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Nomenclature

Symbols

dgg, Acp, Ay coefficients, [°, °© °C™!, o m™!]
thermal conductivity, [W (m K)']
droplet radius

mean roughness [m]

temperature, [°C]

volume of droplet, [pl]

< =a
EEES

Greek letters

r line tension, [kg m s~?]

Vv liquid-vapour surface tension, [kg s72]
n dynamic viscosity, [kg m~' s71]
0 contact angle, [°]

p density, [kg m~3]

® frequency [s7!]

Subscripts

ad advancing

cor correlation

dr droplet

exp experimental

fl fluid

H20 DI-water

nf nanofluid
re receding
0 under zero-volume condition

Abbreviations

CA contact angle

DI deionised

GO graphene oxide
NF nanofluid

RH relative humidity

Abbreviations of participating institutions
K4 IK4 TEKNIKER (Spain)

IKCU izmir Katip Celebi University (Turkey)

ILK Institut fiir Luft- und Kéltetechnik Dresden (Germany)
NAITEC NAITEC- Automotive and Mechatronics Centre (Spain)
8] Universitat Jaume I (Spain)

UoB Transilvania University of Brasov (Romania)

UoL Lund University (Sweden)

UoP University of Padova (Italy)

UR1 Université Rennes 1 (France)

usdcC University Santiago de Compostela (Spain)
DEU Dokuz Eyliil University (Turkey)

Nanofluids

Influence of volume
Influence of temperature
Experimental strategy

nanofluids contact angle of sessile droplets on the measurement device is found. However, the measure-

ments reveal clear differences of the contact angle of nanofluids compared to the pure base fluid.
Physically founded correlations of the contact angle in dependency of droplet temperature and volume

are obtained from the data. Extrapolating these functions to zero droplet volume delivers the searched

limiting contact angle depending only on the temperature. It is for the first time, that this specific param-
eter, is understood as a characteristic material property of nanofluid droplets placed on a certain sub-
strate under a certain atmosphere. Together with the surface tension it provides the foundation of
proper modelling phase change heat transfer processes of nanofluids.

© 2019 Published by Elsevier Inc.

1. Introduction

Nanofluids - suspensions containing particles with sizes rang-
ing from 10 to 100 nm - seem to be a promising new option to
increase heat transfer. Production, characterisation, and thermody-
namical tests are underway to prepare these special fluids for
industrial applications [1]. Determination of thermophysical prop-
erties — density, viscosity, thermal conductivity etc. — are most
important for this process. This study presents a strategy to define
the contact angle of nanofluids on solid surfaces and atmospheres
relevant for industrial applications.

The contact angle of a nanofluid 6 is the angle between the tan-
gents on the gas-suspension interphase and on the gas-substrate
interphase at the three-phase contact line [2]. Besides surface ten-
sion, the contact angles which nanofluid droplets form with sub-
strates are among the thermophysical properties which have not
yet been intensely investigated [3]. Nevertheless, the analysis of
a few studies [4-7] (see Table Al of Supplementary Material)
reveals already the complexity of such an endeavour.

A nanofluid is not just another type of liquid with more or less
changed thermophysical properties. In general, suspensions like
nanofluids have to be considered as two-phase materials consist-
ing of a solid component, i.e. the nanoparticles, and a liquid com-
ponent, i.e. the base fluid. In flowing, nanofluids exert, with
respect to their magnitude, very unequal forces (e.g. viscosity
and inertia) on the nanoparticles. Hence, a single-phase character

and, therewith, effective thermophysical properties may be accept-
able for these flows [8]. This might not be the case in nanofluid vol-
umes like droplets utilised for contact angle measurements which
are not moving or only slowly. The decoupled movement of
nanoparticles and base fluid may create e.g. ring stains following
from capillarity flow [9] or a structural disjoining pressure [10].

Experiments utilising conventional devices for measuring con-
tact angle, which is mostly the case, cannot identify such effects.
Therefore, a robust experimental approach which delivers reliable
results is needed. This study which is part of the NANOTENSION
[14] project of the COST Action 15119 NANOUPTAKE (see COST
Action NanoUptake website [1]) aims for such a strategy. It pre-
sents the results of the first Round Robin Test about contact angle
measurement of nanofluids which involves nine European
institutions.

The goal of this investigation is to carefully measure contact
angles of well-defined nanofluids employing a solid substrate
made of stainless steel as relevant surface for industrial applica-
tions. The study is performed employing different measurement
techniques, as well as both commercial and in-house built devices.
This variety allows to proof if contact angle measurements are
affected by interdependencies between measurement device and
nanofluid. Moreover, it enables to collect statistics from indepen-
dent laboratories for a massive data base which allows the devel-
opment of a strategy for determining the contact angle of
nanofluids.
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The results are analysed with respect to plausibility and to reli-
ability of the measurement techniques employed. In addition, rec-
ommendations are developed for the measurement and practical
analysis of nanofluid contact angles. Finally, it is demonstrated that
the limiting contact angle for zero-volume is the relevant thermo-
physical property to properly characterise a nanofluid droplet
placed on a certain solid substrate under a certain atmosphere.
This parameter depends on the temperature, the surface energy
of the substrate, the solid-liquid interfacial interaction and the
specification of the nanofluid. In case of heterogeneous nanofluids,
contact angles are additionally dependent on the type of particles,
their size distribution and concentrations, and possible interac-
tions with the solid (specific adsorption, aggregation, deposition
etc.).

2. Materials and methods

The three nanofluids employed in the study were produced in
one batch each. Production took place simultaneously in January
2018. After production, the three batches were sent to ILK, split
into nine charges, and sent together with the solid stainless steel
substrate to the participants on Feb. 2nd, 2018. Fig. 1 shows the
three nanofluids and Fig. 2 the substrate upon posting.

