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Abstract

Thermosyphons are heat transfer devices characterized by high efficiency due to simultaneous phase
changes occurring in the evaporation-condensation cycle of working fluid. One of the most promising
solutions to enhance their heat transfer capacity of the device is the use of nanofluids — suspensions
of particles with at least one dimension below 100 nm. It was determined that nanofluid does not
influence the work of thermosyphons condenser section and the focus should be put on the boiling
process in the evaporator section. During boiling, nanoparticles tend to deposit on the heater’s
surface, what alters characteristics of this surface and near surface hydrodynamics. This changes the
appearance of nanofluid, but the precise effect on how the deposition of particles affects the
properties of nanofluid is unknown. Changes in surface tension and wettability affect boiling regimes
(e.g. reduced surface tension reduces the size of departing bubbles and inhibits geysering), and
efficiency of heat transfer through the device. Understanding of those parameters is crucial for the
development of appropriate models describing heat transfer in thermosyphon working with
nanofluids. The main goal of this study is to determine surface tension and contact angle of
nanofluids based on silica nanoparticles and nano-sized graphene oxide flakes before and after the
experimental boiling cycle in the thermosyphon. Results show that, in comparison with water, silica
nanofluid (2 vol.%) is characterized by lower surface tension and contact angles on both analysed
surfaces. After-use silica nanofluid exhibited noticeably higher averaged surface tension and smaller
contact angles in comparison to the fresh working medium. The change was most likely due to the
decreased concentration caused by the deposition of nanoparticles during the thermosyphon
operation. Still, the differences between before-use and after-use samples were smaller than the
measurement uncertainties. Before-use graphene oxide nanofluid already showed surface tension
and contact angle similar to water due to low concentration of graphene flakes (0.1 g/L).
Consequently, the properties of after-use graphene oxide fluid were also not much different from
water. Additional measurements of surface tension for graphene oxide nanofluid with and without
addition of sodium dodecyl sulfate surfactant allowed to differentiate the effects caused by graphene
flakes and surfactant. The surfactant reduced the surface tension of the nanofluid, but the change
was smaller than in case of surfactant addition to pure water.

Keywords

Surface tension, contact angle, silica nanofluid, graphene oxide nanofluid, boiling, thermosyphon



Nomenclature

a,b,c,D coefficients

CA contact angle, °©
d diameter, m
dyf fluid molecule parameter

DLS Dynamic light scattering
GO graphene oxide nanofluid
SDS sodium dodecyl sulfate (surfactant)

SEM  Scanning electron microscope

t temperature, °C

v volume, dm?

Greek symbols

S] contact angle, °

o density, g/cm?

o} particle volume fraction, -
o] surface tension, mN/m
Subscripts

bf basefluid

dr droplet

fl fluid

nf nanofluid

np nanoparticles



1. Introduction

Thermosyphons are heat exchangers characterised by high heat transfer efficiency, lack of
mechanical parts, and adaptability to given working requirements. Due to simultaneous phase
changes in the evaporation-condensation cycle of the working fluid, the apparent thermal
conductivity of thermosyphons is several orders of magnitude higher than those of metals like
copper or silver [1]. The first reported thermosyphon (in the middle of the 19" century) was the
Perkins tube, which transported heat from a furnace to a steam boiler evaporator [2]. Since that
time, thermosyphons have been used in various applications, such as geothermal systems,
preservation of permafrost, snow melting and de-icing, nuclear reactors, heat exchangers, cooling of
electronics, or solar energy storage systems [1-4].

A two-phase closed thermosyphon is a sealed, pressurised container filled with purposely selected
working fluid. The device is divided into three sections (from the bottom): evaporator where heat
absorption takes place, insulated adiabatic section, and condenser where heat is released. When
external sources of heat are supplied in sufficient amounts to the evaporator, the working fluid
accumulated in the lower part of the device starts to evaporate. Bubbles grow in the fluid and vapour
raises through the adiabatic section to the upper part - condenser. Through contact with the colder
condenser walls, the vapour condenses and the heat is released to the external cooling medium. The
condensate forms a falling film or rivulets that return to the boiling pool in the evaporator due to
gravity forces. For this reason, the device must be positioned either vertically or slightly inclined, with
the evaporator remaining below the condenser. This requirement distinguishes thermosyphons from
heat pipes. The latter usually rely upon capillary structures (condensate is carried back to the
evaporator by means of capillary, osmotic or electrostatic forces) or oscillations (the movement of
condensate liquid slugs interspersed with vapour bubbles is a result of pressure differences).

One promising solution to enhancing heat transfer efficiency of thermosyphons is the usage of
nanofluids instead of common heat transfer fluids, such as water or glycols. Nanofluids are defined
as suspensions of nano-objects with at least one dimension smaller than 100 nm [5], while
nanoparticles indicate nano-objects with all spatial dimensions smaller than 100 nm [6]. The term
‘nanoparticle’ is commonly used for both nano-objects and nanoparticles [5,7,8], and is used in a
similar context in this paper.

