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ABSTRACT

The development of advanced heat transfer fluids (HTF) with enhanced heat transfer properties has been
identified as a key target to increase the efficiency of industrial processes. In this work, heat transfer
performance improvements of a novel nanofluid, consisting of metallic nanoparticles dispersed in a
commercial thermal oil, were investigated. Nanofluids combining tin nanoparticles (1 mass %) with
Therminol 66 (TH66) were synthesised using the two step-method and experimentally analysed. The
effectiveness of biosurfactant addition and nanoparticle polyethylene terephthalate (PET) nanocoating for
high temperature nanofluid stabilisation were independently investigated. The PET nanoscale coatings
were grown by molecular layer deposition, which has been used for the first time in this field. The thermal
conductivity, dynamic viscosity and specific heat capacity of the stable, oil-based nanofluids were
characterised at high temperatures, and the results were compared and in good agreement with models
found in the relevant literature. Finally, the heat transfer performance of the nanofluids with respect to their
base fluids was evaluated, employing empirical values for the thermophysical properties of the involved
materials. In this way, increments of the heat transfer coefficients up to 9.3% at 140 °C, relevant to industrial

applications were obtained.
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1. Introduction

Increasing the overall efficiencies and reducing the costs of industrial processes have been identified as key
targets to address the ongoing climate crisis while maintaining and improving current living standards. The
development of advanced heat transfer fluids (HTF) with enhanced heat transfer properties can play an
important role in achieving these goals, as heat transfer is involved in most industrial applications. The heat
transfer performance of current high temperature HTF is generally poor due to the low thermal conductivity
of these fluids. However, the development of nanotechnology enables the dispersal of nanoparticles (less
than 100 nm) into HTF to modify their thermophysical properties, providing new opportunities to improve

heat transfer performances by developing HTF-based nanofluids [1], [2].

One of the major challenges facing nanofluids is their limited stability, understood as producing and
maintaining homogeneous suspensions, at high temperatures. Sedimentation caused by agglomeration of
the nanoparticles needs to be avoided prior to any potential industrial application, as the improved
properties of homogeneous nanofluids are not maintained if the nanofluid is not stable. Furthermore,
agglomeration of a nanofluid can damage equipment in which the nanofluids are utilised. When using non-
aqueous media, nanofluids are typically stabilised via surfactant addition to achieve steric repulsion
between the nanoparticles. However, the selection of a suitable surfactant is complicated by their

decomposition at high temperatures, and their inability to stabilise the nanoparticles under such conditions.

The most studied property of nanofluids is their thermal conductivity, as solid nanoparticles can increase
this variable with respect to the HTF base fluid. Nanofluids produced with metallic nanoparticles exhibit
significant enhancements in their thermal conductivity, indicating their potential for industries that depend
on heat transfer performance, such as heat sinks [3], [4], cooling for electronic devices [5], [6], heat pipes
[7], solar collectors [8], concentrated solar power plants [9], etc. Nevertheless, the heat transfer coefficient
can depend on other thermophysical properties, namely viscosity and specific heat capacity, that also need
to be evaluated to properly assess this coefficient for nanofluid flows [10]. Limited research has been
dedicated to improving the thermal performance of medium- to high temperature oil-based nanofluids, as
the majority of the literature has focused on water or water-based nanofluids [2], [8], [11]. Another
challenge in this case is that, in order to properly evaluate the performance of oil-based nanofluids in heat
transfer applications, the thermo-physical properties (at least thermal conductivity and viscosity) should be

measured in the medium- to high temperature range of their applications [12].



The nanofluids synthesised and experimentally tested in this study combine a popular commercial organic
oil (Therminol 66, TH66) with tin nanoparticles at low mass concentration. The high temperature stability
of the nanofluids was evaluated for two different stabilization approaches: the first treating the base fluid
through the addition of surfactants, and the second involving the direct coating of the nanoparticles. As in
previous studies, where oleic acid was used to stabilise metal oxide nanoparticles in different Therminol
oils [13]-[16], in this work different purities of this surfactant to obtain a stable nanofluid were evaluated.
Additionally, olive oil (with high concentrations of oleic acid) was tested as a biosurfactant. Utilising
biosurfactants is not only desirable due to their widespread availability, but also from an economic
perspective [17]. Nanofluid stabilisation via particle coating was also analysed by depositing ultrathin
polyethylene terephthalate (PET) films on the tin nanoparticles using molecular layer deposition (MLD).
MLD is a vapour phase deposition technique that enables the controlled growth of conformal, ultrathin
organic films on a range of substrates [18]. To date, pure-organic MLD literature predominantly consists
of fundamental investigations on flat substrates, and demonstrations of the industrial relevance of this
technique are limited despite its promising attributes [19], [20]. Here, the MLD-grown PET coating makes
the tin nanoparticles chemically compatible with the thermal oil, obviating the need for additional
surfactants. The properties of the resulting stable nanofluids, including thermal conductivity, dynamic
viscosity and specific heat capacity, were characterised at high temperature. The measured results were
analysed and compared with existing models available for these variables in the literature. Based on these

measured properties, the heat transfer performance of the nanofluids was assessed.