2.1. Nanofluids

2.1.1. Graphene oxide nanofluid

Graphene oxide nanofluid is prepared at the Institute of Elec-
tronic Materials Technology (ITME) in Warsaw (Poland) through
a modified Hummers’ method. Graphite, as a source material, is
oxidised at the temperature of 50 °C in a solution of 95% sulfuric
acid (10 g of graphite per 1 L), sodium nitrate (mass ratio of sodium
nitrate to graphite 2:3), and potassium permanganate (mass ratio
of 6:1). The resulting slurry is diluted in deionised water and then
H,0 is added. Afterwards, cleaning is performed in a microfiltra-
tion device. Finally, the solution is diluted to the graphene oxide
concentration of 0.1 g/l. No surfactant is added. It is expected that
the main dimensions of the graphene oxide particles ranges
between 770 and 900 nm. However, their thickness is only
between approximately 2 and 10 nm nanometres [18]. According
to the definition of nanofluids given in the introductory section
the graphene oxide nanofluid does strictly speaking not belong to
this group of suspensions. However, due to practical reasons and
the common practice employed in literature the GO suspension
is termed nanofluid as well.

Fig. 1. Employed nanofluids. From left to right: GO, Au, and Al,0s-nanofluid.

Fig. 2. Frontal view of stainless steel substrate. Droplets for CA measurements are
placed right in the centre of the substrate. Lines indicate Perthometer path to
measure surface roughness. For measured roughness values, see Table A2 of
Supplementary Material.

2.1.2. Alumina nanofluid

The alumina nanofluid is produced at ICMATE - Institute of Con-
densed Matter Chemistry and Technologies for Energy (Padua,
Italy). Deionised water (Millipore, Billerica MA, 18.2 MQ, USA) is
used as base fluid. Al,0; powder (Alfa Aesar, 99.5%, 40-50 nm
declared size) is dispersed in water at 0.1 vol% concentration by
combined magnetic stirring and sonication. The sonication is per-
formed by an ultrasonic processor (VCX130, SONICS®, SONICS &
MATERIALS INC., USA) at 65W and 20 kHz for 30 min, followed
by a sonication at 120 W and 20 kHz for 10 min. A Zetasizer Nano
ZS (Malvern Instruments Ltd©, United Kingdom) is used to mea-
sure the average size of the nanoparticles in water and the Zeta
potential. The mean size is 123 +2 nm and the Zeta potential
69 + 1 mV. No surfactant is added.

2.1.3. Gold nanofluid

The gold nanofluid is produced by Particular GmbH (Germany).
The nanoparticles are prepared by pulsed laser ablation directly in
the base fluid DI-water (PLAL) [19]. For that purpose a gold sub-
strate (Agosi Allgemeine Gold- und Silberscheideanstalt AG, Ger-
many) with a purity of 99.99% and a thickness of 0.5 mm is
placed in an ablation chamber filled with 100 ml Milli-Q water.
Sodium chloride (NaCl, purity > 99.9%, VWR Prolabo, Germany) is
added prior to ablation with a concentration of 0.1 mmol/I in order
to stabilise and quench the size of the gold nanoparticles [20].
Employing a Nd:YAG ns-Laser (Rofin Powerline E20, ROFIN-
SINAR Laser GmbH, Germany) with working wavelength, pulse
duration, repetition rate, and pulse energy of 1064 nm, 7 ns,
15 kHz, and 0.35 m], respectively, an intense laser beam is focussed
onto the gold target. For this a F-Theta lens with a focal length of
100 mm is utilised. The spot size on the target after ablation is
40+5um in diameter, leading to a laser fluence of 27.9 J/cm?2.
For maximal target utilisation the laser beam is guided along the
gold surface according to a predefined spiral pattern with an inter-
nal diameter of 6 mm and a scan speed of 4 m/s by a galvanometric
scanner (SCANcube10, SCANLAB, Germany). The nanoparticle mass
concentration of the produced gold colloid is obtained by weighing
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the gold target before and after ablation. By adjusting the ablation
time and diluting the gold colloid, a final nanoparticle mass con-
centration of 10 mg/l is prepared. The colloid is characterised by
dynamic light scattering (Nicomp 380 DLS-ZLS, Particle Size Sys-
tem Inc., USA) directly after synthesis. The mean diameter of the
nanoparticles is 8.34 nm (o = 2.21 nm).

2.2. Solid stainless steel substrate

The solid substrate is made of stainless steel (Fig. 2). The dimen-
sions of the cubic bloc are 30 mm by 30 mm, with a thickness of
5 mm. All solid substrates are manufactured from one single round
stock. Substrate after substrate is cut off from this raw material
utilising the same lathe to ensure the same material and surface
quality of all substrates. The cube shape is obtained by milling
off the sides. For the dynamic Wilhelmy plate experiments carried
out by UoB, a stainless steel plate (UoB-sample) is provided which
is 10 mm wide, 20 mm long, and 0.8 mm thick.

The steel material is 1.4301 N° AISI/ASTM 304 (short name
X5CrNi18-10), a commonly employed stainless steel with a density
of 7.9 g/cm?, a thermal conductivity of 15.0 W/(m K), and a specific
heat capacity of 500 J/(kg K) at 20 °C [23]. A cast analysis delivers a
typical composite of 17.00 to 19.00% chromium, 8.00 to 10.50%
nickel, <0.07% carbon, <1.00% silica, <2.00% magnesium, <0.045
phosphor, <0.015 sulphur, and <0.11 nitrogen [24]. The stainless
steel plate (UoB-sample) employed for the Wilhelmy plate experi-
ments is of the same material.

Fig. 2 shows the front side of the stainless steel solid substrate
on which the droplets are positioned. The visible surface structure
follows from lathing. The manufacturing process creates a narrow
spiral which, after light polishing, has a mean roughness index of
R, ~0.20 pm and an averaged surface roughness of 1.4 um (see
Table A2 of Supplementary Material) employing a Perthometer
M4Pi (ILK, measurements according to [25]). To ensure comparable
experimental conditions in each experiment, the droplets are
either placed centric or at several positions on the solid substrate.
In the latter case, the data which are processed further are
averaged.

2.3. Measurement of contact angle

The following sections describe the measurement devices and
techniques employed by the nine teams for contact angle determi-
nation. All experiments have been carried out under atmospheric
pressure. In general, all experiments follow the best practice of
the different institutes. For experimental details with respect to
droplet size, ambient temperature, pressure (if available), and rel-
ative humidity of surrounding air see Table A3 of the Supplemen-
tary Material.

