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ABSTRACT

Water, ethylene glycol and engine oil are commonly used in heat exchanger
applications. However, these fluids possess low thermal conductivity. The technology
advancement in nanotechnology has enabled nano size particles to be included in a base
fluid. This new generation of fluids is known as nanofluids. Producing a stable
nanofluid with improved thermal conductivity is a challenging process. In the present
study, multiwalled carbon nanotubes (MWCNT) based nanofluids with or without
surfactant were investigated for their stability and thermal conductivity. The study
indicates that nanofluids with added polyvinylpyrrolidone (PVP) surfactant exhibit
better stability than nanofluids without surfactant. About 22.2% thermal conductivity
improvement was observed for water containing 0.5wt% of MWCNT and 0.01wt% of
PVP surfactant. The thermal conductivity also increases with increase of the MWCNT’s
weight fraction. It can be concluded that the addition of PVP and MWCNT into base
fluid (water) is vital to produce a stable nanofluid with improved thermal conductivity.
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INTRODUCTION

A nanofluid is defined as a suspension of nano-sized particles in a base fluid. This new
generation of heat transfer fluids can be used in various heat transfer applications such
as in heat exchangers for cooling or heating processes. The inclusion of nanoparticles in
the base fluid is capable of enhancing the base fluid’s thermal conductivity (Masuda et
al., 1993; Pak & Cho, 1998; Syam Sundar, & Sharma, 2011a,b; Srinivasa Rao et al.,
2011). Typical types of base fluids are water, ethylene glycol and oil, while aluminum
oxide and titanium dioxide are often used in nanofluid-related researches. The
technology development in nanomaterial science has led to the discovery of carbon
nanotubes. Carbon nanotubes possess higher thermal conductivity than other types of
metallic or oxides nanoparticles (Nasiri et al., 2012; Azmi, Sharma, Mamat, & Anuar,
2013). Marquis and Chibante (2005) revealed that the thermal conductivity of carbon
nanotubes can reach 1800 to 2000 W/mK. This provides an alternative option to
produce nanofluids with higher thermal conductivity by using carbon nanotubes.
However, the stability of carbon nanotube based nanofluids remains a major concern
among the thermal researchers. Several researchers have clearly indicated that the
production of stable carbon nanotube based nanofluids is a challenging task due to the
strong tendency of these nanoparticles to agglomerate, the high aspect ratio and the
hydrophobic nature of the nanoparticles themselves (Garg et al., 2009; Lamas et al.,
2012; Hussein, Bakar, Kadirgama, & Sharma, 2013; Hussein, Sharma, Bakar, &
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Kadirgama, 2013). In addition, Hwang et al. (2007) found that the stability of the
nanofluids is strongly affected by the particles morphology, and the chemical structure
of the particles and base fluids. Other researchers, Ghadimi et al. (2012), stated that a
stable and durable nanofluid is a key factor to achieve optimized thermal property
performance. The stability of the carbon nanotube based nanofluids is co-related to their
thermal conductivity characteristics (Mahendran, Lee, Sharma, & Shahrani, 2012). For
instance, Talaei et al. (2011) investigated the effect of COOH concentration on the
stability and thermal conductivity of carbon nanotube nanofluids. Their study implied
that more highly functionalized groups of nanoparticles produce nanofluids with stable
and higher thermal conductivity. Nasiri et al. (2012) investigated different types of
carbon nanotube structures, namely single-walled, double-walled, few-walled and
multiwalled carbon nanotubes. Their study implied that there is substantial thermal
conductivity enhancement for these nanofluids. It was also found that nanofluids with a
functionalized carbon nanotube structure are stable with respect to time duration.
Among the nanofluids, single-walled carbon nanotubes based nanofluids exhibited the
highest thermal conductivity enhancement.

Apart from functionalized carbon nanotubes, researchers have also used
surfactant to produce stable carbon nanotubes based nanofluids. Surfactants such as
gum arabic, gemini and sodium dodecylbenzene sulfonate (SDBS) are often used in
nanofluid research. Gum arabic was used by Ding et al. (2006) in preparing distilled
water based multiwalled carbon nanotube nanofluids. The samples produced by the
researchers were found to be stable for months without any significant sedimentation.
Chen et al. (2008) wused gemini cationic surfactant trimethylene-1,3-bis
(dodecyldimethyl ammonium bromide) to produce stable water based multiwalled
carbon nanotube nanofluids. Phuoc, Massoudi, and Chen (2011) studied the effect of
chitosan loading on the multiwalled carbon nanotube in water base fluid. The selected
weight fractions for chitosan were 0.1, 0.2 and 0.5 wt%. The authors concluded that
chitosan dispersed the carbon nanotubes effectively in the water. Thermal conductivity
enhancement was found, ranging from 2.3 to 13% for nanofluids containing 0.5 to 3
wt% of multiwalled carbon nanotubes. In another study, Kumaresan and Velraj (2012)
used sodium dodecylbenzene sulfonate (SDBS) as a surfactant. About 19.73% of
thermal conductivity enhancement was observed for 0.45% volume fraction of
MWCNT in water/ethylene glycol base fluids at 40°C. The authors explained that this is
attributed to the nature of the heat transfer capacity of the carbon nanotube itself.
Furthermore, the authors added that the heat transfer is more effective via carbon
nanotubes due to the increased straightness ratio. Harish et al. (2012) studied the
thermal conductivity of ethylene glycol containing single-walled carbon nanotubes. Bile
salt was used as surfactant in the study. The authors found that a nonlinear enhancement
trend is observed when the carbon nanotube loading increases.