2. Materials and methods

2.1 Materials

Therminol 66, TH66, (Solutia, Inc.) was used as base fluid to prepare the thermal oil-based nanofluids. It
is one of the most commonly used heat transfer fluids for the desired medium-to-high temperatures. The
tin (Sn) nanoparticles dispersed in the nanofluid were purchased from US Research Nanomaterials, Inc.
with nominal size of < 300 nm. These nanoparticles were already analysed in a previous work [21], with
the conclusion that they are composed of a metallic tin core covered by a tin oxide shell, which is naturally

formed during the fabrication process due to their exposure to air.

Two different methods were evaluated to stabilise the nanoparticles in the base fluid, both based on the

modification of the characteristics of the nanoparticle surface. The presence of an organic structure on the



surface helps to increase the compatibility with the thermal oil and hence the dispersion and stability of the
nanoparticles. In the first method, the addition of surfactants such as oleic acid technical grade 90% (Sigma-
Aldrich Inc.), oleic acid 97% (Acros Organics) and virgin olive oil (with oleic acid concentrations between
55 to 83% depending on the variety and thermal conditions [22]) as a biosurfactant was investigated. In the
second approach, nanoparticles were coated with PET by MLD to modify the chemical composition of the
nanoparticle surface, removing the need for surfactant addition during the preparation of the nanofluid. The
MLD precursors, terephthaloyl chloride (TC) and ethylene glycol (EG), were purchased from Sigma-

Aldrich and used as received.
2.2 Molecular Layer Deposition (MLD) coating

Ultrathin PET films were grown on the tin nanoparticles by molecular layer deposition in a custom-built
atmospheric-pressure fluidised bed reactor, described elsewhere [19], [23]. The MLD precursors,
terephthaloyl chloride (TC) and ethylene glycol (EG), were contained within separate stainless steel
bubblers under an inert atmosphere, and were heated to 100 °C and 105 °C respectively. The reactor
temperature was maintained at 150 °C by an infrared lamp with a feedback control. A MLD cycle consisted
of sequential exposures to TC (0.5 min)-N, (5 min)-EG (1 min)-N;, (5 min). In each experiment, ~20 g of
Sn nanopowder were loaded into the reactor and fluidised with a flowrate of 1 L min™. 50 MLD cycles

were performed to obtain low-nano PET coatings on the tin nanoparticles.
2.3 Nanofluid production

Nanofluids at 1 mass % (0.137 volume %) were prepared. Surfactant concentration was varied from 0 to 1
ml g of thermal oil to determine the optimal value required for a stable nanofluid. The nanofluids were
obtained with the following procedure. First, the pure thermal oil was heated to 80 °C in a hot plate C-MAG
HS 7 (IKA Labotechnik). Then, the surfactant (if used) was added, followed by sonication of the mixture
for 1 minute using an ultrasound probe (Sonopuls HD2200, Bandelin, HF-output of 200 W and HF-
frequency of 20 kHz). Afterwards, the nanoparticles were added and the nanofluid was sonicated a further
five minutes. During sonication, the fluid temperature was controlled to not exceed 90 °C. A total of 9
samples were prepared, combining different nanoparticles and surfactants. Samples are identified by the

nanoparticle, the surfactant used and the surfactant concentration as shown in Table 1.



Table 1. Sample identification X-Y-Z

--7Z
Surfactant concentration
(ml g'1 of thermal oil)

X-- -Y-
Nanoparticle Surfactant

S0' - No surfactant without sonication -

S0 - No surfactant -

S1- Oleic acid 90% 0.1
S2 - Oleic acid 97% 0.1
Sn
0.1
S3 — Virgin olive oil 0.05
0.025
0.005

Sn@PET SO - No surfactant -

3. Experimental techniques

Field Emission Transmission Electron Microscopy, TEM

The morphology and size of the primary nanoparticles, as well as the thickness of the coatings were
observed by means of Transmission electron microscopy (TEM) using a JEM 1010 (JEOL) microscope
operating at a voltage of 100 kV. Nanoparticles were dispersed in ethanol and a droplet of the fluid was
dispersed onto a carbon-coated copper-based TEM grid. The liquid content was then removed by

evaporation so the solid particles remained on the grid surface.

The particle size distribution was obtained by image processing of over 600 particles observed in the TEM
micrographs. The PET film thickness was measured at multiple locations of the Sn nanoparticles and then

averaged.

Fourier-transform Infrared Spectroscopy, FTIR

Chemical composition of the different samples studied were analysed using a FTIR-6200 spectrometer
(Jasco) with a spectral window of 2000-600 cm ' in transmission mode. A small amount of sample
(~1 wt.%) was mixed with KBr (IR spectroscopy grade, Scharlab SL), grounded and pressed into pellets of

13 mm of diameter.



High Temperature Stability

The colloidal stability of the nanofluids was evaluated by visual observation of the sample before and after
a thermal treatment at 140 °C in an oven for 24h. Images of the samples (in 10ml vials, 23x45mm) were

taken to compare the settling of the nanoparticles for the different formulations under study.