Literature offers several comprehensive reviews on thermosyphons and heat pipes using nanofluids
as working fluids [9-13]. Deeper look into thermosyphons working with nanofluids, including
graphene-based and silica particles has been presented in our earlier papers [14,15], and thus are
not repeated here. Many studies show that nanofluids may improve heat transfer capabilities of the
thermosyphon [7,9,14,16—-19]. Literature agrees that the effect of nanofluids on the condenser
section is negligible [9,20-22], and thus focus should be put on the evaporator section and the
boiling process. Results suggest that the main improvement in heat transfer capabilities of the
thermosyphon comes from the interplay between nanoparticles, evaporator surface, and bubble
release during boiling.

Boiling heat transfer is influenced by many parameters that can be divided into three groups:
thermophysical properties of the working fluid, characteristics of the heater surface, and near
surface hydrodynamics. During the boiling of nanofluids, nanoparticles tend to deposit on the heater
surface (evaporator in thermosyphon), which alters the characteristics of this surface and near-
surface hydrodynamics [23-29], and it was closely analysed in detail in our previous works
[7,14,15,20]. This paper focusses on the third group — thermophysical properties of working fluids



(surface tension) and their interaction with the heater surface (wettability) with the aim of
investigating whether these properties change over time during the operation.

Surface tension appears in many heat transfer correlations, such as Bond number, critical heat flux,
or Kutateladze number. The most common surface tension measurement methods are [30] [31,32]:
pendant drop, Wilhelmy plate, maximum bubble pressure, Du Noly Ring, capillary rise and spinning
drop techniques.

The presence of nanoparticles change the surface tension of the base fluid, but the current state of
knowledge still cannot precisely explain the mechanisms behind the change. A recent review [30]
showed that surface tension of nanofluids is affected mostly by the: type of nanoparticles and base
fluid, (lack of) surfactant addition, temperature, particle size and shape, and concentration. Al,O; is
the most studied nanofluid with respect to the surface tension measurements. SiO,-based nanofluids
were described in only a few papers [33-36], which differ by the type of used base fluid (water,
methanol, glycol, and PDMS), way of preparation, size of particles, and temperature range. In
general, silica-based nanofluids are characterised by lower surface tensions than e.g. TiO, and Al,O;
nanofluids with the same concentration of particles. In most studies, surface tension raises with
increasing concentration of SiO, nanoparticle and decreasing temperature. Graphene materials
exhibit confusing increase [37,38] or decrease [39,40] in surface tension with increasing
concentrations. In all these studies, surface tension is reduced with an increase in temperature.
Reliable and comparable results with a wide range of parameters are still required for the
development of universal correlations and models. Although surface tension is an important
parameter in heat transfer correlations, there are wide gaps in the knowledge on how the boiling
process affects surface tension of graphene oxide and silica nanofluids.

The contact angle (CA), defined as the angle between the solid substrate and nanofluid interface, is a
measure of wettability of a solid by a liquid. So far, the understanding of the contact angle of
nanofluids is very narrow, and the most comprehensive review of studies was presented by Hernaiz
et al. [41]. CA depends on the type and properties of solid and its surface, characteristics of a liquid
and surrounding fluid, temperatures of all media, and the size of analysed droplet [42-46]. Adding
nanoparticles to the liquid makes these dependencies more complex, as a nanofluid itself should be
considered as a two-phase liquid-solid substance [41]. Moreover, existing theoretical models that
describe the contact angle of single-phase droplets require experimentally determined details (e.g.
droplet baseline radius, apex height and curvature), so this approach is not practical for engineering
applications.

Wettability plays an important role in the boiling process [47-50], thus the understanding of how
nanofluids affect the contact angle on a given surface is of high importance to enabling the
formulation of correlations and models applicable for a wide range of materials and temperatures.
Kim et al. [51] studied changes in contact angle of water on heater surfaces previously used for
boiling of Al,Os;, ZrO,, and SiO, nanofluids. They found that the earlier-deposited nanoparticles
covering the heater’s surface decrease the contact angle during subsequent boiling of water on the
same surface. Apparently, the layer of nanoparticles reduced density of the active nucleation sites.
Sarafraz et al. [52] performed similar study for carbon nanotubes dispersed in water. Pham et al. [53]
studied both carbon nanotubes and alumina nanofluids, while Truong et al. [54] looked into
diamond, alumina, and zinc oxide nanofluids. All above-mentioned papers report that the surface
changes caused by nanoparticles deposition decrease the contact angle of water droplets. More
recently, Gimeno-Furio et al. [55] investigated the wettability properties of carbon nanohorn water
based nanofluids, considering the impact of nanohorn oxidization and concentration. They also
originally reported their coating ability on metal surfaces from pool boiling. To the best of the
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authors’ knowledge, there is no comparative study on how boiling affects the wettability and surface
tension properties of silica and graphene oxide nanofluids. There is an endless number of nanofluids
combinations, including used nanoparticles, base fluid, concentration, size, surfactant, etc. In our
previous studies [7,14,15] we analysed different types of nanofluids with respect to application in
thermosyphon. The nanofluids were chosen to address various research concerns, such as whether
high thermal conductivity (gold, graphene oxide) and high specific surface area (nanohorns,
graphene oxide) of nanoparticles are crucial for boiling applications, the impact of film-forming
properties (silica), or the impact of surfactant addition (water solution of sodium dodecyl sulfate).
Among all tested combinations, the highest improvement in heat transfer capabilities of
thermosyphon for low heat loads was gained by usage of silica nanofluid, followed by graphene oxide
nanofluid. Moreover, silica nanofluid suppressed geyser boiling, what may increase lifetime and
stability of the device. Since these nanofluids keep a promise for heat transfer and reliability
improvements, what motivates our choice of nanofluids for further experimental research shown in
this paper.