In the present study, the focus is on the stability and thermal conductivity aspects
of water base fluid containing multiwalled carbon nanotubes. The stability of nanofluids
is evaluated through an observation method for a duration of 1 month.
Polyvinylpyrrolidone (PVP) was used as a surfactant to produce stable nanofluid
samples. The thermal conductivity of nanofluids with and without surfactant was
investigated in this study. To the best of the authors’ knowledge, there is only limited
study which focuses on the application of polyvinylpyrrolidone (PVP) surfactant in
nanofluids containing carbon nanotubes. Hopefully, this will fill the gap of research
available in this area. Comparison of thermal conductivity data was also made between
the experimental and existing Maxwell theoretical model.
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EXPERIMENTAL SETUP

The multiwalled carbon nanotubes (MWCNT) used in the present study were bought
from Chengdu Organic Chemical Co. Ltd., Chinese Academy of Science. The
specifications of the MWCNT are shown in Table 1.

Table 1. Specifications of MWCNT

Technical Characteristic

Specification

Outer diameter (OD)

Inner diameter (ID)

Length

Specific surface area (SSA)
Colour

Tap density

Purity

True density

Electric conductivity (EC)
Making method

10-30nm

5-10nm

10-30um

110m%/g

Black

0.14 glcm®

>90%

~2.1 g/lcm®

>100s/cm

CVD (chemical vapor deposition)

Figure 1 shows the FESEM image

of dry MWCNT obtained from Nova

NanoSEM 240 (FEI). The outer diameter of the MWCNT was found to be within the

range declared by the vendor.

WD HV

00x| 3.0 |42 mm|10.0kV | Helix

Figure 1. FESEM images of dry MWCNT

Distilled water (DW) and polyvinylpyrrolidone (PVP) were used as base fluid
and surfactant, respectively. The nanofluids were prepared using a two-step method.

Each of the samples underwent 15 minutes

of intensive sonication to disperse the

nanoparticles. This process was conducted by using the Qsonica Sonicator (Q700).
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During the sonication process, a half inch (1/2) diameter probe was immersed in the
sample. The sample was sonicated for 2 seconds and then paused for 5 seconds. This
cycle was repeated for 15 minutes of active sonication time. This duration was chosen
in order to minimize the effect of temperature elevation during the sonication process.
The composition of the samples is depicted in Table 2.

Table 2. List of test samples

Samples Without surfactant With surfactant (0.01 wt% PVP)
1 0.01 wt% MWCNT + DW 0.01 wt% MWCNT + DW + PVP
2 0.05 wt% MWCNT + DW 0.05 wt% MWCNT + DW + PVP
3 0.1 wt% MWCNT + DW 0.1 wt% MWCNT + DW + PVP
4 0.3 wt% MWCNT + DW 0.3 wt% MWCNT + DW + PVP
5 0.5 wt% MWCNT + DW 0.5 wt% MWCNT + DW + PVP

The weight percentage of MWCNT is calculated based on Eqg. (1).

Weight t fMWCNT = Weight of MWCNT X 100% 1
elght percentage o ~ Weight of base fluid ° @

A lower weight percentage of PVP (0.01 wt%) was selected in the present study.
A higher percentage is not desirable since the thermal conductivity of water decreases
with the addition of PVP surfactant (Zhou et al., 2012). As for the investigation of the
stability characteristics, the sedimentation of the nanofluid samples was observed for the
duration of one month. A KD2-Pro thermal analyzer (Decagon, USA) was used to
measure the samples’ thermal conductivity at room temperature (25°C). In order to
stabilize the sample’s temperature, an experimental setup shown in Figure 2 was used.
This is to minimize the effect of temperature variation on the sample’s thermal
conductivity. Apart from that, 10 readings were recorded for each sample and the
average result was taken. This is to minimize the possible errors that might exist during
the data collection. The KD2-Pro thermal analyzer was set on automatic mode and left
on the bench to avoid any movement or bench vibration during the measurement
process. Any movement of the sample would create convection.

/ KD2Pro's
Cooler box A
|
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e
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Figure 2. Experimental setup for thermal conductivity measurement

1379



Stability and Thermal Conductivity Characteristics of Carbon Nanotube based Nanofluids

RESULTS AND DISCUSSION

The stability characteristics of the carbon nanotube based nanofluids without surfactant
are shown in Figures 3(a-f).