Thermogravimetric Analysis, TGA

The thermal stability of the nanofluids and the base fluids was measured by means of thermogravimetric
analysis (TGA) (Mettler Toledo). Fluid samples were submitted to a 5 minute isotherm followed by a

heating step from 25 °C to 450 °C at 10 K min™' under N atmosphere.

Dynamic Light Scattering, DLS

To measure the particle size distribution of the particles or agglomerates suspended in the nanofluid,
dynamic light scattering tests were performed using a Zetasizer Nano ZS particle size analyser (Malvern
Panalytical). The equipment is composed of a laser, that illuminates the cell containing the sample, and a
detector that acquires the intensity of the light scattered by the particles suspended. Both the laser and
detector are enclosed in the device, and the hydrodynamic diameter is calculated based on the intensity of
the scattered light at 173 °. The stability of the sample with temperature was evaluated by this method,
analysing the evolution of the hydrodynamic diameters of the particles and clusters of agglomerated
particles with this variable. The tests were performed at room temperature (25 °C) and the maximum
temperature allowed by the equipment (70 °C) to determine the evolution of the particle size distribution

with temperature.

Transient Hot Wire, THW

The thermal conductivity of the samples was measured by means of the transient hot wire technique using
a KD2 Pro conductimeter (Decagon Devices Inc.) with an accuracy of +0.01 W m™ K™ in the 0.02 to 0.2
W m™ K™ range. Taken into account the range of values measured in this research, these values correspond
to a maximum of 8.32%. The device has been calibrated following the recommendations of the
manufacturer, with a glycerin verification standard before the measurements [24]. In spite of the
controversy respect to the use of the KD2 Pro to measure thermal conductivity in nanofluids [25], its use
for the thermal oil employed in this work has been previously accepted in the literature [26]-[30] with only
one work to the best of the author’s knowledge that uses a different technique [31]. Therefore, and given
its availability in the facilities of the research group, the decision was to use it, following the conclusion
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reached by Buongiorno et al. [32] that despite systematic differences between measurement techniques, as
long as the same technique at the same conditions is used to measure the thermal conductivity of the base

fluid and the nanofluid, the enhancement is consistent between measurement techniques.

The sample was introduced in a sealed glass tube (20 ml) where the sensor was inserted vertically. To carry
out the test at high temperatures, the tube was immersed in a thermostatic bath with controlled temperature.
The maximum temperature reached by this equipment is 150 °C. Measurements were carried out at 80 °C,
100 °C, 120 °C and 140 °C and a total number of 5 tests were run for each sample in order to obtain a mean
value for each temperature. The experimental error, €, was obtained from the standard deviation, o, of the

n measurement taken:

o
€ = ln-1,0.025 1 M

where t, 10025 is the Student’s t-distribution for n-1 degrees of freedom and 95% of confidence level. The

average of this experimental error for the thermal conductivity measurements was of 1.81%.

Rheometry

The dynamic viscosity of the samples was obtained by performing tests under steady state conditions using
a Discovery HR-1 rheometer (TA Instruments). The minimum and maximum torque of the rheometer are
20 nN-m and 150 nN-m respectively, with a torque resolution of 0.1 nN-m, A system composed of two
parallel plates (Diameter = 40 mm) inside an environmental test chamber was used to measure viscosity at
80 °C, 100 °C, 120 °C and 140 °C. Reliable measurements could not be obtained at higher temperatures due
to sample evaporation. Measurements were performed applying a constant shear rate of 100 s for two
minutes. Samples were kept at the desired conditions for 5 minutes before commencing measurements to
ensure temperature stabilisation. The experimental error was statistically obtained at a 95% of confidence

level (equation 1), with an average error of 0.59%.

Differential Scanning Calorimetry, DSC

The specific heat of the samples was measured with a differential scanning calorimeter (DSC2, Mettler
Toledo) able to reach temperatures up to 700 °C. The DSC sensor contains 120 thermocouples (AuAuPd)
with a resolution of 0.02 pW and temperature accuracy and precision of £0.2 K and +0.02 K respectively.
The areas method was used to study specific heat at 80 °C, 100 °C, 120 °C and 140 °C twice in a cycle,

during the heating and cooling processes. A 1 °C temperature step was applied at each temperature, with 5



minute isotherms before and after the step. All the specific heat tests were carried out with a constant 25
ml min™ N, flow rate. An aluminium crucible (40 ul) was used. Four samples (20 mg) of each nanofluid
were prepared and two cycles were run in order to obtain a mean value. The experimental error was

statistically obtained at a 95% of confidence level (equation 1), with an average error of 1.07%.

