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A B S T R A C T

With the increasing interest in improving high-performance cooling systems, research on droplet cooling
requires more complex methods for enhancing heat transfer. Hence, we investigate the effect of nanoparticle
presence and concentration on droplet spreading dynamics and heat transfer during the early stages of
spreading on a heated surface. For this purpose, water and three water-based TiO2 nanofluid droplets (0.2,
0.5, and 1 wt%) are tested at four release heights impinging on a sapphire substrate below boiling point
(80 ◦C). With an emissive TiAlN coating in the infrared (IR) domain, the surface temperature of the substrate
is measured via a high-speed IR thermal camera. Droplet spreading is simultaneously monitored with two
high-speed black/white cameras. The thermal and rheological properties are experimentally characterized for
accurate results and to investigate only the nanoparticle presence in the fluid. The captured temperature fields
are analyzed by solving the inverse heat conduction problem. We observe that all nanofluid droplets spread
on a heated surface marginally less than water droplets. To the best of the authors’ knowledge, this study
is the first to reveal that during the early stages of droplet spreading, the presence of nanoparticles and the
resulting change in viscosity primarily influence heat transfer through the modification of the droplet spreading
diameter, rather than changes in thermal properties.
1. Introduction

The demand for high-performance electronic devices and chips
has triggered the need for more efficient cooling techniques. Spray
cooling is a traditional approach used in numerous industrial pro-
cesses to control heat dissipation at high temperatures. While spray
cooling is widely regarded as a state-of-the-art technique, further im-
provements are under investigation. Among them, replacing traditional
coolants with nanofluids, i.e., nanoparticle-laden fluids, still receives
considerable attention [1]. Nanofluids, as a new class of fluids for
heat transfer, do not only offer improvements in effective thermal
conductivity compared to their base fluid but also are expected to
overcome usual problems with bigger particles, such as sedimentation,
clogging, increased pressure drop, and erosion of the spraying system.
However, the heat transfer process gets complicated compared to the
traditional fluids, ending up with contradictory outcomes in several
studies [2]. The exact mechanisms through which heat transfer is af-
fected by nanoparticles are still in debate. In this regard, the postulated

mechanisms, such as thermal conductivity enhancement, nanoparticle
deposition, or modified wetting, must be distinguished to explain the
physical phenomena. For example, the droplet spreading/splashing
dynamics on a solid surface can be modified, and in some cases, it
may even allow the control of the spreading diameter [3]. Indeed, the
addition of nanoparticles to the base fluid can also be utilized to tune
the wettability on a solid surface and help regulate droplet spreading as
a function of nanoparticle concentration [4,5]. Since surface wettability
is one of the key factors in the heat transfer process, the thermal and
hydrodynamic behavior of nanofluid droplets must be simultaneously
assessed during droplet spreading.

The impact of a single droplet, excluding nanoparticles, on a heated
solid surface is already well documented [6]. Nevertheless, heat trans-
fer during a single droplet impact and spreading is already complex
due to the interplay between the impact momentum and the spread-
ing dynamics. To take into account the physical phenomena related
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to droplet dynamics, these non-dimensional numbers are commonly
used: Weber number We = 𝜌𝑢 𝐷0∕𝜎 for inertia/surface tension forces,
Reynolds number Re = 𝜌𝑢0𝐷0∕𝜂 for inertia/viscous forces, and Ohne-
orge number Oh =

√

We∕Re for viscous forces/inertia and surface
tension forces with the material properties density 𝜌, viscosity 𝜂, and
urface tension 𝜎 with impact parameters impact velocity 𝑢0 and initial
iameter before impact 𝐷0 [7,8]. The temperature of the solid surface
lso plays a critical role by influencing the impact dynamics and
eat transfer performance. In fact, several regimes can be observed
ith increasing surface temperature: film evaporation, nucleate boiling,

ransition boiling, and film boiling [9]. More specifically, comprehen-
ive heat transfer models are required to deal with conduction across
he liquid film, internal motion, and convection within the droplet.
n the film evaporation regime, a better understanding of the impact
ehavior, from the onset of impingement and during subsequent oscilla-
ions leading to the shape equilibrium moment, would greatly improve
eat transfer models. Despite some numerical attempts considering the
roplet spreading mechanism with thermal evaporation [10], it is so
ar challenging to predict the real effects of the nanoparticles.

From an experimental point of view, several imaging techniques can
e used. For example, Gholijani et al. [11] simultaneously employ an
nfrared thermal camera (IRC) and a high-speed black/white camera
HSC) to evaluate the effect of wall superheat, impact velocity, and
preading diameter on heat transfer and droplet dynamics. If those
arameters are increased, heat flow also increases owing to the higher
emperature difference between the heated surface and droplet, and
arger spreading. Nevertheless, the wall superheat deteriorates droplet
preading due to the increased evaporation rate in the vicinity of the
hree-phase contact line. Guggilla et al. [12] study a train of two
roplets concentrically impinging on a heated surface. Since higher
eat transfer rates occur in the region of the three-phase contact line,
n increased spreading film thickness (a reduced surface-to-volume
atio) in drop-on-drop cases results in a decline in heat transfer. The
ependence of heat flow on the spreading diameter rather than the
ontact area is explained as a result of the effect of Marangoni forces
nd the cooling by the evaporation being highest near the contact
ine [11–13]. Gholijani et al. [14] further investigate the influence
f wall superheat and the generation frequency of successive droplets.
hey report that the maximum contact line and maximum heat flow
ue to the second droplet do not significantly depend on the droplet
eneration frequency as the shape and temperature do not change
apidly in the former droplet, which can be considered sessile.