During boiling of the nanofluid, when nanoparticles are transferred onto the surface, the
composition and appearance of the working medium must also change. As a consequence, the
properties of nanofluid most certainly depend on time and temperature. This fact is generally
neglected in the literature. The properties of nanofluids are usually evaluated only prior to the main
series experiments and usually at the ambient temperature. The main goal of this paper is thus to
determine surface tension and contact angle of nanofluids based on silica nanoparticles and
graphene oxide flakes before and after completing experimental boiling series in the thermosyphon.
This research will help to analyse the time-dependent behaviour of thermosyphons working with
nanofluids, which could lead to more appropriate models and correlations in the future.

2. Methodology
a. Investigated working fluids

Water and two types of water-based nanofluids (with silica nanoparticles and graphene oxide flakes)
were investigated with respect to the surface tension of the fluid and contact angle on two different
surfaces. For both nanofluids, two samples were tested: a fresh ‘before-use’ nanofluid (prepared to
be used as a working medium), and the ‘after-boiling’ fluid taken out of the thermosyphon after
completing all the measurement series in the device.

The inlet temperature of cooling water removing heat from the condenser section was set at 25°C.
One experimental series for a given working fluid included measurements at steady-state conditions
for the temperature of heating water in the range between 35°C and 65°C in 5°C steps. Once the first
series had been completed, the measurements were repeated to check the influence of nanoparticle
deposition into layers on the inner wall of the evaporator. After finishing all experimental points, the
working fluid was removed from the device and it has been once again evaluated. More details on
the experimental setup and the procedure, as well as detailed results can be found in [15].

Water-based silica nanofluid (Fig. 1) prepared by Fraunhofer- Institut fiir Keramische Technologien
und Systeme IKTS was previously used as a working fluid in a thermosyphon [15]. The raw material
(SIPERNAT 22S) was dispersed unfractionated with higher concentration and then diluted to a
concentration of 2% vol. The addition of KOH ensured a pH value of 10.5, which is required when
working with copper tubes. When preparing suspensions, it is customary to adjust the pH value and
to check this with the pH-meter. However, how many milliliters of KOH lye are dosed is not recorded
as standard. In the case of the employed silica nanofluid, the adjustment of the pH value is carried
out according to DIN 19268:2007-05 (DIN 19268 - 2007-05 - Beuth.de). A pH-Meter Seven Multi
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(Mettler-Toledo GmbH, GieRen, Germany) was utilised to this end. However, the KOH content is too
low for possibly having an effect on nanofluid density. The mean size silica nanoparticles was
measured by the manufacturer using the DLS method (Zetasizer Nano ZS, Malvern Instruments
GmbH, Germany). DLS provides the two most common options to calculate the size of particles: xDLS
(also called Z-average) or quantile calculation from size distribution. The most popular 50% method
(x50) of the latter determines the size for which 50% of the total distribution are smaller than this
size. In the case of fresh silica nanofluid, the values were 118 nm (xDLS) and 80 nm (x50). Thermal
conductivity of an analogous sample measured using a ring gap apparatus [56] was characterised by
2% (at 20-30°C) to 1% (at 60°C) higher values than water [7]. More details on the fluid including SEM
analysis of samples before and after boiling are presented in [15].

- O

Fig. 1. Silica nanofluid: a) freshly prepared, b) fluid after completing all experimental series in the
thermosyphon.