2.3.1. Biolin Scientific — Attension Theta optical tensiometer (IKCU)

Contact angle is measured employing an Attension Theta Opti-
cal Tensiometer (Biolin Scientific, Sweden/Finland) utilising sessile
drop method. The shape of the drop on the solid substrate is anal-
ysed by images taken by a high resolution FireWire camera
(1984x1264 pixel) with telecentric optic and 55 mm focus length.
The camera is combined with a NAVITAR - 1-60135 zoom system
(NAVITAR, NY/USA) with 6.5X zoom and 12 mm fine focus capabil-
ity. The duration of each measurement is 10 s, during which 125-
140 images are analysed. The drop shape is fitted to the Young-
Laplace equation. In order to measure contact angles, surface ten-
sion is also measured and set as a property for each fluid.

During measurements for all fluids, the baseline, which is
defined as the horizontal line connecting both three-phase points,
is set up automatically by the device. Before each measurement,

the solid substrate is cleaned to avoid the effects of nanoparticles
on the surface roughness.

2.3.2. Kriiss Goniometer G1, UJlI-device (UJI)

The contact angle is determined by the sessile drop technique
either employing a Kriiss Goniometer G1 (Kriiss Goniometer G1,
Kriiss GmbH, Germany) or an in-house built device.

Employing the Kriiss Goniometer, droplets of known volume
are positioned at the centre of the surface of the substrate using
a syringe. To reduce the influence of droplet evaporation, the mea-
surements are taken within 60 s after droplet deposition. As the
equipment requires visual inspection to evaluate the contact angle,
three independent observers monitor this parameter permanently.
The average contact angle is calculated as the arithmetic mean of
five droplets. For each droplet, the results from the three observers
are considered.

The main components of the self-designed optical device are
shown in Fig. 3. A horizontal platform supports a holder on which
the substrate is placed. A micrometer carrier controls the height
and the axial position of the droplet regulator which holds the syr-
inge. The syringe places a sessile droplet of a certain volume onto
the centre of the substrate. The apparatus has a LED panel light
source, which produces a homogeneous background illumination
with negligible thermal influence, thus providing an ideal contrast
for the image to be taken by the camera. In this device, both con-
tact angle and droplet volume were obtained by image processing.
The images of the droplets are taken immediately after deposition
to minimise a possible evaporation impact. For each fluid, the
results from 3 to 6 different drops are averaged.

2.3.3. DSA-30 drop shape Analyzer (UR1)

Contact angle measurements at UR1 are carried with a DSA-30
Drop Shape Analyzer (KRUSS GmbH, Germany) employing the ses-
sile drop method. First, calibration and measurement uncertainty
are checked using sessile drop gauges, with known contact angles
of 30°, 60°, and 120°, respectively, provided by the manufacturer. A
maximum relative deviation of 0.52% is obtained. In the experi-
mental procedure, a 15-gauge needle with an outer diameter of
1.835 mm fixed to a syringe mounted on the device is used to take
the test fluid within its container and to produce droplets with a
controlled flow rate and volume [15].

Once the droplet is produced, it is deposited on the substrate
and the instrument records and digitally analyses its shape. A base-
line is then adjusted on the contact line of the substrate. The
reported CA values are measured within a few seconds following
the deposition. They represent the mean of left and right contact
angle. Two methods which are part of the analysis software are
considered for CA evaluation: Young-Laplace equation and ellipse
method.

2.3.4. Goniometer Surftens Universal (IK4)

Contact angle measurements at IK4 are carried out employing a
Surftens Universal Goniometer (ASTRONICS Technologies Pte. Ltd.,
Singapore). The goniometer consists of an automatic liquid dis-
penser for dosing controlled droplet volumes and a mobile plat-
form to deposit the substrate. The latter component allows for
adjustments of the distance between the syringe carrying the test
liquid and the stainless steel substrate. A camera focusses on the
droplet and records digital images which are then processed by
an integrated software. Contact angle is predicted based on the
Young-Laplace equation. The goniometer has a measuring range
from 1 to 180° with a resolution of +0.05°.

The experimental protocol employed is performed under con-
trolled temperature and humidity conditions. It contains the fol-
lowing steps:
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Fig. 3. In-house built contact angle measurement devices. Upper photos show the UJI device (left) and the NAITEC device. Middle photo represents the ILK device and lower

photo the UoP device.

1. Before and after each measurement, the substrate is cleaned by
sonication for 60 s; for that it is immersed in a glass with DI-
water and then dried with a microfiber tissue.

2. A drop of controlled volume is deposited on the substrate, and
the CA is measured at O s and 10 s.

In the sequence of tests, the DI-water is measured first, followed
by the proposed nanofluids.

2.3.5. Goniometer DSA100 (Kriiss) drop shape analyser (UoL)

For each measurement, a droplet is dosed by a needle (Kriiss
GmbH, Germany) onto the substrate. It takes about 10 s for light
focusing, and another 10 s to measure the contact angle. For each
single contact angle value, the time duration is about 30 s. All mea-
surements are performed at a similar time scale, i.e. tens of sec-
onds. For each fluid, the contact angles are measured five times.
An average value is calculated based on three intermediate values,
excluding the maximum and the minimum value.

During the tests, the central position is first checked by adjust-
ing the x-y-z supports, without contact angle measurements,
including both positioning of the stainless steel substrate and posi-
tioning of the droplet on it. Before each measurement, the sub-
strate is sonicated for 9 to 10 min in tap water, then rinsed with
ethanol, and then with milli-Q water three times. After that, the
plate is gently dried with a nitrogen gas gun.

First, measurements are carried out for DI-water, and then the
nanofluids are measured.

2.3.6. NAITEC device (NAITEC)
The set-up used by NAITEC (Fig. 3) for the contact angle mea-
surements consists of three main components:

a flat platform for the stainless steel substrate to test and adjust
the height,

an electronic micropipette to dose a fixed droplet volume, and
a digital camera to register the images.
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These images are subsequently used to determine CA employ-
ing Image], a free software. The procedure for the contact angle
measurement is as follows:

1. Adjust the height between platform and end of the
micropipette.

2. Adjust the dispense speed and the drop volume of the

micropipette.

