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The demand for efficient and sustainable energy is continuously increasing. Among the many technologies with
great potential within this field are nanofluids. Nevertheless, there is still a considerable lack of information
regarding their erosive effects on systems materials. In this research, the tribological behaviour of aqueous
1.33 wt% TiO, nanofluid was investigated when jet-impinged with an average velocity of 0.8 m/s at flat
targets of various materials (plastic, copper, rubber). The target surfaces were analysed using scanning electron

microscopy (SEM), energy dispersive x-ray spectroscopy (EDX) and X-ray diffraction (XRD). It was found that
impinging TiO, nanofluid caused erosion of 282 g/( yr.mm?) for copper and 212 g/( yr.mm?) for plastic. In
addition, a deposition of nanoparticles was found for rubber at rate of 2.7 kg/(yr.mm?).

1. Introduction

Nanofluids are nanometer-sized particles dispersed in a base fluid
such as water or oil. The added particles alter the chemical and physical
properties of the base fluid, and perhaps the most interesting is the
enhancement of the heat capacity and thermal conductivity [1]. This
causes a significant improvement in terms of efficiency and economy
when applied to energy systems.

Despite the very interesting advantages of the possible application
of nanofluids, there are major drawbacks of solid particles dispersed in
operating fluids. Although nanoparticles are of significantly small size,
they have the potential to cause wear of surrounding material. In some
applications, such as thermal solar energy, this can be partially avoided
by replacing nanofluids with “black fluids”, see e.g., [2-4]. For many
other applications, however, there is a need to identify the tribological
behaviour of nanofluids before using them in large industrial applica-
tions. Additionally, the performance of nanofluids is strongly connected
to their stability, and the agglomeration of nanoparticles is a common
problem in the manufacturing and application of nanofluids.

George et al. [5] studied the erosive effects of a 0.1%-volume
TiO,/water nanofluid on cast iron and aluminium. They conducted
experimental tests at different velocities and impingement angles of 0°—
90° (the impact angle was measured from a horizontal axis). Erosion
was found at a maximum to be close to 90° for cast iron, and 20°
for aluminium. The material removal of cast iron was mainly due
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to corrosion-assisted erosion, while the aluminium smoothening was
identified as a result of mild abrasive erosion. Some degree of work
hardening was also observed for both materials.

Recent studies [6,7] have investigated the effect of aqueous nanoflu-
ids, namely TiO,, Al,03, ZrO, and SiC impinging onto flat metallic
targets of aluminium, stainless steel and copper. Stainless steel targets
encountered negligible thickness reductions. Copper targets, on the
other hand, eroded, and aluminium turned out to be the most sensitive
material with significant mass losses. Also, metals’ resistance to erosion
has previously been shown to be proportional to their hardness [8,9].
Aluminium has a lower hardness than copper and is more chemically
reactive than copper, which explains the larger mass loss. The nanopar-
ticles shown to cause the largest wear were of the following materials:
TiO,, Al,0; and ZrO,.

Jet-impingement tests have found alumina/water nanofluids to
erode both aluminium [6,10,11] and copper surfaces [6,10,12], but
cause negligible erosive effects on stainless steel [6]. Additional tests
found the flow of alumina/seawater nanofluids to result in mass loss of
carbon steel due to the combined effect of erosion and corrosion [13,
14].

A study by Rashidi et al. [13] isolated the effect of erosion alone
and found erosive rates of alumina nanofluids (average particle of
20 nm) to increase by a factor of ~10% compared to its base fluid.
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Fig. 1. (a) SEM (Jeol JSM-7400F, magnification 100k) and (b) TEM (Jeol JEM-1230, magnification 225k) images of dry TiO, nanoparticles.
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Fig. 2. Particle size distribution in the concentrated nanofluid.
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Fig. 3. Particle size distributions in the nanofluid before and after the experiment.

