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Nanofluids obtained from halloysite and de-ionized water (DI) were prepared by using surfactants and changing pH
for heat-transfer applications. The halloysite nanotubes (HNTs) nanofluids were studied for several volume
fractions (0.5, 1.0, and 1.5 vol%) and temperatures (20, 30, 40, 50, and 60 °C).
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| 1. Introduction

Conventional heat-transfer fluids such as water, propylene glycol, ethylene glycol, and engine oil have been
broadly utilized in many industrial applications. The heat-transfer enhancement of these fluids can reduce the

material cost, energy, process time, and size, and increase the lifetime of the device 2],

In the heat-exchange systems, one of the problems is that the conventional heat-transfer fluids have low thermal
conductivity. The thermal conductivity of these fluids can be enhanced by dispersing the solid particles. The study
of the thermal conductivity of mixtures of solid particles and liquids was first developed in the 19th century when
James Clerk Maxwell dispersed small particles into liquids. Further studies were conducted with millimeter, micro-
sized particles. These particles enhance the properties of fluids. However, the major problem with these particles is
that they settle rapidly in the fluids. Additionally, this causes a pressure drop and erosion of pipelines. The issues

may be resolved by using nano-sized particles [,

Nano-suspensions are the new class of nanotechnology-based heat-transfer fluid. First, aluminum oxide (Al,O3)
ultrafine particles were dispersed into water by Masuda et al., and the thermal conductivity enhancement was 30%
@l Then, the nanofluids were first introduced in 1995 by Choi et al. Bl. Since Choi introduced the concept of
nanofluids, more researchers have started to search, develop and publish many articles about them. From 1993 to
2019 only, more than 11,000 articles were published and in 2019 the number of the published articles was 2005 81,

Generally, nanofluids consist of two main parts: the nanoparticles and the base fluid. Nanofluids can be prepared
from many different combinations, examples of the solid particles are metal- (metals: Al, Cu, Ag, etc.; metal oxides:
Al,O3, CuO, TiO,, etc.; metal carbides: TiC), metalloid- (SiC, SiO,) and non-metal (carbon materials: graphite,
diamond, graphene, etc.) based nanomaterials. Examples for the base fluids are water, ethylene glycol, ethanol,
oil, and other conventional fluids. Nanoparticles are used to enhance the useful properties of liquids, modify their

rheological behavior . In the nanofluids, the nanoparticles have a complicated movement with coagulation,
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thermophoresis effect and Brownian motion. These factors depend on the concentration, temperature, size, shape,
and type of nanoparticles, and so on. In the literature, it was shown that these factors play an important role in

increasing the thermal conductivity and viscosity [EIS1120]

Nonetheless, the results from various research groups were different for the same materials. This can be explained
by preparation techniques and the agglomeration state in nanofluids. Buongiorno et al. Bl performed benchmark
research to compare the results of thermal conductivity obtained by different investigators. The same samples
were measured in different locations, and with different methods, then the results and measurement error could be

evaluated.

There is a lack of agreement between theory and experimental results. Some heat-transfer mechanisms have been
proposed, such as liquid-layering, aggregation, particle motion, etc. [l In the aggregation mechanism, thermal
conductivity occurs along with large particles or aggregates. This means that the size and shape of particles and
clusters play an important role in thermal conductivity enhancement 11121138 Because it was found that materials
with chain-like structures, nanofibers or nanotubes have the highest thermal conductivity, much research has been
performed on applications of CNTs nanofluids L4ILSIIEIAT] titanjum dioxide nanotube 18 titanate nanotube (2],
halloysite nanotube nanofluids 29, etc. Venerus et al. 21 implemented the benchmark research for the comparison

of viscosity values of the same samples from different research groups.

The use of nanoparticles improves the thermal conductivity of fluids and increases their viscosity, which causes an
increase in pump energy. This limits the industrial application of nanofluids in heat-transfer systems. Like thermal
conductivity, the viscosity of nanofluids also depends on the size and shape of particles and clusters. Therefore,
the combined investigation of viscosity and thermal conductivity is essential. Many studies, including on both of
these issues, have been performed 422][231[24]

Halloysite, belonging to the kaolin group, is a low-cost nanotubular clay with the chemical formula
Al,Si,Os(OH),-nH,0, where n = 0-2 23], The length of the halloysite is from 0.02 to 30 um, the inner diameter is
from 10 to 100 nm, and the outer diameter is approximately 30 to 190 nm 28271, The inner surface includes Al-OH
groups, while the outer surface comprises inert Si—O-Si groups. Therefore, the reactivities of the outer and inner
surfaces are different 28], Because of these properties, there are many different applications of halloysite, such as
solvent-free nanofluids 292% nanoreactors 1, drug delivery 32 energy storage devices, etc. 3. However, the
ability to apply halloysite as nanomaterials to prepare water-based nanofluids has rarely been investigated.
Alberola et al. prepared the halloysite nanofluid and improved its stability by setting pH = 12. The studied
temperature was from 40 to 80 °C. The thermal conductivity enhancement was 8% at 5% volume concentration