4. Results and discussion

4.1 Nanoparticle characterization

The average diameter of the nanoparticles and their morphology was observed using Transmission Electron
Microscopy for both Sn and Sn@PET, as shown in Figure 1. Figure 1 b) also presents the PET coating
observed in the Sn@PET nanoparticles, with a value of ~3.7 nm when averaged in multiple locations. This
translates into a growth per cycle of ~0.07 nm, in good agreement with the values reported in literature on

OH-terminated surfaces [19], [33].

a)

Figure 1. TEM micrographs of a) Sn and b) Sn@PET, including a high magnification detail of the PET
coating

The images of more than 600 nanoparticles allowed to create a representative particle size distribution of
both materials (Figure 2). The mean diameter obtained by image processing was considering as the average
size that presented at least a half of the particles studied (D50). The obtained D50 values for Sn and
Sn@PET were essentially identical, further demonstrating that aggregates were not formed during the MLD

process.
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Figure 2. Particle size distribution of the Sn and Sn@PET nanoparticles obtained from TEM images

FTIR spectra (Figure 3) were taken to prove the deposition of PET onto the Sn nanoparticles. The strong
band at 1717 cm™, attributed to the ester carbonyl stretch, is typical of aromatic esters [33]. Several peaks
arise from both the ethylene glycol moiety and the benzene ring constituting PET. The glycol group exhibits
the CH, wagging band at 1340 cm™, the symmetric C-O stretch at 1099 cm™ and the antisymmetric C-O
stretches at 1044 and 971 cm™ [34]-[36]. The phenyl group shows the ring-ester in-plane modes at 1122
and 1255 cm™ as well as in-plane vibrations at 1407 and 1018 cm™, and out-of-plane deformations at 872

and 727 cm™ [37].
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Figure 3. FTIR spectra of the Sn and Sn@PET nanoparticles, including the identification of peaks arising
from PET

4.2 Nanofluid stability

Colloidal stability and particle size

The most suitable surfactant in order to stabilise the Sn nanoparticles in the thermal oil, according to the
surfactant stabilization approach, was first evaluated. Nanofluids containing oleic acid, a widespread
surfactant used to form stable colloidal suspensions, with 90% (S1) and 97% (S2) purity and virgin olive
oil (S3) were prepared. The concentration of surfactant for all the samples in the base fluid was 0.1 ml g™
Figure 4 shows the nanofluids mentioned above after 24 h in an oven at 140 °C.

Sn—-S1-0.1 Sn—-S2-0.1 Sn—-S3-0.1

o ——— s
o

L

A
e

Figure 4. Influence of the surfactant type on the Sn nanofluids stability after 24h at 140°C (10ml vials)
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From the visual examination after 24h, it was evident that both samples with oleic acid were completely
unstable, and the nanoparticles settled at the bottom of the vial. However, the sample synthesised with olive
0il (Sn— S3 — 0.1) was stable after 24 h at 140 °C. As a result, olive oil was chosen as surfactant for further

tests.

The next step was to determine the optimal concentration of olive oil needed to ensure a good level of
nanofluid stability, while minimizing the effect of the surfactant on the base fluid. In order to do this, six
samples were prepared: samples SO’ (no sonication) and SO, containing no surfactant, and four more
samples with concentrations of surfactant of 0.005, 0.025, 0.05 and 0.1 ml g of base fluid. The samples
were submitted to 24 h in the oven at 140 °C. The state of the nanofluids after the tests is shown in Figure

5, where the influence of the surfactant concentration can be clearly observed.

Sn—-S3 - Sn—-S3 - Sn—-S3 - Sn—-S3 -

Sn-S0 Sn— SO 0.005 0.025 0.05 0.1

—_— e ————
- s = = & o ~—— —

Figure 5. Influence of olive oil concentration on the stability of the Sn nanofluids after 24 h at 140 °C
(increasing olive oil concentration from left to right)

—

The nanoparticles in both samples with no surfactant (S0, S0") had sedimented. Sample Sn — S3 — 0.005
had an insufficient concentration of olive oil and was not stable. Samples with virgin olive oil
concentrations from 0.025 ml g were all stable, and no visual difference could be found between them.
On this basis, sample Sn — S3 — 0.025, with a surfactant concentration of 0.025 ml g'l, was selected for
further analysis and characterization. This was the sample with the lowest surfactant concentration that

could still be used to obtain a stable nanofluid with Sn nanoparticles.

The same stability test was also performed on the nanofluid obtained using the nanoparticles coated with
PET (Sn@PET — S0). The PET coating acts as a stabiliser and removes the need for surfactants. Figure 6

shows the comparison of the behaviour of both nanofluids (Sn— S3 — 0.025 and Sn@PET — S0) with respect
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to Sn — SO after 24 h in the oven at 140 °C. No visual differences were observed and therefore it was

concluded that both samples were stable.

Sn - SO Sn - 83 -0.025 Sn@PET - S0

Figure 6. Comparison of Sn -S0 (left), Sn — S3 — 0.025 (center) and Sn@PET — SO (right) nanofluids
stability after 24 h at 140 °C

The particle size distribution of both stable nanofluids was measured by means of DLS tests. This technique
helped determine the level of agglomeration of the dispersed nanoparticles at room temperature (25 °C) and
the influence of the temperature on the particle agglomeration when heated at 70 °C. The particle size
distributions obtained for the nanofluids are plotted in Figure 7. From the distributions, the mean particle

size within the nanofluid, D50, was obtained and results are shown in Table 2.