Figure 2 presents samples of graphene oxide (GO) nanofluid before and after completing
experimental series in thermosyphon. GO flakes have been synthesized at Institute of Electronic
Materials Technology (Warsaw, Poland) by means of the modified Hummers method. The
concentrated solution of graphene oxide (without any chemical stabilizer) was diluted to ensure a
concentration of 0.1 g/L. The preparation procedure and the SEM analysis of particles in samples
obtained before and after boiling in the thermosyphon has been detailed in Wlazlak et al. [14]. The
study showed that structures remaining in the sample after boiling lost the flake-shape and became
highly irregular in both shapes and sizes. Additionally, both graphene oxide nanofluids (with and
without SDS surfactant) have been analysed fresh (before boiling) with respect to the surface
tension. The goal was to evaluate the influence of graphene oxide flakes from the surfactant effect
on the surface tension of nanofluid. The current study is complementary to our previous study [14]
which focussed on the thermal analysis of thermosyphon operating with a nanofluid based on
graphene oxide.



Fig. 2. Graphene oxide nanofluid before boiling (a) and after boiling in the thermosyphon (b).

The appearance of samples before boiling have not changed for at least 6 months and no signs of
nanofluids deterioration was observed. Figures 1 and 2 show notable visual differences between the
before-use and after-use samples for both investigated nanofluids. This observation, supported by
the observation nanoparticle deposition on the heater’s surface [14], motivated the questions about
the degree of changes in fluid properties and the present study.

b. Experimental set-ups

Surface tension measurements have been carried out using two devices: DSA-30 Drop Shape
Analyzer (KRUSS GmbH, Germany) and Tension meter PI-MT1A.KOM (Polon-lzot, Poland). The
Analyzer was used to measure samples before and after boiling, while the tension meter was used
for additional measurements of graphene oxide nanofluid with and without addition of surfactant
(SDS). The differences in surface tension of fresh graphene oxide nanofluid determined by both
devices were not statistically significant, in agreement with earlier reports [57,58].

The DSA-30 Drop Shape Analyzer uses the pendant drop method. The device is equipped with an
environmental chamber which allowed for measurements in the temperature range from 15°C to
75°C with an 0.1°C accuracy. Measurements are conducted in the steady-state condition using a
needle with an outer diameter of 1.835 mm fixed vertically to a syringe. The software uses the
Young-Laplace equation for evaluation of both internal and external forces acting on the droplet at
the end of the needle for the entire range of temperatures. The initial calibration of the system is
conducted by measuring distilled water and validating the results with the confirmed values from
literature. To ensure stability of working conditions (humidity, air temperature etc.) measurements
start immediately after formation of the drop. The uncertainty is lower than 1.1% [59].

Tension meter PI-MT1A.KOM relies upon Noliy’s ring method. The analytical balance of the ring with
a diameter of 9.6914 mm is determined with a mass uncertainty of 0.0001 g. Surface tension is
calculated using the maximum force necessary to pull up the ring, just before detachment.
Temperature of the sample (20 mL) placed in a vessel is controlled by a Peltier system at 0.1°C
accuracy. The final values are the average of ten measurements. The uncertainty is 2% for water and
1% for pure EG [57].



The measurements of surface tension require information on fluid’s density. Literature provided
reasonably accurate values for water density [60]. Densities of both silica samples were estimated at
each measured temperature using the mixture rule [42]:

Pnf = Q)pnp +(1- Q))pbf , (1)

where @ is the particle volume fraction (2%), p,, is the true density of nanoparticles (2 g/cm?®), and
Ppy is the density of base fluid (water). Due to low amount, it is assumed that the addition of KOH
has negligible effect on density.

Densities of graphene oxide nanofluids have been determined experimentally by Hernaiz et al. [41]
for a temperature range of 10-60°C using an Anton Paar DSA 5000 with an uncertainty of
0.5 pg/cm’. For higher temperatures (65-75°C), the approximate values have been calculated using
equation (1). The results are shown in Table 1.

Table 1. Density of graphene oxide (GO) water-based nanofluid with concentration of 0.1 g/L, and GO nanofluid
with addition of 0.01 g/L of surfactant SDS. t — temperature, p — density [41].

t [°C] 15 20 25 30 35 40 45 50 55 60 65 70 75
Peo [8/cm’] 1.000 | 0.998 | 0.997 | 0.996 | 0.994 | 0.992 | 0.990 | 0.988 | 0.986 | 0.983 | 0.981 | 0.979 | 0.977
F;/"C*;fi] 1.007 | 1.004 | 1.001 | 0.998 | 0.995 | 0.993 | 0.990 | 0.987 | 0.984 | 0.981 | 0.977 | 0.974 | 0.971

The density of the GO sample after boiling has been assumed equal to the density of water due to
the full transparency of the fluid (with just a few visible micro-scale agglomerates) and a very small
difference in density between before-use GO nanofluid and water.