Sample  Sample  Sample  Sample  Sample Sample  Sample  Sample Sample Sample
1 2 3 4 5 1 2 3 4 5
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(f) 6™ observation (after 1 month)
Figure 3. Stability observations for carbon nanotube nanofluids without surfactant.

Observation from Figures 3(a-f) found that the sonication process alone is not
enough to produce a stable nanofluid sample. For instance, sedimentation of
nanoparticles was observed for water base fluid containing 0.01 and 0.05 wt% of
MWCNT with respect to time. The sample with 0.05 wt% of MWCNT exhibited the
worst stability in terms of particle sedimentation. The sample showed sedimentation of
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particles even right after the sonication process. This might be due to the hydrophobic
nature of the carbon nanotubes. The particles tend to attract each other and thus they are
heavier and tend to move downward due to the gravitational force. The study implied
that the inclusion of polyvinylpyrrolidone (PVP) surfactant stabilizes the carbon
nanotube based nanofluids effectively. This is proven through the stability observation
depicted in Figure 4 (a-b). From these figures, there is no observable particle
sedimentation in any of the samples. The addition of surfactant is capable of increasing
the repulsive force of the nanoparticles. As a result, the agglomeration of carbon
nanotubes can be minimized and subsequently reduce the tendency of the nanoparticles
to move downward (sedimentation).

Sample  Sample Sample Sample  Sample Sample  Sample  Sample  Sample  Sample
1 2 3 4 5 1 2 3 4 5
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(a) 1* observation (right after sonication) (b) 2" observation (after 1 month)

Figure 4. Stability observation for carbon nanotube nanofluids with PVP surfactant

The accuracy of the KD2-Pro thermal analyzer was tested by comparing the
reference values of water (Incropera et al., 2007) with the experimental result. There is a
good agreement between the experiment and reference values, with only 6.1% deviation
recorded. This verifies the accuracy of the KD2-Pro thermal analyzer. Figure 5 depicts
the thermal conductivity of water-based carbon nanotube nanofluids with and without
surfactant and calculated values from the Maxwell model at 25°C.

This study indicated that there is only a 2% thermal conductivity enhancement
observed for water containing 0.5 wt% of MWCNT compared to that of base fluid. The
improvement is much lower than distilled water with added PVP surfactant only.
However, a substantial thermal conductivity enhancement can be seen when the PVP
surfactant is added to the water containing 0.5 wt% MWCNT. This proved that the
combination of surfactant and MWCNT is required to produce nanofluids with superior
thermal conductivity. About 22.2% thermal conductivity increment is achieved for this
water-based 0.5 wt% of MWCNT nanofluids with PVP surfactant compared to that of
the base fluid. As mentioned previously, surfactant is capable of dispersing the carbon
nanotubes effectively, and consequently it increases the thermal conductivity property.
In this investigation, the thermal conductivity of water-based 0.05 wt% MWCNT
nanofluids (without surfactant) was not measured because this sample exhibited particle
sedimentation right after the sonication process.

Figure 5 also shows the calculated values based on the Maxwell (1881) model.
The model is shown in Eq. (2).
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)

A A A

A
where A. is the effective thermal conductivity of the nanofluids, A¢is the thermal
conductivity of the base fluid , A, is the thermal conductivity of the particle (assuming
the thermal conductivity of the carbon nanotubes equals 2000W/mK) and ¢ is the
particle volume fraction. This shows that not much thermal conductivity increment is
observed from the values calculated from the Maxwell model compared to the
experimental data of nanofluids with surfactant. This is because the Maxwell model
does not consider factors such as the surfactant and the shape of the carbon nanotube
nanoparticles. However, the thermal conductivity of nanofluids without surfactant is
well predicted by the Maxwell model. Generally, it can be seen that the thermal
conductivity of the base fluid increases with increase of the MWCNT’s particle loading.

Mett

(2)

072 . @ Maxwell theory B With surfactant (0.01wt.% PVP) Without surfactant
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Figure 5. Thermal conductivity of water-based carbon nanotube nanofluids with and
without surfactant at 25°C

CONCLUSIONS

From the present study, it can be concluded that water-based multiwalled carbon
nanotube-based nanofluids with PVP surfactant are more stable than samples without
surfactant. No obvious particle sedimentation is observed when the samples have added
PVP surfactant. The thermal conductivity enhancement of the water-based carbon
nanotube nanofluids with surfactant is higher than without surfactant. About 22.2%
enhancement is observed for water-based fluid containing 0.5 wt% of MWCNT and
0.01 wt% of PVP surfactant. However, the thermal conductivity of nanofluids with
surfactant is not well predicted by the Maxwell model. For future study, it is
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recommended that the stability of carbon nanotube-based nanofluid is measured through
the zeta potential analyzer in order to investigate the particles agglomeration. The effect
of other factors such as pH, size of carbon nanotubes, and temperature on thermal
conductivity should be investigated.
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