluid has better photo-thermal energy conversion efficiency than the nonfunctionalized
MWCNT nanofluid. The photo-thermal energy conversion efficiencies of the functionalized and
nonfunctionalized MWCNT nanofluid decreased from 60% to 19.1% and from 57% to 18.6% at
a concentration of 0.005 wt% after 2 h, respectively. Consequently, adding functionalized MWCNT
nanofluid in a thermal system can lead to the enhancement of thermal efficiency and possibly reduce
the size of a heat exchanger.
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