. Place the substrate on the platform.

. Dose one droplet on the substrate and take a digital image.

5. Repeat step (4) six times on different sites of the substrate to
check the surface homogeneity.

6. Process the images with the software to obtain contact angles.

7. Final contact angle is the mean of the six measurements.

AW

2.3.7. ILK device (ILK)

The ILK device for determining CA is an in-house built appara-
tus (Fig. 3). Main components are a sample table carrying the stain-
less steel substrate, an indirect light source with 129 LEDs
(WALSER GmbH & Co. KG, Germany), a light disperser, and a digital
reflex camera (Canon EOS 40D). The camera is equipped with a
close-up lens (Tamron, SP 90 mm F/2.8, Di MACRO 1:1, VC USD;
Japan). A pipette (VWR Pipettor 2-20 pl) is utilised to position
the droplets on the substrate. A precision thermometer (Greisinger
GMH3710, GHM Messtechnik GmbH; Germany) is employed to
measure the temperature directly above the droplet.

The camera is connected with a laptop to store and process the
droplet images. Determination of contact angle is carried out
employing Image], including extension “drop analysis” [16]. The
contact angle of each analysed droplet is determined on both sides.
Six droplets are analysed to calculate mean and variance. Time
span between droplet position and taking the photo to determine
the contact angle ranges between 10 and 20 s.

2.3.8. UoP device (UoP)

The UoP device is designed to measure the contact angle of flu-
ids at ambient condition. A High Speed Video Camera (Phantom
v9.1) equipped with a NIKON 200 mm macro lens and a Nikon
1.7x teleconverter is positioned in front of the stage where the dro-
plet is located. The droplets are deposited on the surface of the
stainless steel substrate by means of a calibrated 50 pl Hamilton
syringe equipped PB600-1 dispenser and illuminated from the
back by a single LED cold source.

After a sensitivity analysis, 5 p is selected as reference volume
for the contact angle measurements. This avoids the pooling effect
and minimises the volume uncertainty, which is estimated to be
around 0.5 pl. The droplet shape analysis is conducted using a
free referenced plugin software for Image] called “DropSnake” [17].

Contact angles are measured on the basis of 6 independent dro-
plets randomly deposited on the surface of the substrate. From the
recorded video of each droplet, 3 frames are extracted and anal-
ysed. In the end, 18 frames for each fluid are investigated. Contact
angles on both sides of the droplets are determined. The first value
of the given contact angle of each fluid is therewith the average of
36 measurements. Finally, the average value excluding the highest
and the lowest CA data points is calculated and presented in this
study.

2.3.9. Biolin Scientific — Attension tensiometer (UoB)

UoB employing the Wilhelmy plate method carried out addi-
tional experiments with respect to the dynamic contact angle. This
method is based on the load measurement during interaction of a
thin plate with the free surface of a liquid. For the measurements a
thin plate of 10 mm wide, 20 mm length, and 0.8 mm thickness,

consisting of the same material as all other solid substrates is
employed.

When the stainless steel plate submerges into the liquid, the
advancing contact angle 0,4 is determined. The receding contact
angle 6,, is obtained when the plate is pulled out of the liquid. A
computer-controlled Sigma 700 force tensiometer (Biolin Scien-
tific, Sweden/Finland) is employed to measure the loads. The ten-
siometer has an auto-calibrating microbalance that is capable of
measuring loads up to 210 g with a resolution of +0.01 mg. It per-
forms measurements in a range of 1 mN/m to 2000 mN/m with a
resolution of 0.001 mN/m.

In the first stage, surface tension y of each sample is measured
using the du Noilly method as described in [39] at a temperature of
20 °C. The values of the surface tension are used later on to deter-
mine the dynamic contact angles using the Wilhelmy plate proce-
dure. In order to establish the precision of the measurements,
surface tension of distilled water is measured in a temperature
range between 20 °C and 50 °C and compared with the values pro-
vided by NIST [29], are compiled in Table A4 of the Supplementary
Material. For all measurements performed, the maximum devia-
tion is 0.5%. Based on values of forces per length (F/I) during
advanced and receding stages, which are within the range of F/l =
(-7.00, 60.00) mN/m, the maximum deviation of the measured
angle, 0 = ArcCos [(F/ L)/ 7 1, is AOmax = 0.4°.

2.4. Thermophysical properties of nanofluids

Densities p of the nanofluids are measured by USdC employing
a DSA-5000 equipment (Anton Paar, Austria), whose core part is a
U-shaped glass vibrating-tube densimeter. The temperature is con-
trolled within +0.005 K by a built-in thermostat. The apparatus is
calibrated with ultrapure water (Elix 3 purification system, Milli-
pore Corporation, USA) and dry air. The standard uncertainty of
density measurements is estimated to be 5-10°6 g.cm 3.

Thermal conductivity is measured by DEU using a lab made
setup which uses an hot-wire thermal probe with AC excitation
and 3w lock-in detection [21]. The thermal probe is made of a
nickel wire which has a length of 19.0 mm and a diameter of
40 pm. The probe is used both as thermometer and heater. Appli-
cation of sinusoidal alternating current at a frequency of w results
in generation of a heat source and temperature fluctuations at 2w
depending on the thermal characteristics of the wire and the sur-
rounding medium. Also, the heater resistance is disturbed by these
temperature fluctuations at 2 and results in a voltage signal at
3. In order to determinate thermal conductivity, the amplitude
and the phase of the 3w voltage signal is detected and substituted
into a mathematical model. The 3w voltage signal is measured by
using a lock-in amplifier with third-harmonic detection and sepa-
rated from 1w to achieve good signal-to-noise ratio by using a
Wheatstone bridge. The measurements are performed at 22 °C
and at frequencies of 0.5 Hz, 1 Hz, and 2 Hz. For validation of the
setup, thermal conductivities of pure fluids, i.e. DI-water and ethy-
lene glycol, are measured and k-ratios Kexp | Kreference are found
within an accuracy of +2%. For the case of repeated measurements
of nanofluid samples considered in this study, repeatability of k-
ratios is found within +0.3%. All nanofluids are measured three
times. Before and after each measurement, the thermal conductiv-
ity of pure water is measured for equipment validation.