40

Sn-S83-0.025/25°C — — Sn@PET -S0/25°C
Sn-83-0.025/70°C = = Sn@PET -S0/70°C

iy
\

30

Number / %
S
[

10 -
0 LB B B T T Il‘%'llr LI B B
10 100 1000 10000

Particle diameter / nm

Figure 7. Particle size distribution within the nanofluids at 25 °C and 70 °C obtained from DLS
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Table 2. Mean particle size for nanoparticles within nanofluids at 25 °C and 70 °C.

Mean particle size, DS0 / nm
Temperature /°C | Sn—S3 - 0.025 Sn@PET - S0
25 346.33 330.67
70 356.67 376.83

No significant differences were obtained for the particle size distributions and the mean diameters for both
nanofluids (Sn — S3 — 0.025 and Sn@PET — S0). However, compared to TEM sizes in Figure 2, the results
indicate that the nanoparticles agglomerate to a small degree when they are suspended in the base fluid, as

both present bigger particle sizes than the primary nanoparticles measured by TEM.

Regarding the influence of temperature, the mean particle size slightly increases for both samples but the
differences found in the particle size distributions are negligible. These results confirm the stability of both

samples at temperature conditions up to 70 °C.

Thermal stability

The thermogravimetric analysis (TGA) was performed submitting the samples to temperatures from 25 °C
to 450 °C to give information about the maximum working temperatures of the studied samples: two base
fluids (pure TH66 and mixture of TH66 and olive oil) and two stable nanofluids (Sn — S3 — 0.025 and
Sn@PET — S0). The initial decomposition temperature (IDT) or onset, which corresponds to the maximum
temperature that the fluids could withstand before starting degradation, was established as the temperature
at which a 1.5% of mass loss is observed. The maximum rate of decomposition temperature (MRDT), i.e.
the point where the maximum quantity of the sample is being degraded, was also obtained. Figure 8 shows

the TGA curves measured from which the decomposition temperatures in Table 3 are obtained.
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Figure 8. Thermal stability (TGA curves) of two base fluids and two stable nanofluids

Table 3. Initial decomposition and maximum rate of decomposition temperatures, determined by TGA

Sample Initial decompositio'? temperature Maximum rate of decompoosition
abnT)/°C temperature (MRDT) / °C
TH66 164.4 273.8
TH66 + Olive oil 154.6 267.9
Sn - S83-0.025 162.5 272.5
Sn@PET - SO 176.9 290.5

The results indicate that the addition of the olive oil as surfactant decreases the working temperature of the
Therminol 66. However, the addition of the nanoparticles leads to an increase in both IDT and MRDT
temperatures and the initial values for pure Therminol 66 are recovered for Sn-S3-0.025. Furthermore,
where no surfactant is used with the coated nanoparticles (Sn@PET-S0), the IDT and MRDT of the base
HTF are improved. It can be concluded that the use of nanofluids does not affect significantly to the
maximum working temperatures and that nanofluids can be used as a substitute of Therminol 66 in high

temperature applications.

4.3 Nanofluid characterization
For the two stable nanofluids produced, Sn — S3 — 0.025 and Sn@PET — S0, thermal conductivity, viscosity
and specific heat were experimentally measured to evaluate the effect of the nanoparticles and their

potential as heat transfer fluids. The accuracy of the measurements was determined by comparing the
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experimental results with theoretical values provided by the manufacturer or calculated using existing
theoretical models available in literature. The comparison between the measured and theoretical values
could be useful to identify possible systematic errors in the measurements of certain variables, especially
in the case of Therminol 66 values, as they do not involve further equations and data. However, both base
fluids and nanofluids are measured with the same equipment, so the experimental ratios between those two

samples are expected to be consistent [32].

The relative error, &, between theoretical, th, and experimental, exp, results was calculated for all the

properties as follow:

‘th - exp‘
e
= Y @)

For the calculations, tin properties were obtained from [38] while the olive oil properties were taken from
the literature [39]-[41]. Theoretical values for pure Therminol 66 were taken from the manufacturer data
sheet [42]. These data are based in samples tested in the laboratory and not guaranteed for all samples by
the manufacturer. However, the data are used in this study as reference for the experimental data, as to the
best of the authors knowledge, there are no other systematic data of those thermal properties at the measured

temperatures.

The error bars in the figures of the thermal properties ratios were calculated using error propagation

equation and the experimental errors defined in Section 3.

Thermal conductivity, k

Thermal conductivity is the most important parameter to define the heat transfer properties of a fluid.

Experimental results for the four samples measured (base fluids and nanofluids) are shown in Table 4.