Another interesting finding is that by Bubbico et al. [6], namely that
two different concentrations of Al,0; in water were shown to erode
aluminium at very similar rates.

Routbort et al. [15] performed tests of nanofluid erosion in a car
radiator using SiC nanoparticles in water and CuO nanoparticles in
ethylene glycol. No erosion was found for impact angles ranging from
30° to 90° on a Al3003 material surface. The only wear found in one
case (CuO/water nanofluids) was corrosion, causing a material loss.
In the following study, Routbort et al. [16] investigated the possible
erosion of an impeller made of Al3003. CuO and SiC in ethylene
glycol were used. No erosion was found after more than 700 h of
impingement.

Jiang et al. [17] investigated the interaction of RAFM, 316L(N),
and CuCrZr alloy with alumina-water nanofluids. The CuCrZr alloy
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Fig. 4. Schematic description of the experiment and the photo of the tank with
samples. There were 9 samples used to assure the repeatability.

Table 1

Properties of TiO, nanoparticles used in the research.
Property Value
Density 4260 kg/m?
Primary particle size 21 nm
Vickers hardness 1121 kg/mm? [6]
Molar mass 79.87 g/mol

revealed severe wear compared to the two other materials. The ex-
perimental results indicate wear as a function of test duration, fluid
velocity, and particle concentration.

There exist few numerical studies with nanometer-sized particles in
multiphase flows, despite significant amounts of similar studies with
milli- or macrometer-sized particles. A numerical study conducted by
Kosinska et al. [18] investigated the erosive effects of micro- and nano-
sized particles in pipe elbows. As expected, increasing fluid velocity
and particle diameter promoted the erosion rate. However, for particles
smaller than 100 pm the maximum erosion rates reached the highest
levels for smaller particles. This was explained by the formation of
secondary flows pulling the smaller particles towards the elbow wall.
Nevertheless, this did not occur to nanoparticles, as their low mass does
not cause enough damage to erode the wall.

Safaei et al. [19] studied copper-water nanofluid numerically in
90° elbows. The results show maximum erosion rate, average erosion
rate, and total erosion rate to increase with particle diameter, vol-
ume fraction, and fluid velocity. Erosion in pipe bends by micro- and
nanoparticles (10~6 m and 10~° m particle diameter) were also numer-
ically investigated by Shinde et al. [20]. The erosion rate was found to
be determined by particle impact angle and turbulence secondary flow.
The micro-particles showed higher erosion compared to nanoparticles
for nearly every operational condition. However, at bend angles higher
than 100° and an identical radius of curvate, the erosion was nearly
identical for micro- and nanoparticles.

Further experimental work is necessary to understand the erosion
caused by nanofluids. To this date, the existing work covers different
methods of identifying erosion. To be specific, most studies analyse the
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Fig. 5. Analysis of a copper sample for three cases: (a) SEM image of the initial surface at two different magnifications with compositional analysis; (b) SEM image of the surface
after the first water test; (¢) SEM image the surface after the final erosion test with compositional analysis.

target material by using profilometers and electron microscopy images.
This provides information about the erosion pattern and magnitude.
Few studies aim to find the quantitative wear, e.g., the mass loss and
hence attain an erosion rate. Additionally, most present studies involve
short-term erosion, but the possible applications of nanofluids require
knowledge about long-term erosive effects. Therefore, we focused on
these issues.

2. Experiment

In our research, we used titanium dioxide powder, with >99.5%
purity (from Sigma-Aldrich). The nanofluids were produced by dispers-
ing the nanoparticles in distilled water with surfactant. The surfactant
was polyvinylpyrrolidone (PVP), also purchased from Sigma-Aldrich.
Its mass fraction was the same as of the nanoparticles.
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Fig. 6. XRD analysis of the treated copper sample.

Table 2
Mass change of the samples after two erosion tests calculated in units [g/year]. For
some samples, we observe an increase of mass (depicted by plus).