Contact angles have been determined at the ambient condition (the temperature is later reported in
Table 2 and 35%15 in relative humidity) using the DSA-30 Drop Shape Analyzer based on sessile drop
method. Measurements started with the calibration using 15-gauge needle with outer diameter of
0.5 and 1.835 mm fixed to a syringe. Droplets were produced with a controlled volume and flow rate
and then deposited on the testing surfaces. The first surface was a stainless steel substrate with a
disc shape of 20 mm in diameter and 5 mm in height. It has a mean roughness index R, of 0.20pum
and an averaged surface roughness R, of 1.56um as characterized in detail by Hernaiz et al. [41]. The
second one is a smooth copper tube with roughness of about 0.6 um, this tube is similar to the one
initially used for thermosyphon experiments. Each droplet has been recorded immediately after its
deposition on the surface with a frequency of 1 Hz for 15 seconds. Measurement uncertainty was
0.52% [39].

Analysis of boiling process in the thermosyphon is described in details in [8]. Since the samples
analysed here are before and after the boiling in thermosyphon, we summarize the methodology.
The experiments were conducted in a 1000-mm-long copper thermosyphon with an inner diameter
of 20mm and a wall thickness of 1mm. Boiling took place in the evaporator heated by circulating
water in a tube-in-tube exchanger with an external diameter of 35mm. The experimental procedure
includes filling the thermosyphon with 85ml of a given nanofluid, ensuring the stable vacuum
conditions inside the thermosyphon, and conducting the measurements. One series consists of
increasing the inlet heating water temperature from 35°C to 65°C in 5K steps. The cooling water was
kept constant at 25°C. The series was then repeated to check if the thermosyphon performance
changed after nanoparticle deposition on the heater surface. After all series finished, the working
fluid was removed from the device and this sample is referred to ‘after boiling’ in this paper. Each
nanofluid was tested in the new copper pipe to avoid any contamination from the previous




experiments and no cleaning procedure was applied after each test. The nanofluid samples and
deposition on the copper evaporator were later analysed using SEM and the results can be found in
[8]. It can be noted that a similar SEM analysis of surfaces before and after pool boiling of nanohorn
nanofluids was also done in [55].

3. Results and discussion
a. Surface tension

Measurements of surface tension using the pendant drop method started with calibration of the
DSA - 30 Drop Shape Analyzer with distilled water (water — measurements). Obtained results were
compared to the literature values [60] (water — literature), as presented in Fig. 3. The average
difference between measured and literature values was slightly below 0.6 % in the temperature
range 15-75°C.

Figure 3 compares the surface tension of silica samples: fresh silica nanofluid (silica) and a sample
taken from the thermosyphon after completing boiling experiments (silica - boiling). During the
measurements, the surface tension decreased with time until the droplets fell down for both silica
samples. This behaviour limited the time window to capture images and estimate surface tension.
Presented results are averaged for all the droplets observed during the first 20 seconds after the first
droplet was formed at the edge of the needle. The exception was the sample of silica after boiling at
the temperature of 75°C. In that case, the averaging time was reduced to 10 seconds because
droplets became unstable and fell down after this time period.

Both silica samples were characterised by 4% - 9% lower surface tensions in comparison with water,
with no additional surfactant being used to stabilise the suspension. As explained by Lu et al. [36],
surface tension is determined by the imbalance acting on the liquid molecules present on the
interface due to van der Waals forces. Liquid molecules interact with less molecules at the interface
than in the volume, thus the liquids minimise possible surface area, which is beneficial from an
energy point of view. Silica nanoparticles repulse water molecules, i.e. the molecular spacing on the
free surface increases and the attraction forces between the water molecules in the liquid volume
and on the free surface regions decrease. In consequence, the surface tension of the nanofluid is
lower than the base fluid, which was confirmed by Chinnamm et al. [61] for SiO, nanoparticle
concentration up to 6 vol.%. This reduced surface tension of silica nanofluid had a significant impact
on the boiling behaviour of silica, affecting boiling regimes and suppressing geyser boiling behaviour

[7].

Fitted trend lines in Figure 3 show that the after-use silica nanofluid had slightly higher averaged
surface tension compared with the fresh nanofluid. The apparent increase is due to reduced
concentration of nanoparticles in the medium, as some of the solid material was deposited on the
inner wall of the thermosyphon. Still, the measured differences are within the uncertainty range.
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Fig. 3. Surface tension of silica nanofluid in comparison with water: fresh silica nanofluid before (silica) and
after (silica - boiling) experimental research in the thermosyphon. Water — measurements are the
results obtaining during calibration of the device with distilled water and are compared with literature
values (water — literature) [60]. Uncertainty bars represent standard deviation.

The addition of graphene oxide flakes had a negligible effect on the surface tension of the fluid
(Figure 4). Due to the small concentration of GO (0.1 g/L, 0.01 wt.%, or 0.005679 vol.%), the
differences between water and both nanofluid samples are within the measurement uncertainty for
the entire temperature range (15 - 75°C). The results confirm that the surface tension does not
influence boiling regimes nor heat transfer capacity of the thermosyphon filled with GO nanofluid
[14], in contrast to silica nanofluid that supress geyser boiling at high evaporator temperatures [7].
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Fig. 4. Surface tension of nanofluid based on graphene oxide flakes in comparison with water: fresh graphene
oxide nanofluid before (GO) and after (GO_boiling) experimental research in the thermosyphon.
Uncertainty bars represent standard deviation.