The mixture rule was used to calculate the thermal conductivity of the Therminol 66 and olive oil sample.
The thermal conductivity of the nanofluids was calculated using the equation for the effective conductivity

of Maxwell’s model [43]:

_ k,, + 2k, +2(k,, —k, )¢ r
of bf
k., + 2k, = (k,, =k, )¢ 3)

where ¢ is the volume fraction of nanoparticles and k,, k,, and kyrare the thermal conductivities of the

nanofluid, nanoparticle and base fluid, respectively.
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It can be observed that the experimental values obtained for all the fluids were higher than the theoretical

values expected, and also that this difference increases with temperature. Previous investigations have also

reported that the thermal conductivity of nanofluids with metallic nanoparticles is underpredicted by

Maxwell theory [29], [44].

Table 4. Thermal conductivity results

Tempféature / Expve‘:‘imm_?lﬁflll k/ Thf;])l:lt_ilc;l_lk / Error /%
TH66 80 0.1236 0.1147 7.76
100 0.1222 0.1135 7.67
120 0.1212 0.1121 8.12
140 0.1202 0.1107 8.58
TH66 + Olive 80 0.1272 0.1157 9.91
oil 100 0.1284 0.1143 12.34
120 0.1250 0.1131 10.48
140 0.1234 0.1117 10.47
Sn—S3-0.025 80 0.1266 0.1162 8.95
100 0.1252 0.1150 8.87
120 0.1271 0.1136 11.88
140 0.1312 0.1122 16.93
Sn@PET - SO 80 0.1274 0.1152 10.62
100 0.1284 0.1140 12.67
120 0.1290 0.1126 14.61
140 0.1277 0.1112 14.89

The experimental thermal conductivity ratios for both nanofluids with respect to their base fluids are plotted

in Figure 9. It can be observed that it increases with temperature and a maximum enhancement of 9.1% and

6.6% was achieved for Sn — S3 — 0.025 and Sn@PET — SO respectively when compared to pure TH66.
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Figure 9. Nanofluids with respect to base fluids experimental thermal conductivity ratios

Dynamic viscosity, i

The dynamic viscosity is directly related with the flow and heat transfer properties of the fluids. In order to
compare the different samples, measurements at a constant shear rate of 100 s were taken. The Newtonian
behaviour was observed in a previous work [45] for pure Therminol 66 and the shear rate was checked to
do not exceed the maximum value from which turbulence effects appear. Experimental results for the four
samples measured (base fluids and nanofluids) are shown in Table 5. The nanofluid viscosity was calculated

using Einstein’s equation:
M = Mop(1+ 2.5¢) @)

where ¢ is the volume fraction of nanoparticles and #, and #,, are the viscosities of the nanofluid and base

fluid respectively.

In the results presented in Table 5, it can be observed that the viscosity decreases with temperature as
expected. The error between experimental and theoretical values is lower than 13% for all the
measurements. The nanofluid viscosities obtained with Einstein’s equation are in good agreement with the

experimental values.
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Table 5. Viscosity results

Temperature / °C Experimental Theoretical n / Temperature
n/ Pas Error / % /°C
Pas

TH66 80 0.00523 0.00593 11.84
100 0.00318 0.00361 11.50
120 0.00215 0.00242 10.93
140 0.00158 0.00175 9.66

TH66 + Olive oil 80 0.00528 0.00605 12.70
100 0.00325 0.00368 11.69
120 0.00226 0.00248 8.93
140 0.00166 0.00179 7.33

Sn—S3-0.025 80 0.00530 0.00607 12.61
100 0.00331 0.00369 10.37
120 0.00230 0.00249 7.49
140 0.00172 0.00180 4.46

Sn@PET - SO 80 0.00553 0.00595 7.11
100 0.00330 0.00361 8.64
120 0.00223 0.00243 8.03
140 0.00162 0.00175 7.71

The experimental viscosity ratios for both nanofluids are plotted in Figure 10. Considering the gathered
experimental data, a gradual increase in the viscosity ratio of the nanofluid Sn — S3 — 0.025 with temperature
compared to pure TH66 can be observed. This leads to a viscosity increment of 8.8% at 140 °C. In this case,
both the nanoparticles and the oil contribute to the viscosity increment, Considering only the impact of Sn
nanoparticles on the viscosity, the increase is of only 3.4% at 140 °C, comparing the values of this nanofluid
with the TH66 and oil mixture. This increment is almost constant with temperature and possible differences
lay within the experimental error. Regarding the Sn@PET — SO nanofluid, in which no additives are present
and only the impact of coated Sn nanoparticles is observed, the viscosity increment can be also considered
constant with temperature at around 3%. The higher increment observed for the lowest temperature lay also
within the experimental error. It can be concluded that the influence of the temperature on the viscosity
increment is almost negligible when only the effect of the nanoparticles is taken into account and the
viscosity of the nanofluids are compared with respect to their own base fluids (TH66 and oil mixture for

Sn-S3-0.25 and pure TH66 for Sn@PET-S0)..
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Figure 10. Nanofluids with respect to base fluids experimental viscosity ratios

Specific heat capacity, cp

Experimental results for the four measured samples are shown in Table 6. The mixture rule was used to
calculate the specific heat of the Therminol 66 and olive oil sample. Specific heat of the nanofluids was

also calculated by means of the mixture rule:
Cpy =WCp,, +(L=W)cpy ()

where w is the solid mass fraction, c,,; ¢, and ¢, are the specific heat values of the nanofluid,

nanoparticle and base fluid respectively.