Water [g/yr.] NF [g/yr.] NF aver. [g/(yr.mm?)]
#1 +1.936 +2.020
Rubber #2 +1.850 +1.848 2725
#3 +1.914 +1.494
#1 + 0.182 -0.115
Plastic #2 +0.189 -0.128 -212
#3 +0.181 —-0.190
#1 —0.0516 -0.175
Copper #2 —-0.0793 -0.190 -282
#3 —-0.0629 —-0.193

Fig. 1 shows microscopic images of dry TiO, nanoparticles. The
figure shows that the particles in dry conditions form micro-sized
agglomerates of primary particles. According to the datasheet from
Sigma-Aldrich, the mean size of the primary particle was 21 nm. Other
properties of the nanoparticles are depicted in Table 1.

The preparation of the TiO, nanofluid was done by using a two-step
method. First, TiO,, PVP, and distilled water were weighed separately
by the use of a weighing scale (Kern 440-33N, with a precision of
0.01 g). Next, nanoparticles were dispersed in the distilled water,
continued by the addition of the aforementioned surfactant. These
components were then pre-mixed before being properly dispersed using
an ultrasonic bath (Branson 3510) at 320 W for two hours. Finally,
the finished nanofluid was visually examined for full dispersion. The
fluids used in the experiments were analysed to find their particle
size distribution using static light scattering (SLS) (Malvern Mastersizer
2000).

The test batch of the nanofluid was prepared in several stages.
Initially, 1.0 litre of the nanofluid was produced in the sonicator at
a mass concentration of 6 wt%. The particle size distribution in the
concentrated nanofluid is presented in Fig. 2. The figure reveals that
the mean particle size was about 50 nm. Also, the agglomeration of
primary particles did not play an important role in the sample and the
nanofluid was very stable.

Furthermore, to accumulate the desired volume of the nanofluid,
five 1-litre volumes were mixed and matured for several days. The
resulting particle size distribution shifted to the interval 400-1000 nm,
and thus the stability of the nanofluid reduced, as seen in Fig. 3
(denoted as “before the experiment”). The last step of the nanofluid
preparation was a dilution of 5 1 of the nanofluid down to 1.3 wt%
using tap water. The tap water was chosen as the main base fluid to
maintain the physicochemical composition of the system. The rig was
flashed with the tap water multiple times before operation and during

trial runs. According to the SLS-analysis, the dilution procedure did not
alter the particle size distribution.

Afterwards, a wet slurry erosion test was conducted in an experi-
mental setup that is shown in Fig. 4. The rig consisted of a massive
30-1 aluminium tank, a centrifugal pump (VLR 8 from Nocchi), a flow
indicator (QN 1.5 from Werner Schutz), a K-type thermocouple, and a
system of valves. The tank was equipped with a meshed plate, where
nine samples of different materials were mounted in circular sample-
holders. The role of the holders was to prevent the samples from
sliding over the mesh. To avoid a reduction in fluid volume due to
evaporation, a lid was mounted over the tank. The evaporated base
fluid was condensed at the lid and recycled back into the system due
to gravity.

Nine nozzles were located at a distance of 8 mm above the samples
so that each of the nine samples was subjected to a vertical fluid
flow impingement from the nozzles. The inner diameter of the nozzles
was 3 mm, and they were connected to the mainline with an inner
diameter of 16.2 mm. The length of the nozzles was 55.2 mm, and
the distance between them was 120 mm. This distance was chosen
to avoid any mutual influence of the jets from the neighbour nozzles.
A supplementary computational fluid dynamics simulation of the rig
confirmed that the nozzles could be considered as isolated [21].

We used three groups of samples of a different material. The materi-
als chosen for this work were copper, plastic (PVC), and rubber (natural
rubber). The copper and plastic samples were purchased from Astrup
AS and the rubber sample from E Lund Maskin AS.