In our previous study [14], we analysed the influence of anionic surfactant SDS (sodium dodecyl
sulfate) addition in the amount of 0.01 g/L to the same GO nanofluid. To distinguish the effect
caused by graphene flakes from the impact of surfactant, a water solution of the SDS with the same
concentration was tested. Here, surface tensions of GO (GO in Fig. 5) and GO+SDS nanofluids
(GO+SDS) and SDS solution (SDS solution) were additionally measured as complementary to previous
research in thermosyphons [14].

Even a small amount of SDS reduced surface tension of the SDS solution by about 2% in comparison
to water (Fig. 5), which in consequence inhibited geysering by preventing formation of bubbles in
sizes similar to the tube diameter. Reduced surface tension led to stable boiling with continuously
growing and detaching of small diameter bubbles [14].

GO with the comparable amount of SDS permit geysering because SDS crystals tend to attach to the
surface of GO flakes [14], consequently reducing surfactant concentration in the bulk fluid and
increasing surface tension in comparison to pure SDS solution (see Figure 5). The formation of large
bubbles during boiling is no longer supressed and GO+SDS nanofluid behave similar to water.
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Fig. 5. Surface tension of nanofluids based on graphene oxide flakes (GO), with addition of SDS surfactant
(GO + SDS), in comparison with water and SDS water solution (SDS solution). Error bars represent
measurement uncertainty.

b. Contact angle

The results presented in Table 2 (contact angles on a stainless-steel substrate) and Table 8 (a copper
tube) are the averaged values of all measured points for each droplet at the ambient temperature.
For each droplet, the correctness of each measured data point in a set of observations was assessed
using Chauvenet’s criterion. It should be noted that the left and right angles are the same, as shown
in Figures 6 and 7, evidencing the symmetry of the nanofluid droplets.

e Stainless steel substrate

The addition of graphene oxide flakes did not change the contact angle of fluid droplets on the
stainless-steel substrate within the experimental uncertainty range (Table 2). This was most likely
due to the small concentration of GO flakes (0.1 g/L). With the same concentration and substrate, a
similar CA value was reported in [55] for water-based carbon nanohorn nanofluids (within the
experimental uncertainties in both studies). Therefore, the results after boiling were also similar to
water. The standard deviation of GO nanofluid measurements increased in comparison with water
because of the movement of particles inside the droplet. The after-use sample exhibited standard
deviation lower than the fresh GO nanofluid and higher than water. This was an effect of the reduced
number of flakes in the sample after boiling compared to the fresh nanofluid, but still some flakes or
agglomerates were present in the fluid.

Silica nanofluid showed the best wettability on the stainless-steel surface. The droplets had about
30 - 32% smaller contact angles than water and GO nanofluid. According to Chinnam et al. [35], silica
nanoparticles may have sizes orders of magnitude greater, as well as higher density and mass than
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the liquid molecules. This exerts additional downward force on the droplet, which squeezes the
droplet towards the solid surface, and in consequence reduces the contact angle. Boiling had
negligible effect on the contact angle of silica nanofluid.

Measurements of silica nanofluid produced the highest standard deviation due to it having the
highest nanoparticle concentration among all the investigated samples (2 vol.%). The standard
deviation was slightly reduced for the sample after boiling, but both samples had higher standard
deviations than water and GO nanofluid.

Table 2. Averaged contact angles between stainless steel substrate [41] and droplets of investigated fluids at
the ambient temperature. CA — contact angle, o — standard deviation, Vol — volume of the droplet
during measurement, Temp — current ambient temperature.

Sample CAto[°] Vol [uL] Temp [°C]
Water 72.1+1.02 5.2 20.9
GO nanofluid 73.2£3.91 4.3 22.2
GO after boiling 73.612.92 4.4 22.4
Silica nanofluid 50.1+5.53 5.0 21.2
Silica after boiling 49.8+4.87 49 21.2

Illustrative pictures of droplets during measurements on the stainless steel substrate can be seen in
Fig. 6.

Fresh nanofluid Sample after boiling
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Fig. 6. Examples of measured droplets of silica nanofluid samples on stainless steel substrate.

Hernaiz et al. [41] conducted a benchmark study of contact angles of graphene oxide, alumina and
gold water-based nanofluids. They proposed a new correlation of the contact angle in dependency of
droplet temperature (t) and volume (V,) based on the results obtained at different research
institutes [41]:

Or(t,Var) = ag + ast + aVler/e’, (2)

where ag, a;, and ay are coefficients depending on the type of investigated fluid.
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Coefficients in equation (2) for water and graphene oxide nanofluid are presented in Table 3.
Parameters are characterised by high standard errors, but this is the first available correlation that
allows for the computation of the contact angle on a stainless steel substrate (the same that was
used in this study) for given nanofluids based on a wide range of experimental results. Unfortunately,
no coefficients are available for silica nanofluid.