The samples were tested experimentally using the DSC from 80 °C to 140 °C to obtain the specific heat.
The results indicate that the mixture rule can be used to predict the specific heat of the samples with a lower

than 2.5% difference between experimental data and theoretical values.
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Table 6. Specific heat results

Temperature / | Experimental cp/ Theoretical cp/
oC e K S K Error / %
TH66 80 1.782 1.768 0.79
100 1.856 1.837 1.03
120 1.921 1.908 0.68
140 1.997 1.978 0.96
TH66 + Olive oil 80 1.805 1.768 2.09
100 1.875 1.836 2.12
120 1.935 1.906 1.52
140 2.007 1.974 1.67
Sn—S3-0.025 80 1.781 1.752 1.66
100 1.858 1.819 2.14
120 1.927 1.888 2.07
140 1.99 1.955 1.79
Sn@PET - SO 80 1.745 1.752 0.40
100 1.828 1.82 0.44
120 1.893 1.89 0.16
140 1.968 1.959 0.46

The experimental specific heat ratios are plotted in Figure 11. The addition of tin nanoparticles with lower
specific heat than the base fluid should have a negative effect in the specific heat. The ratios obtained for
both nanofluids indicate a slight reduction of the specific heat as expected from the mixture rule
calculations, obtaining experimental errors lower than 2%. For the uncoated tin nanoparticles the decrease
in the specific heat with respect to Therminol 66 is negligible while it becomes slightly more noticeable for

the Sn@PET nanoparticles.

22



® ©Sn-S3-0.025 wrt THE6
X % Sn-S3-0.025 wrt THE6 + Oil
1.05 - Sn@PET-S0 wrt TH66
1
~~
RS B
©
g
.C
RS
L
O
o -
Q.
()]
0.95 -
S I T T Y Y I B

70 80 90 100 110 120 130 140 150
Temperature / °C

Figure 11. Nanofluids with respect to base fluids experimental specific heat ratios

Prandtl number, Pr

The results of the three physical properties measured can be used to obtain directly the Prandtl number,

which can be calculated both for the base fluids and the nanofluids according to the following equation:
_n
Pr = . (6)

The low variation in the specific heat between all the fluids implies that the Prandtl number will
approximately describe the viscosity with respect to the thermal conductivity. Due to this reason, lower
Prandtl number reflect that a better thermal performance can be achieved with lower viscosities, meaning

less power used to pump the fluids.

As a result of these calculations the behaviour of the Prandtl number can be predicted at different
temperatures, which are showed in Table 7 along with the error between the expected theoretical values

and the results using the experimental measurements.
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Table 7. Prandtl number results

Temperature / | Experimental Pr/ | Theoretical Pr/
oC Error / %
TH66 80 75.37 91.41 17.54
100 48.47 58.27 16.82
120 34.21 41.19 16.93
140 26.31 31.27 15.87
TH66 + Olive oil 80 74.96 92.45 18.92
100 47.50 59.18 19.74
120 34.96 41.79 16.34
140 27.07 31.74 14.70
Sn—S3-0.025 80 74.68 91.56 18.44
100 49.17 58.47 15.91
120 34.90 41.37 15.63
140 26.13 31.40 16.79
Sn@PET - SO 80 75.71 90.52 16.36
100 46.99 57.69 18.55
120 32.77 40.77 19.64
140 24.98 30.95 19.28

The combination of the divergences between theoretical and experimental results for the three properties

lead to errors included between 15 and 20%. The comparison between the Prandtl of the nanofluids and

their respective base fluids has been reflected in Figure 12.
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Figure 12. Evolution of Prandtl number ratio with temperature
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Two different trends are observed in the figure. For the Sn-S3-0.25 samples the Prandtl number ratio
increases with temperature up to a maximum value and then a decrease is achieved. This behaviour can be
related to the evolution of their thermal conductivity and viscosity with temperature. In these samples the
thermal conductivity remains initially constant while the viscosity ratio increases. However, from 100°C
their thermal conductivity increases thus compensating the increase in the viscosity. For the Sn@PET-S0
a continuous decrease is observed. In this case, as the viscosity can be considered almost constant with
temperature the evolution of the Prandtl number ratio is directly affected by the thermal conductivity ratio.
The continuous increase with temperature obtained for this property leads to a decrease in the Prandtl
number. As a result, in all the samples a reduction of the Prandtl number with respect to the corresponding

base fluids can be achieved corroborating the suitability of the nanofluids for heat transfer applications.

Heat transfer coefficient, /

Once the thermophysical properties of the stable nanofluids were experimentally measured, their potential
use in heat transfer applications was evaluated through the calculation of the heat transfer coefficient,
following the guidelines for nanofluids described in [12]. The ratio between the nanofluid and the base fluid
was obtained with the experimental values of thermal conductivity, dynamic viscosity and specific heat

capacity previously measured.