Each sample was cut into circular plates of 2 mm thickness and
29 mm diameter. Most experimental work done in the literature has
investigated metals such as aluminium, stainless steel and copper. In
our research, copper was selected as it is often used in heat transfer
systems, but also as the resulting erosion rate can be compared to the
rates found in the previous works. Additionally, rubber and PVC were
chosen as they are softer materials so that one might expect a larger
erosion rate compared to copper. Moreover, rubber and various plastic
types are found in smaller components of heat transfer systems, which
makes our study relevant for practical applications.

At first, tap water was added to the tank containing the target
specimens. The system was left running for approximately a month at
the flow rate of 0.19 m3/h. An average flow velocity in a single nozzle
was 0.8 m/s, which corresponded to the Reynolds number of 2400
(calculated using the nozzle diameter). The tap water test was done
to investigate possible erosive effects due to contaminates coming into
water from the environment and the elements of the rig. After shutting
down the system, the target specimens were dried and weighted using
an analytical balance (Sartorius CPA 324S) with a precision of 0.1 mg.
After the background tap-water tests, the samples were cleaned with
distilled water and flash-dried by compressed air from a laboratory
pneumatic system.
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Fig. 7. Analysis of a rubber sample for three cases: (a) SEM image of the initial surface at two different magnifications with compositional analysis; (b) SEM image of the surface
after the first water test; (c) SEM image the surface after the final erosion test with compositional analysis.

In the next test, 1.3 wt% nanofluid was circulated with the same
flow in the system for 334 h. The particle size distribution shifted to
the left as the heaviest particles were deposited in the rig. This is also
depicted in Fig. 3. In addition, the agglomeration of the nanoparticles
was probably hindered by the breakage of formed agglomerates in the
pump and frequent collisions between the particles. It is important
to note that, during the experiments, the temperature of the fluid
increased by about 40 °C above ambient. This was caused by the work
of the pump and the frictional losses in the fluid. After the test, the
material samples were rinsed in distilled water, dried and weighed.
Post-test images were taken by the use of scanning electron microscope

(SEM), energy-dispersive X-ray spectroscopy (EDX) imaging and X-ray
diffraction (XRD) analysis.

3. Results of the experimental analysis

3.1. The mass of target materials

The first source of erosion data was based on the mass loss of the
material targets. The samples were weighed before and after both water
tests and the erosion test. Furthermore, the data were treated to find
the mass loss per unit time. The results can be found in Table 2.
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Fig. 8. XRD analysis of the treated rubber sample.

To begin with, the rubber targets encountered a mass increase from
the erosion test, and with similar rates for both operational fluids. The
most probable explanation is the penetration of particles from the fluid
into the target. It is interesting to note that the mass increase is similar
for both water and nanofluid test. It may indicate that the captured
particles mainly originate from the eroding of the whole rig (the pump
and pipes). This was confirmed by a supplementary SLS-measurement
of the medium that revealed trace amounts of 20 pm particles.

When running the nanofluid test, the volume flow rate increased
by 20% after 150 h from the start of the experiments. We connect
this observation to a partial destabilization of the nanofluid when
the agglomerated nanoparticles settled to the bottom of the tank. A
respective reduction of the apparent viscosity of the dispersion resulted
in a lower pressure loss in the system and the increase of the flow
rate according to the pump curve. According to our estimation, the
resulting concentration of nanoparticles was about 1.1 wt%. This value
was obtained from the analysis of the pump curve, the corresponding
pressure change due to the increased viscosity and the rheological
expression by Roscoe and Brinkman [22].

The destabilization was confirmed by the SLS-analysis shown in
Fig. 3 for a nanofluid sample taken after the experiment. The parti-
cle size distribution was shifted towards the lower sizes, which was
due to the separation of larger particles from the pre-experimental
distribution.