Shear flow behaviour and viscosity of nanofluids are experi-
mentally evaluated by UR1 employing a Malvern Kinexus Pro
stress-controlled rheometer (Malvern Instruments Ltd©, United
Kingdom) equipped with a cone-and-plate geometry. The angle
and diameter of the cone are 60 mm and 1°, respectively. The
device is suitable for low viscous dispersions. Measurements are
performed at 21 °C and under steady-state conditions imposing a
logarithmic shear stress ramp. The latter was selected to cover a
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shear rate range between 10 and 1.000 1/s for each nanofluid sam-
ple. The temperature is established and controlled by a Peltier tem-
perature control system with a precision of 0.1 °C. Measurements
are done after a holding time of 300 s to allow the sample to adjust
to the surrounding temperature. The sophisticated experimental
procedure applied is described detailed in [22], where the uncer-
tainty in viscosity measurement is reported to be less than 4%.

3. Results and discussions

The following sections discuss the thermophysical properties
and give an overview on the obtained contact angle data and their
analysis. Table 1 compile the colour code for all data presentations.
The nomenclature provides abbreviations for all institutions
involved in the measurements of this study. Data are represented
with always the same symbol throughout all graphical representa-
tions. Dots stand for the reference fluid DI-water and squares for
the NaCl-solution. Graphene oxide nanofluid is represented by
upright triangles, alumina nanofluid by diamonds and the gold
nanofluid by stars.

3.1. Thermophysical properties

Thermophysical properties — density, viscosity, and thermal
conductivity — are compiled in Fig. 4. Density of gold and graphene
oxide nanofluids coincide nearly perfectly with the equivalent val-
ues of DI-water [29]. The reason for the marginal departure (less
than 0.1%o) is either the low concentration (Au NF) or the low den-
sity of the nanoparticle material (GO NF). It is assumed that the
apparent density of graphene oxide sheets is close to that of gra-
phite and ranges between 1.5 and 1.9 g/cm® [30]. The alumina
nanofluid has a slightly higher density than DI-water. At 20 °C
the increase amounts to 0.26%. However, the temperature depen-
dency of this nanofluid also reflects that of DI-water.

The middle plot of Fig. 4 depicts the viscosity of the three
nanofluids. Due to its extraordinarily low concentration and no
addition of any surfactant, the gold nanofluid shows a Newtonian
behaviour which is nearly identical to DI-water. The alumina nano-
fluid behaves weakly and the graphene oxide nanofluid moderately
non-Newtonian. Both suspensions are shear thinning. Plotted in a
log-log diagram, data for both nanofluids depict linear correlations
between dynamic viscosity and shear rate, which points in both
cases toward a power law characteristic. Amplitude and extension
with shear rate of shear-thinning region is more pronounced with
the graphene oxide than for the alumina nanofluid. Viscosity of the
alumina suspension at high shear rate tends towards that of DI-
water while it is higher for the graphene oxide nanofluid.

Thermal conductivity of graphene oxide and alumina nanofluids
(lower plot of Fig. 4) is about 0.4% below that of DI-water. The gold
nanofluid shows nearly the value of DI-water. The influence of
nanoparticles on the thermal conductivity of the suspensions is
therewith negligible.

Table 1
Symbol and colour code for data presentation.

Institution Colour

University of Padova (Italy)

IK4-TEKNIKER (Spain) [ ]

NAITEC (Spain)

Lund University (Sweden) ]

Université Rennes 1 (France) Laplace [ ellipse 1

izmir Katip Gelebi University (Turkey)

Universitat Jaume [ Castell6 (Spain) commercial [l non-commercial
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Fig. 4. Characterisation of nanofluids. Upper plot shows density, middle plot
viscosity, and bar charts thermal conductivity ratios. Blue line / curve in upper and
middle plot indicate water according to NIST database. Brown and green lines show
power law fit of GO and alumina viscosity for low shear rates. Error bars in lower
plot indicate variance of measurements.

To summarise, the gold nanofluid behaves, with respect to den-
sity, viscosity, and thermal conductivity, more or less like DI-water.
For the alumina nanofluid, only weak departures from the DI-
water parameters are found. Concentration is higher here, but still
low enough not to induce significant effects. The graphene oxide
nanofluid behaves similarly with respect to density and thermal
conductivity. However, its viscosity is clearly non-Newtonian.

3.2. Contact angle - Effect of stainless steel substrate

Because each team has only one substrate available, cleaning is
a challenging task. This is especially true when it comes to nanoflu-
ids. The goal here is to completely remove all remaining nanopar-
ticles after each measurement.
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Schuster et al. [12] find on a stainless steel surface that no
cleaning leads to increasing contact angles with consecutive dro-
plets. On the other hand, these authors report that cleaning with
acetone or ethanol does not affect measured contact angle values.
Preliminary experiments carried out at NAITEC revealed that if iso-
propyl alcohol is used for cleaning the substrate’s surface, a reduc-
tion of the CA of up to 10° is observed. The fact that cleaning
strategy employing acetone or even DI-water may affect CA mea-
surements is confirmed by additional experiments at ILK. It seems
plausible that any liquid remainder of the detergent, or also a sur-
face coating which may follow from dried detergent, affects the
contact angle. In general, any wetness on the surface undermines
the intension to measure advancing contact angles, which are char-
acterised by the initial formation of wetting lamella due to adhesion
of the liquids to the solid surfaces, which is a soft substrate [26].
Therefore, after any cleaning a strict drying is needed.

Trials which make use of ultra-sonication of the surface of the
substrate indicate an influence on surface roughness and therewith
on the measured CA values [27]. The general finding of this specific
tests carried out with one of the substrates is that R, remains con-
stant while R, decreases (see Table A2 of Supplementary Material).
Roughness is measured employing a Profilometer DEKTAK 8 (FIL-
METRICS, Inc., USA).