The heat transfer coefficient can be calculated from the Nusselt number, Nu:

_hD
k (M

Nu

where D is a geometry factor characteristic of the test section.

For a laminar flow regime, the Nusselt number is considered to be constant in the fully developed region
(Nu = 3.66 for circular pipes) and thus the increase in the heat transfer coefficient equals the thermal
conductivity enhancement. However, for turbulent flow regime the Nusselt number depends on the
Reynolds, Re, and Prandtl, Pr, numbers which depend in turn on the thermal conductivity, specific heat and
viscosity. From the correlations available in the literature, the Gnielinski correlation was proved to better

predict the heat transfer coefficient in nanofluids [46]:

f (Re—1000)Pr

Ny =-——F7—"5— ®)
8 1+12.7\/§(Pr§—1>
where fis the friction factor calculated by using the Colebrook—White equation:
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N2 37 " Re./f

where ¢ is the wall roughness of the pipe. For the calculations a stainless steel pipe with a roughness of 1.5

_ _21045/1) 2.51 }
9)

um and an inner diameter of 7 mm was considered.

Figure 13 shows the heat transfer ratios between the nanofluids and the corresponding base fluids at 80 °C
and 140 °C for both laminar and turbulent flow regime, on a constant Reynolds basis. The experimental
data obtained for thermal conductivity, viscosity and specific heat showed that for laminar flows the
improvement achieved at 140 °C was about 9.3% for the Sn — S3 — 0.025 nanofluid and 6.4% for Sn@PET—

SO compared to TH66 as base fluid.

In turbulent flows, the heat transfer ratio can be considered constant with the Reynolds number and a 9%
enhancement at 140 °C can be achieved for the Sn — S3 — 0.025 nanofluid. For the Sn@PET — S0 nanofluid,
the enhancement is lower due to the difference in the thermophysical properties such as the lower specific
heat of the mixture. For this nanofluid a maximum enhancement of 4.5% at 140 °C is predicted. At 80 °C
both Sn@PET — SO and Sn — S3 — 0.025 present quite similar results within the experimental errors. For
both nanofluids and flow regimes, there is an increasing trend of the heat transfer coefficient ratio with
temperature up to 140 °C. For higher temperatures, this trend can only be experimentally confirmed with

equipment which can operate at higher temperatures or high temperature heat transfer loops.
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Figure 13. Evolution of heat transfer ratio with temperature and Reynolds number
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5.  Conclusions

Tin nanoparticles were stabilised in Therminol 66 to produce a nanofluid with enhanced properties for use
in heat transfer applications. Two different methods were evaluated to obtain a stable suspension. In the
first approach, the suitability of different surfactants was tested. Oleic acid, commonly used in the literature,
was unable to stabilise the nanoparticles, whereas the virgin olive oil biosurfactant was suitable to produce
stable nanofluids. In the second approach, nanoscale PET films were grown on the tin nanoparticles by
MLD, enhancing their dispersibility within the thermal oil. Both nanofluids (Sn — S3 — 0.025 and Sn@PET
— S0) demonstrated good stability after treatment for 24 h in an oven at 140 °C.

Thermophysical properties of both nanofluids were experimentally measured at temperature conditions up
to 140 °C:

- A similar enhancement in thermal conductivity, which also increases with temperature, was
achieved for both nanofluids. As previously observed in the literature for metallic nanoparticles,
the experimental results are higher than the values predicted by the Maxwell model.

- Both nanofluids present a similar constant increase in the viscosity when compared to their own
based fluids. However, if the Sn — S3 — 0.025 nanofluid is compared to the pure Therminol 66 the
viscosity ratio is higher and increases with temperature due to the effect of the surfactant. The
experimental values can be predicted by the Einstein’s equation.

- The specific heat decreases as expected from the mixture rule, but the decrease is negligible for
the Sn-S3-0.025 nanofluid with respect to pure Therminol 66. Differences between the

experimental and theoretical values are lower than 2.5%.

The heat transfer performance of the nanofluids was evaluated using the experimental results obtained for
the thermophysical properties. In laminar flow regime the heat transfer coefficient ratio equals the thermal
conductivity ratio and an enhancement of 9.3% and of 6.4% can be achieved at 140 °C for the Sn — S3 —
0.025 and Sn@PET-SO0 respectively. In turbulent flow regime, the enhancement for the Sn — S3 — 0.025
nanofluid (9%) is higher than for the Sn@PET-S0 nanofluid (4.5%). In order to confirm the experimental
trend of higher heat transfer ratios observed from 80 °C to 140 °C, experiments with either thermo-physical

measuring equipment or loops working beyond that value are required.

On the basis of the results presented in this work, the nanofluid stabilised by means of the olive oil
biosurfactant is promising for heat transfer applications. Furthermore, the addition of the olive oil

biosurfactant is more straightforward than the alternative MLD route investigated, allowing a higher
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nanofluid production rate. Nonetheless, the controlled growth of PET film thickness provided by MLD
enables the PET content of the coated tin nanoparticles to be fine-tuned, which may lead to enhanced

nanofluid properties.
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