Considering the plastic targets, a mass increase was observed for
each target after the water tests, while a mass loss was encountered af-
ter the nanofluid erosion test. Hence, the erosion by the solid nanopar-
ticles seems to dominate the process and exceeds the large particle
penetration into the target. We note the increase of the mass is signifi-
cantly lower for the plastic targets in the tap-water test, if compared
to the rubber targets. This is because the hardness of the plastic is
about three orders higher than for the rubber. The mean mass loss
rate for plastic targets is approximately a tenth of the observed rate by
George et al. [5] who used aluminium and cast iron as target materials.
Existing experimental research on the erosive effects of nanofluids have
not studied target materials other than metals, reducing the ability
to compare our results with the ones obtained by other researchers.
Discussing the mechanisms of erosion in the nanofluid, we note that
the Stokes numbers for the nanoparticles were of the order 1076-10~*.
Thus, in theory, light particles are not expected to collide frequently
with the targets. However, the Brownian and the turbulent diffusion
of the particles [23] towards the targets contribute to the erosion
significantly when the number density of the particles is high. In
addition, the lubrication forces (a repulsion acting on a particle as the
fluid between the particle and wall is “squizzed”) acting in the vicinity
of the targets incline the nanoparticle trajectories and so sharpen the
impact angles [24].

The copper targets encountered a mass loss for both tests. As seen
in the table, there are differences between the erosion rates of water
and the nanofluid as an operational fluid. The erosion rate caused by
the TiO, nanofluid can be compared to the one reported by Nguyen
et al. [11] for alumina nanofluids impinging onto an aluminium sur-
face. They found a mass loss rate corresponding to 480 g/(yr.mm?),
which is around 70% more than in our work. Also, Celata et al. [7]
investigated the erosive effects of TiO, onto a copper target. They found
negligible erosion rates.

3.2. Wear track analysis by SEM, EDX and XRD

The surface of the samples was also analysed using SEM (Quanta
200 FEG) operated in a high vacuum mode. The images were acquired
using the secondary electron detector with a relatively low accelerating
voltage (10 kV) to avoid charging the samples, as two of the studied
materials were non-conductive. In addition, compositional analyses
were carried out by EDX.

The elemental analysis of the samples was performed by XRD
(Bruker D8 Advance) equipped with a LINXEYE detector using CuKa
radiation in #-26 configuration. The analysis was carried out at room
temperature in the 20 range from 20 to 80 degrees, with a step size
of 0.04 degree and a counting time of 2 s per step. EVA software
was used for the identification of the crystalline phases present in the
diffractograms.

Fig. 5 shows images of the copper sample (taken at the different
stages of the test). The image taken before the tests depicts circular
structures obtained during machining of the samples, but the SEM—
EDX analysis shows almost pure copper, as expected. The image taken
after the first water sample shows a crater-like structure on the surface.
This may have been due to macroscopic particles in the system, as
already discussed. Therefore, the mass of the samples reduces during
the experiments. The SEM-EDX analysis also reveals the presence of
copper oxide (corrosion).

The elemental composition is shown in two different regions. As
can be seen, the amount of titanium (indicating the presence of TiO,)
is significant all over the analysed surface, but it is much higher in
the holes than in the flat regions. This suggests an accumulation of
nanoparticles in the formed cavities.

To confirm the presence of TiO, by a complementary method, XRD
analysis was carried out. The result for the copper sample is presented
in Fig. 6 with the identification of the present phases. As can be seen,
apart from Cu and Cu,O0, TiO, was also identified, which corresponds to
the results of the SEM-EDX analysis. Additionally, the oxidation of the
sample, corroborated by the presence of Cu,O phase, can be assumed to
be an effect of the test. This also shows that corrosion took also place.