The fact that ultra-sonication might affect metallic surfaces by
cavitational erosion is known [28]. In contrast, immersing the sub-
strate in water kept in a beaker which is then placed in a standard
ultrasonic cleaner for cleaning seems to be an acceptable strategy
(UoL). The polished face of the substrate should be in contact with
water, but not touch the beaker wall. NAITEC carried out experi-
ments without and with such an indirect ultra-sonicating and
found no differences in the measured contact angles. Similarly,
IKCU found that ultra-sonication is a proper cleaning strategy.

To summarise, ultra-sonication seems to be an adequate proce-
dure for removing nanoparticles from stainless steel substrates in
preparation for consecutive tests. However, it is most important
that results of several independent experiments are compared to
check if cleaning affects experiments. This strategy is applied here.
All data are seen in context. Moreover, careful inspections of sub-
strate surface and reference measurements are needed to exclude
any flaws following from inappropriate cleaning.

According to point (5) of the NAITEC procedure (Section 2.3.6),
contact angle measurement is carried out at six different positions
of the substrate to check its homogeneity. The mean CA value
obtained for DI-water (t =23.0 °C, V4= 19 pl) is 68.7° with a stan-
dard deviation of 1.78°. Similar for graphene oxide and alumina
nanofluid at the same temperature and with the same droplet vol-
ume, standard variances of 1.75° and 1.34°, respectively, are found.
UoP has a similar strategy (Section 2.3.8) measuring at six positions
and averaging over 30 data points. The standard deviations found
at UoP for DI-water are 1.93°, for GO nanofluid 1.31°, for alumina
nanofluid 1.31°, and for gold nanofluid 2.21°. These two indepen-
dent results indicate that position of the droplet on the substrate
has only a weak influence on contact angle compared to tempera-
ture and droplet volume.

3.3. Contact angle - Raw data

For illustration, photos of droplets of all four liquids - UJI in-
house built device - are shown in Fig. 5. Contact angle raw data
in dependency of temperature as they are provided by the partic-
ipants of the round robin test are compiled in Fig. 6. Some of the
participants delivered data taken with different droplet volumes,
but at constant temperature. These data sets form columns in the
diagrams. Note that all data are represented with error bars indi-
cating the variance of the obtained values. However, in the most
cases these error bars disappear in the symbols.

The first diagram shows, beside the DI-water data, also one
result for the base fluid of the gold nanofluid. As discussed in Sec-
tion 2.1.3, this suspension is stabilised with 0.1 mmol/l NaCl.
Therefore, one of the teams (NAITEC) carried out a measurement
employing a NaCl-solution with the same concentration. The
results taken at the same temperature utilising the same droplet
volume - DI-water: 68.7°, NaCl-solution: 71.5°, gold nanofluid
67.9° - indicate that the difference is small and well within the
scatter of data. That the influence of a NaCl concentration of
0.1 mmol/l in water is actually negligible is shown in [31].

Data analysis of the Wilhelmy method (UoB) revealed that the
CA results are influenced by the state of the surface - dry or wet
- of the UoB sample. The procedures employed, either optical or
using a force tensiometer, indicate different values for 0,4 by either
submerging a dry or a wet surface of the stainless steel sample into
the test liquids. This effect is known as the initial formation of wet-
ting lamella [26]. For determining 6,. there is no other option then
to pull out an already wet sample. Usually the static contact angles
is determined as the mean of advancing and receding angle or the
arc cosine of the mean of the cosines of the two angles [2]. Plots of
Fig. 6 show the advancing and, hence, dry surface condition during
the first measurement of each cycle, and the receding and, hence,
wet surface condition contact angles and the two static CA follow-
ing from these data.

The stability over time of nanofluid samples is investigated by
two experimental series carried out on Feb. 21st and on March
9th, 2018, employing a Kriiss Goniometer DSA100 Drop shape
analyser (UoL). Both experimental series are conducted at the same
temperature, 22.1 °C, and with the same droplet volume, 2 pl. The
results of both runs indicate with 72.8°, 71.7° (DI-water, —1.53%);
63.7°, 66.7° (GO nanofluid, +4.50%); 83.5°, 82.8° (alumina nano-
fluid, —0.84%); and 82.6°, 82.6° (gold nanofluid 0%) reasonable
agreement. Observation with the naked eye (ILK) of gold and gra-
phene nanofluid stored in glass ampullas (Fig. 1) indicates no vis-
ible sedimentation for several weeks. Weak sedimentation is
observed for the alumina nanofluid, which could be removed by
sonication or even by intense shaking.

The measurement device (DSA-30 Drop Shape Analyzer)
employed by URT1 allows different methods to determine the con-
tact angle value. Within this study, both the well-known Young-
Laplace equation and the ellipse method are considered for all
investigated fluids. The latter approach simply consists of fitting
an ellipse in the evaluation of the sessile drop outline. No signifi-
cant differences between both methods are found for any of the
investigated fluids.

In general, all four analysed liquids show a tendency for lower-
ing the contact angle with increasing temperature (Fig. 6). This
effect seems to be stronger for the three nanofluids compared to
DI-water. The observable scatter follows not simply from experi-
mental error, but rather from the different droplet sizes utilised
(see Table A3 of Supplementary Material). To cope with this com-
plexity, a strategy is proposed in the following section.

3.4. Contact angle - Data processing

Based on the theoretical consideration - density and surface
tension being two temperature and pressure dependent thermo-
physical properties which affect droplet contour [11] - it is argued
that a measured contact angle depends on the local temperature.
Note that local temperature does not simply mean any sort of
ambient temperature, but rather the temperature of the thermal
field actually affecting the contact angle.

Therewith, contact angle measurements are a non-isothermal
task. Meaning it is the mass of the nanofluid utilised for the mea-
surements and not its volume that matters. Based on this fact and
on the theoretical considerations by Vafaei and Podowski [11], who
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showed that the contour of a droplet depends on its weight, it is
argued that the contact angle of a droplet correlates with its mass.
If the experimental temperature is fixed or changes only slightly,
this correlation can be replaced by a dependency of the droplet vol-
ume. The existence of such correlations for DI-water on stainless
steel has been experimentally confirmed [12].