and T = 80 °C, while the viscosity increased with halloysite content 29,

Usage of high pH for stabilization limits the applications of halloysite-based nanofluids. In this research, the
halloysite-based nanofluid was investigated by dispersing halloysite into the water, and the stability was improved
by different surfactants. As far as authors know, there are no studies on stabilizing halloysite nanofluids with

surfactants and investigations on heat-transfer applications. In addition, the size of halloysite used in this research
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is smaller than in previous research. The halloysite nanotube (HNT) was first analyzed by scanning electron
microscopy, Fourier-transform infrared spectroscopy, X-ray powder diffraction, energy-dispersive X-ray analysis,
and thermogravimetric analysis. The concentrations of nanofluids were prepared from 0.5 to 1.5 vol%. The thermal
conductivity and dynamic viscosity of these nanofluids were measured. The temperatures during the experiments
are from 20 to 60 °C. In order to evaluate the measurement results, the nanofluids were prepared with pH = 12 and
the same concentrations.

| 2. Rheological Properties of Halloysite Nanofluid

The rheology and viscosity of the nanofluids are important parameters determining the heat transfer. The viscosity
of the base fluid and HNT nanofluids at different shear rates is measured for three volume concentrations of 0.5,
1.0, and 1.5 at five temperatures: 20, 30, 40, 50, and 60 °C. Figure 1 shows the shear rate—shear stress diagram of
0.5 vol% HNT nanofluids with surfactant at different temperatures. Shear stress of HNT nanofluids falls with
increasing temperature and rises with increasing concentration of nanofluids. The increase in temperature causes
the Brownian movement and thermal motion of molecules to be higher, thus the viscosity of nanofluids decreases
(34135 The shear rate of HNT nanofluid is almost linearly dependent on the shear rate. We conclude that the
nanofluids are Newtonian.
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Figure 1. Shear stress—shear rates diagram of nanofluids for concentration of 0.5%.

FEigure 2 shows the viscosity increment of prepared HNT nanofluids at different temperatures. Relative viscosity is
obtained by dividing the viscosity of nanofluids by that of the base fluids. It can be seen that the viscosity is higher
with nanoparticle content due to the clusters formed from nanoparticles . Temperature plays an essential role in
the relative viscosity. This means that temperature decreases the viscosity of base fluids more than that of the
nanofluids. Compared to the HNT nanofluids at pH = 12, the relative viscosity of nanofluids containing the

surfactant doesn’'t have a significant difference. With surfactant, the HNT nanofluids have the lowest relative
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viscosity of 1.09 for 0.5% volume concentration and the highest relative viscosity of 1.31 for 1.5 vol%. The viscosity

of nanofluids increased from 9% to 31% compared to the base fluid containing the surfactants.
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Figure 2. Relative viscosity of HNT nanofluids at different temperatures (upper: changing pH, lower: using

surfactant).

| 3. Thermal Conductivity of Halloysite Nanofluid

The thermal conductivity of HNT nanofluids at different temperatures is presented in Figure 3. The device is reliable

within 0.6% error when the calibration measurement is verified for distilled water. The nanofluids show greater

thermal conductivity than the base fluid at experimental temperatures. HNT nanofluids with surfactant give 4.48%,
6.03% and 7.93% thermal conductivity increment at 0.5 vol%, 1.0 vol%, and 1.5 vol% in comparison with the base

fluid at 20 °C, respectively. By increasing the temperature, the thermal conductivity of nanofluids increases due to

the augmentation in the Brownian motion of the solid.
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Figure 3. Thermal conductivity and enhancement of thermal conductivity of halloysite nanofluids at different

temperatures (upper: changing pH, lower: using surfactant).

It can be seen that when the nanopartic

le content in nanofluids increases, the thermal conductivity also increases

because of the higher number of nanoparticles presented in the nanofluid. The thermal conductivity enhancement

of nanofluids containing surfactant is slightly higher than nanofluids with pH = 12. It is concluded that like changing

pH, surfactant supports using HNT in the preparation of nanofluids. Compared to the results from Alberola et al.

(201 the thermal conductivity of the nanofluids in this study is greater. This may be due to the smaller halloysite

used in this research.

| 4. Conclusions

With surfactants, the HNT nanofluids have the highest thermal conductivity increment of 18.30% for 1.5 vol%

concentration in comparison with the base fluid. The thermal conductivity enhancement of nanofluids containing

surfactant is slightly higher than nanofluids with pH = 12. From the rheological measurements, it is shown that the

nanofluids were Newtonian. The viscosity enhancements of the nanofluid were 11% and 12.8% at 30 °C for 0.5%

volume concentration with surfactants and pH = 12, respectively. Instead of changing pH, the surfactants give good

results for the preparation of the nanofluid. Novel equations of viscosity and thermal conductivity for these

nanofluids were proposed.
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