The presence of corrosion in addition to erosion was also investi-
gated by other researchers. For instance, Molina et al. [25] studied a
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Fig. 9. Analysis of a plastic sample for three cases: (a) SEM image of the initial surface at two different magnifications with compositional analysis; (b) SEM image of the surface
after the first water test; (¢) SEM image the surface after the final erosion test with compositional analysis.

system of alumina nanoparticles in water with ethylene-glycol. Also,
in [26,27] alumina-nanopowders in water were used. Similarly to our
research, they investigated the mass loss of specimens, supported by
optical microscopy. Zhang et al. [28] investigated erosion and corrosion
on aluminium alloy in ethylene glycol-water solution. They used an
impingement-jet system, that is, our experimental set-up could also be
compared to theirs. Finally, an analogous issue was addressed by [29],
who studied CuO in water and ethylene glycol. However, all these

papers involved combinations of different materials (types of particles
and fluids) than those used in the present research.

The SEM results for one of the rubber samples are shown in Fig. 7.
The surface of the initial sample is highly in-homogeneous, presenting
a large number of holes and incrustations, with a different component
balance. The first water test did not change the general surface struc-
ture, even though the total mass of the samples increased. This was
most probably due to the deposition of the corroding elements of the
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nanofluid test. This would indicate that the rubber samples’ erosion
process was negligible compared to particles’ deposition.

The analysis of one of the plastic samples is shown in Fig. 9. The
surface gathered a significant amount of electric charge during the
measurement, which made it challenging to perform the compositional
analysis (the material is not conductive). Also, the surface was rough,
which makes it more difficult to draw conclusions. Therefore, after the
final erosion test, the presence of TiO, was determined by analysing
the whole region of the image, i.e., not a punctual analysis as for
the previous samples. The analysis reveals that particle deposition
occurred. Reading the corresponding XRD report from Fig. 10, we
confirm the uptake of titanium oxide by the PVC surface.

3.3. Roughness analysis

Raw and treated samples were also characterized by using a Bruker
stylus profilometer DektakXT. The profile of each sample was de-
termined for a 5 mm sampling distance on several regions of the
samples.

Fig. 11 shows the surface roughness profiles of one of the copper
samples. As seen from the figure, after the erosion test the surface of the
sample presents a significantly larger roughness than the raw sample.
Similarly, Fig. 12 shows profilometry curves for the plastic samples.
However, the extent of the growth is lower for the plastic samples than
for the copper samples: the erosion process results in a double-fold
increase in the roughness due to the formed craters.

Finally, Fig. 13 shows roughness profiles of one of the rubber sam-
ples. The most remarkable effect of the erosion test is the appearance
of the surface “deformation” in the order of micrometre-scale. In fact,
this was also detected for the plastic samples, even though the effect
was lower. A possible explanation is a low hardness of the sample
material. Regarding the roughness itself, the effect is considerably
lower compared to copper and PVC. This may confirm our previous
analysis that revealed a limited effect of erosion on the rubber samples.

Total Profile (nm)

Total Profile (nm)

Sampling distance (mm)

Fig. 11. Surface roughness profiles of raw and treated copper samples.
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Fig. 12. Surface roughness profiles of raw and treated plastic samples.
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Fig. 13. Surface roughness profiles of raw and treated rubber samples.
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4. Conclusions

In this research, an experimental method was applied to investigate
the erosive effects of a solid-liquid flow onto a flat target. A set-up
was developed to expose submerged targets to low-speed impinging
TiO, nanofluids. The experiments revealed the erosion rates of 282
g/(yr-mm?) and 212 g/(yr-mm?) for copper and PVC respectively. The
rubber samples increased their mass at 2.7 kg/(yr-mm?).

In the process of nanofluid preparation, an increase in mean particle
size was observed due to particle agglomeration. This issue occurred
in the second stage of the process that was diluting the concentrated
nanofluid with distilled water. This also shows that the erosion process
may be more intense due to the presence of larger particles, even
though the total number of particles is less so that the number of
particle-wall collisions is reduced.

Another important challenge in this type of study is isolating the
erosive effects. Nanoparticles tend to deposit on exposed surfaces and
this influences the process. A possible mechanism is the formation of a
protective nanoparticle layer. Also, an important issue is the formation
of corrosion that may occur if one uses metallic surfaces in systems.
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