The shape of an experimentally investigated sessile droplet
depends on external fields such as gravity, electrical or magnetic
field, etc. [40]. Under these circumstances a single-phase droplet
is not spherical, despite the fact that it might be axisymmetric
[11]. It should be mentioned that droplets with a characteristic
length scale less than the capillary length, which is about 2.7 mm
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for pure water, show a spherical shape even under terrestrial con-
ditions [41]. Experimental studies [13] indicate that decreasing the
volume of a single-phase droplet drives the contact angle asymp-
totically to a constant value at zero-volume. However, it seems
to be an open issue, if this dependency is appreciable [12,13] or
rather weak [42,43]. Consequently, the contact angle under zero-
volume condition is a function of temperature and pressure, as
with any other thermophysical property. It is assumed that this
conclusion is, to the first order, also true for two-phase nanofluid
droplets.

Combining the above arguments, the contact angle is describ-
able by a Taylor series expansion of two variables: local tempera-
ture and droplet volume. The droplet volume Vg, stands for the
characteristic geometrical length of the droplet Il which is the
cube root of this parameter. The Taylor series - truncated to the
first order term - reads then

Oa(t,Var) = aon + acat + avalar, lar = Vfilrm (1)

where 0 (t, Vq4,) denotes the contact angle of a certain fluid at a
given temperature t for a certain droplet volume Vy;.

The last term of Eq. (1) should not be confused with a represen-
tation of line tension. Line tension and reactive wetting are repre-
sented by additional terms in Young’s equation [44]. That the line
tension term then is mostly written in the form I'/ (14, 7;,) does not
necessarily lead to the interpretation that the limiting contact
angle becomes ill defined. Molecular dynamical results [45]
rather indicate, that I' varies with droplet size and contact
angle approaches at sufficiently small droplet radii a saturation
of cos(0) = 1. However, Eq. (1) is not about these effects. It rather
summarises any influence related to temperature and volume
affecting the contact angle based on heuristic assumptions.

From an experimental point of view it is impossible to create
droplets of zero-volume. Moreover, droplets with very small vol-
ume may increase experimental error significantly. Therefore,
based on the above considerations, it is proposed to employ the
limiting value of Eq. (1) for zero-volume 0y (t, 0) as the character-
istic contact angle of a nanofluid. To obtain this limiting value, a
sufficient number of data points with finite droplet volume have
to be fitted employing Eq. (1) to determine the coefficients agp,
as, and ayy. By taking the limit for Vg — 0, a linear function for
0o is found. The pressure dependency of the limiting contact angle
is excluded due to the weak compressibility of water under ambi-
ent conditions.

The proposed data processing consists of three steps:

1. Fitting of the data according to Eq. (1).
2. Determining the limiting contact angle for zero-volume.

Ono = 04(t,0).

4. Analysing the temperature dependency of 0p.

Fitting is carried out by employing the Levenberg-Marquardt
algorithm [32] implemented in MATHEMATICA 10.2. The obtained
coefficients agg, a.p, and a, are compiled in Table A5 of the Sup-
plementary Material. The data obtained with the Wilhelmy plate
method (UoB) are not considered in the fitting procedure because
they provide other parameters than the sessile drop methods.

Experimental data analysed here range between 19 °C and
25 °C. The density of DI-water at these temperatures amounts to
998.55 kg/m> and 997.25 kg/m? (NIST data base [29]), respectively,
which correlates to a lowering of 1.3%. over the considered tem-
perature range. This fact and the marginal differences between
the density of DI-water and the densities of the nanofluids allow

the application of eq. (1). It is sufficient to consider droplet volume
instead of droplet mass as a parameter.

In the first step, the DI-water data are approximated. The first
diagram of Fig. 7 shows that the experimental data (horizontal
axis) and the predicted data (vertical axis) based on 0y0 (t, Vgr)
are in reasonable agreement. The majority of the data is found in
the error band of + 10%. To confirm the found dependency, data
from several independent references [5,33-35] are utilised.
Because temperature, droplet size, and experimentally obtained
contact angle are given in these publications the contact angle
according to eq. (1) could be predicted and depicted in Fig. 7.

Most of the reference data are found in the error band of +10%.
Zhao et al. (2004) [26] employed with EN 1.4301°, AISI/ASTM 304
the same steel grade as this study. However, only data which are in
the temperature range investigated here are considered from
Zhao’s study. All experiments by Kim et al. (2007) [5] including
nanofluids are carried out on EN 1.4401°, AISI/ASTM 316. Experi-
ment by Orazi et al. (2015) [34] are carried out on AISI 316 L. Pra-
jitno et al. [35] use stainless steel AISI/ASTM 304 grinded with
different grit emery paper. First plot of Fig. 7 shows data for the
grits 500, 800, and 1000.

The second and third diagram of Fig. 7 are quality checks for the
graphene oxide and the alumina nanofluid. In both cases the scat-
ter is slightly larger than for DI-water. The alumina results are con-
firmed by an independent data point from [5]. For the gold
nanofluid the data are again found within the +10% error band.

The last quality check plot compiles all data including DI-water.
For each liquid the corresponding fitting function is applied. The
majority of the data is within the +10% error band, which confirms
the validity of the proposed fitting strategy.

Fig. 8 depicts the fitting function for DI-water in dependency on
the droplet volume for the three temperatures 19, 22, and 25 °C.
These three temperatures resemble the range spanned by the
experiments (see Table A3 of Supplementary Material). Due to
the weak dependency on temperature, the curves appear as if they
have just been shifted along the vertical axis. At zero droplet vol-
ume the curves indicate 6y00(t, V4= 0) the contact angle under
for zero-volume condition.

For comparison, the contact angle correlation [12] for DI-water
on stainless steel (EN 1.4401°, AISI/ASTM 316) is plotted. This cor-
relation gives about 20° lower contact angles, which might be due
to different roughness and/or chemical composition of the sub-
strate. However, the inclination of Schuster’s correlation and there-
with the dependency on the droplet volume is comparable with
the curves proposed here. To illustrate this, Schuster’s correlation
is shifted and extended so that it matches the fitting curves for
19, 22, and 25°C at a droplet volume of 8 pl (coloured broken
lines).