Table 3. Parameters in correlation of the contact angle proposed by Hernaiz et al [41].

Sample ao [°] a.[°/°C] ay [°/ dm]
Water 103.28 + 13.25 -0.83 £0.58 -480.52 £ 228.34
GO nanofluid 183.08 + 44.08 -4.39+1.88 -797.57 £504.53

Table 4 presents a comparison between the contact angles obtained experimentally and estimated
using the above-mentioned correlation (Eq. 2). The differences between measurements and
calculations do not exceed 8% in case of water and both GO samples and are included in the
standard errors of parameters described in [41].

Table 4. Comparison of the contact angle measured experimentally (CA exp) and estimated from the
correlation [41] (CA corr), Diff is the percentage difference between both values.

Sample CA exp [°] CA corr [°] Diff [%]
Water 72.05 77.71 7.9%
GO nanofluid 73.24 72.66 0.8%
GO after boiling 73.61 71.52 2.8%

Cobanoglu et al. [42] analysed if available theoretical models describing contact angle of single-phase
liquids are suitable for the estimation of nanofluids. They investigated four types of water-based
nanofluids — gold (Au), graphene oxide (GO), aluminium (I) oxide (Al,03), and silicon dioxide (SiO,)-
synthesised in the same procedure as the sample analysed in this paper. Among tested nanofluids,
silica nanofluid showed the highest differences between experimental and calculated values. This
was a result of high concentration (2% vol.) and additional effects, such as disjoining pressure,
convective flow inside the droplet, etc. Considered models require details of the droplets (e.g.
droplet baseline radius, apex height and curvature) that are not known before conducting
experiments, so this approach is not practical for engineering applications.

Chinnam et al. [61] experimentally investigated contact angles at the solid-fluid-air interface formed
by water, propylene glycol, and mixture of water and propylene glycol in a mass ratio of 40 to 60% on
the glass surface. Then, four types of nanoparticles (Al,O3;, ZnO, TiO,, and SiO,) were dispersed in
60:40 PG/W base fluid with concentrations between 0 and 6% and average particle sizes ranged from
15 to 50 nm. Based on the statistical analysis of the results, they proposed the following correlation
as a function of temperature (t), volumetric concentration (@), and the size of nanoparticles (d,) [61]:

nf(t dp,®) = a1 + a¢ + bl( )+ Cl(d )+D (3)

where t, is reference temperature (26 °C); a3, a,, b, ¢;, and D are coefficients described in Table 5;
and dyy is fluid molecule parameter [61]:

3

dys = 0.1 [ ] (4)

NAT ppfo
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where M is molecular weight, N4 Avogadro number, Ppfo is density of the base fluid at 20 °C.

Table 5. Coefficients in eq. (3) for Chinnam [61] correlation on contact angle of PG/W-based nanofluids
containing Al,03, ZnO, TiO,, and SiO, nanoparticles on glass surface.

Coefficient in eq. (2) [35] Value
a; 10.5194
a, -4.17912
b, -0.00252388
C; -0.000674063
D 0.989345

The comparison of experimental results with the values calculated from correlation (eq. 3) is shown
in Table 6. The correlation overestimates the contact angle value by about 24%, and should not be
used for water-based nanofluid. Water-based silica nanofluid is characterised by better wettability
than PG/W-based nanofluid, although pure 60:40 PG/W base fluid is characterised by a significantly
lower contact angle than DI water [61]. This suggests that the influence of nanoparticles on a water-
based nanofluid is even stronger than for 60:40 PG/W-based nanofluid.

Table 6. Comparison of the contact angle measured experimentally (CA exp) and estimated from the
correlation proposed by Chinnam et al [61] (CA corr).

Sample CA exp [°] CA corr [°] Diff [%]
Silica nanofluid 50.1 62.2 24.2%
Silica after boiling 49.8 62.2 24.9%

Chinnam et al. [61] also presented a linear correlation for given nanofluids in dependence of
temperature. For SiO,-based nanofluid, the correlations are as follows:

Table 7. Linear correlations for silica nanofluid based on concentration [61] and difference (Diff) between the
contact angle measured experimentally (CA exp) and estimated from the correlation [35] (CA corr).
Temperature used for these correlations should be in K.

Sample in [35] Correlation CA exp [°] | CA corr [°] | Diff [%]
2% Si0,, 30 nm an = —0.801t+ 74.75 50.1 57.8 15.2%
6% SiO,, 20 nm an = —0.5497 t + 59.14 50.1 47.5 5.2%

Changing PG/W to distilled water as a base fluid in SiO, nanofluid acts as increasing concentration of
nanoparticles. This is in opposition to the trends of contact angle results for the base fluid, and thus
the contact angle of silica nanofluids should be investigated more thoroughly in the future. Due to
the limited number of investigated temperatures in this study, there is no possibility to develop new,
reliable correlations for silica nanofluid.