With Fig. 8 the fitting function of DI-water 6,0 (t, Vg4r) and the
equivalent correlations for the nanofluids are compared at 22 °C for
illustrative purposes. Additionally, the experimental data are re-
plotted. For that purpose the actual droplet volumes are inserted
in the fitting functions. Temperature is chosen in all cases as
22 °C. Symbols in Fig. 8 render therewith the experimental data
as if they had been taken at this temperature. Removing the tem-
perature dependency indicates

1. how actually similar the contact angles of DI-water and the alu-
mina and the gold nanofluid are,

2. that the dependency of the contact angle on the droplet volume
of DI-water, alumina, and gold nanofluid are nearly identical,
and

3. the much stronger and different dependency of the contact
angle of the graphene oxide nanofluid on the droplet volume
compared to DI-water.
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To emphasise these three findings, +10% bands (broken curves)
with respect to the fitting functions are plotted. The +10% bands
are chosen because they render the region where the most exper-
imental data are found (Fig. 7).

With respect to the outcomes following from Fig. 8, it is empha-
sised that all three nanofluids have low nanoparticle concentra-
tions. Moreover, only the gold nanofluid is mildly stabilised with
a dissociating prototypical salt. Any change of the contact angle
compared to pure DI-water may therefore be attributed to the
nanoparticles. Hence, it is not surprising that the alumina and
the gold nanofluid - both with rigid spherical nanoparticles -
behave similarly. The situation is different for the graphene oxide
particles. These fluffy nano-objects have an extraordinarily large
length/width to thickness ratio (Section 2.1.1) and may conse-
quently affect the surface tension and, therewith, the contact line
and angle differently. This finding is similar to the changes of the
dynamic viscosity, which is strongest for the GO nanofluid.

In Fig. 9 the limiting contact angle for zero-volume is depicted
graphically. Table A6 of the Supplementary Material gives for 19,

22, and 25 °C the limiting contact angles for DI-water and the
three nanofluids. The limiting contact angle 6, is basically the
searched thermophysical property, depending on the tempera-
ture, the surface energy of the substrate, the solid-liquid interfa-
cial interaction and the specification of the nanofluid. Due to the
first order approximation of the temperature dependency in eq.
(1), the shown correlations appear linear (Fig. 9). At first glance
it appears that all lines have a negative inclination, which is
stronger for the nanofluids than for DI-water. The general trend
of DI-water - the higher the temperature the less 0200 - is there-
with preserved for all nanofluids. That seems to be plausible
because the overwhelming component of all suspensions is
DI-water. Hence, the found differences between nanofluids and
DI-water and between the nanofluids can be attributed more or
less to the nanoparticles solely. A possible explanation for the
different inclinations (meaning different dependencies on the
temperature) may follow from the argument that the effective
surface tension of the different nanofluids is differently affected
by temperature.
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As a side note it should be mentioned that a special behaviour
of the dynamic contact angle is noticed for GO nanofluid
(UoB-measurements). When the surface becomes wet, after the
first measurement during the testing cycle, the advancing contact
angle value goes down to zero 0,4 — 0, revealing a situation when
the liquid stretches over the surface. This wetting hysteresis indi-
cates a possible interaction between graphene oxide particles and
solid substrate and therewith an interaction between measure-
ment device and nanofluid. It has to be mentioned that similar
effects are not observed for sessile droplets of all nanofluids
investigated.

5. Strategy for determining the contact angle of nanofluids

Only the contact angle for zero-volume, can be understood as a
characteristic material property of a nanofluids droplet placed on a
certain solid substrate under a certain atmosphere. To cope with
this fact and to find this property, the following strategy is
proposed.

(a) Both base fluid and nanofluid have to be investigated to
quantify the influence of the nanoparticles on the contact
angle of nanofluids. Note that the de facto base fluid may
consist of the pure base fluid and some chemical cocktail
employed to stabilise the suspension against agglomeration.
Moreover, it should be proved that the substrate is suffi-
ciently homogeneous.

(b) A sufficient number of contact angle measurements under
varying temperatures and with different droplet volumes
for both base fluid and nanofluid have to be carried out. If
the substrate is not renewed from experiment to experi-
ment, a proper cleaning strategy must be chosen to remove
remaining nanoparticles. Ultra-sonication seems to be such
a procedure in preparation for consecutive tests.

(c) Fitting of experimental data employing a physically founded
approach delivers correlations depending on temperature
and droplet volume.

(d) Only the comparison of the limiting contact angles of base
fluid Op20,0(t, Var = 0) and nanofluid 6,¢0(t, Vg, = 0) provides
information on the characteristic differences between base
fluid and nanofluid.

6. Conclusion

For the first time the contact angle of dilute water based nano-
fluid droplets placed on a stainless steel substrate was measured
within the frame work of a round robin test. Nine European
research laboratories determined the contact angle of graphene
oxide, alumina and gold nanofluids. Based on the results it is
demonstrated, that the contact angle for zero-volume 0q(t, 0)
can be predicted from a sufficiently large data base of contact
angles. The round robin test indicates, that the contact angle of ses-
sile droplets of dilute nanofluids can be measured exactly without
influences from the measurement technique. However, cleaning
strategy may have a strong influence and must be chosen carefully.
All remainders of detergent and any nanoparticles remaining from
previous tests on the sample have to be removed thoroughly.

Differently to most other contact angle studies on nanofluids
see e.g. [36-38] the contact angle for zero-volume 0y is consid-
ered as the proper thermophysical property to characterise dilute
nanofluids. This limiting contact angle depends on the tempera-
ture, the surface energy of the substrate, the solid-liquid interfacial
interaction and the specification of the nanofluid. The general
trend found for deionised water - the higher the temperature the
less 05 - is preserved for all nanofluids which indicates, that the
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found differences between the different fluids are caused by the
nanoparticles.

Further research is underway with respect to surface tension of
dilute nanofluids [14]. Both contact angle for zero-volume and sur-
face tension will be the basis for proper modelling of nanofluid
heat transfer with phase change taking place on a certain surface
under a certain atmosphere.
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