¢ Copper substrate (tube)

The next analysed surface was a smooth copper tube with roughness of about 0.6 um. The possibility
of tube curvature adjustment in the equipment software allowed the conduction of these
experiments. Each measurement took 15 seconds and started after droplet deposited on the surface.
An illustrative water droplet on a copper tube with adjusted curvature is presented in Fig 7.
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Fig. 7. Contact angle measurement of water droplet deposited on a copper tube with adjusted curvature.

Table 8 presents the averaged values of contact angles between the smooth copper tube and
droplets of investigated fluids at the ambient temperature. Although the substrate material,
curvature, and absolute values of contact angle differ (the values are higher for the copper
substrate), the trends are similar to those on the stainless-steel substrate. The droplets of both silica
samples displayed the lowest contact angle. Results obtained for the fresh silica nanofluid had the
highest standard deviation due to the highest concentration of nanoparticles.

Table 8. Averaged contact angles between copper tube and droplets of investigated fluids at the ambient
temperature. CA — contact angle, o — standard deviation, Vol — volume of the droplet during measurement,
Temp — current ambient temperature.

Sample CAt o] Vol [uL] Temp [°C]
Water 90.7+4.66 6.1 21.6
Silica nanofluid 79.616.16 5.6 22.7
Silica after boiling 74.71£3.46 5.0 22.5
GO nanofluid 94.8+4.42 6.6 21.1
GO after boiling 89.0+2.63 4.8 22.6

The standard deviation for measurements of water on a copper substrate is not the lowest, as it was
the case for the stainless steel substrate. Most of the samples had similar standard deviations (in the
range of 3.46° - 4.66°). This could be a result of an external error, for example higher possibility of
deposition of the droplet on the side of the tube (presence of weak advancing/receding dynamic
contact angles), or necessary adjustment for the tube curvature, which is more complicated than
adjustment for the horizontal surface.

Similar to the stainless steel substrate, samples based on graphene oxide flakes formed droplets
characterised by contact angles similar to that of water within an experimental uncertainty. In
opposition to the horizontal steel surface, a decrease in contact angle for the after-use sample
compared to the fresh nanofluid was noticed on the copper tube. Both graphene oxide samples were
characterised by worse wettability on the copper tube than silica nanofluid samples.
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4. Conclusions

The paper investigates the effect of boiling on the surface tension and contact angle of two
nanofluids: one containing the graphene oxide flakes and one with the silica spherical nanoparticles.
The above-presented results complement earlier studies focused on boiling characteristics and heat
transfer capacity of the thermosyphon [7,14]. Current paper is focused on the characterization of
samples before and after a series of boiling experiments. Surface tension of before-use and after-use
nanofluid was measured in the temperature range of 15-75°C and compared with the values for
water. Additional measurements of graphene oxide nanofluids with and without addition of sodium
dodecyl sulfate surfactant (SDS) were performed to distinguish the effect caused by graphene oxide
flakes and surfactant itself. Contact angle measurements were conducted at the ambient
temperature on two different surfaces: a stainless-steel substrate and a smooth copper tube. The
results for stainless steel substrate were compared with existing correlations, but no similar study
was found for a copper tube.

The conclusions are as follows:

e Silica nanofluid (2 vol.%) was characterised by 4 —9% lower surface tension than the base
fluid (water) for a temperature range of 15-75°C. In comparison with pure water, the contact
angles of silica nanofluid were approx. 31% lower on the stainless-steel substrate and 12-
18% on the copper tube. Reduced surface tension of silica nanofluid had a significant impact
on boiling behaviour in the thermosyphon. It affected boiling regimes and suppressed
geysering [7].

e The graphene oxide nanofluid showed surface tension and contact angles similar to water
due to the low concentration of graphene flakes (0.1 g/L). The impact of graphene oxide
nanofluid on the heat transfer capacity of the thermosyphon [14] was not related to its
surface tension or wettability.

e Differences in analysed properties of all samples before and after boiling were negligible —
smaller than the measurement uncertainties. Silica nanofluid that was previously boiled in
the thermosyphon had slightly higher averaged surface tension and smaller contact angles
compared to the fresh nanofluid. This could be an effect of reduced concentration of
particles in the sample after boiling due to deposition of nanoparticles on the inner wall of
the thermosyphon. In the case of graphene oxide nanofluid, there were actually no trends of
visible changes.

Further research is required to address the behaviour nanofluids in thermosyphons and the influence
of boiling on their properties. Special focus should be put on a wide range of operating conditions,
investigation how type and concentration of nanofluids affects the results, and how boiling time
influences the change in nanofluid characteristics. Nanofluids are often studied under conditions
rarely met in the real applications. It is especially true for low pressure devices that require further
studies and development of proper measurement techniques.
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