Okawa et al. [15] observe that water-based TiO2 nanofluid droplets
ignificantly improve heat transfer in the nucleate boiling regime when
he wall superheat is not too high (below 250 ◦C). Moreover, the critical
eat flux compared to their base liquid is approximately 50% higher.
hey also document that a thin deposited nanoparticle layer on the
ubstrate surface accumulated from the previous droplets improves the
olid–liquid contact. On the other hand, heat transfer can be augmented
y the presence of nanoparticles due to the modified surface wettabil-
ty. For instance, Jackson et al. [16] claim that double-walled carbon
anotubes (DWCN) enhance the transient cooling more on hydrophilic
urfaces, where DWCN concentration does not affect the heat transfer
ate. In another study, Liu et al. [10] speculate that the buoyancy
orces alter the local velocity direction near the contact area as a result
f a layered temperature gradient. Pournaderi et al. [17] numerically
nvestigate the water-based Al2O3 nanofluid droplet impact on a heated
urface. Up to a certain nanoparticle concentration, the heat transfer
ate increases, which is almost independent of the impact velocity.
iddiqui et al. [18] discuss the effect of the mixing ratio of the silver
anoparticles and graphene nano-platelets during the evaporation of a
roplet. The optimum mixing ratio for the fastest evaporation is found
o differ with the surface temperature. Nanoparticle concentration in-
luences the hydrodynamic characteristics of impinging droplets [3],
uch as higher spreading diameter owing to possibly more kinetic en-
rgy [19]. Similarly, the presence of nanoparticles promotes splashing
2

t low Reynolds numbers with higher lamella spreading speeds due
o earlier wetting at isothermal conditions [20]. Pontes et al. [21]
laborate the conditions for the heat transfer enhancement with 0.5%
g-water and Au-water nanofluid droplets, stabilized via CTAB sur-

actant. Their results suggest that even though the nanofluid droplets
emonstrate larger spreading diameters compared to water, the heat
ransfer enhancement can only be observed during the earlier stages af-
er the impact (<20 ms) for low-impact velocities (0.8 m/s, Re≈2400).
hey explain this situation by the local increase of the nanoparticle
oncentration at the triple contact line due to nanoparticle migration,
eposition, and evaporation. Similarly, Jiang et al. [22] focus on the
as–liquid mass transfer of an evaporating sessile nanofluid droplet.
ptimal nanoparticle concentration would improve the mass trans-

er efficiency (the ratio of nanofluid droplet volume change to that
f water) as nanoparticles have the potential to generate additional
ass diffusion, i.e., micro-convective mass transfer. This effect is more
rominent with the smaller particles owing to the promoted Brownian
otion.

This paper aims to experimentally evaluate the influence of the
anoparticles, present in the base fluid, on both the droplet spreading
ynamics and the cooling performance. In particular, we examine
ater-based TiO2 nanofluid droplets impacting a heated TiAlN-coated

lat sapphire substrate whose temperature is fixed below the boiling
oint of the base fluid to remain in the film evaporation regime. The
ocus is first placed on the analysis of the droplet spreading. The
aximum spreading diameter is measured for various impact velocities

nd nanoparticle concentrations. Then, a comprehensive heat transfer
nalysis of the droplet cooling is carried out. Solving the inverse
eat conduction problem accurately quantizes heat removed from the
ubstrate. The heat transfer during droplet spreading is compared for
ifferent impact cases to show the influence of the nanoparticles.

. Materials and experimental methods

Characterizing the heat transfer process during the impact of an
ndividual droplet is not straightforward. Measuring the evaporation
ifetime is insufficient to evaluate the heat transfer performance in
ost cases. More in detail, thermal conduction plays a dominant role

t the beginning of the droplet impact due to the high-temperature
ifference between the droplet and the solid surface. Then, evapora-
ion progressively contributes while the liquid temperature approaches
aturation. Also, at the beginning of the droplet impact, the presence
f nanoparticles can modify the dynamics of the contact line. To
ain some insight into the cooling process, it is essential to quantify
he heat transfer in a time-resolved manner. This can be done with
emperature measurements at the heated solid surface or by mea-
uring the liquid temperature during the spreading [23,24]. In this
tudy, the temperature evolution of the heated surface is observed
sing a high-speed IRC. Basically, the approach consists of a substrate
ransparent in the infrared (IR) spectra, whose surface is coated with

thin layer of an IR emissive material [14,25]. This thin emissive
oating allows monitoring of the temporal and spatial evolution of the
ontact temperature between the substrate and the liquid at a high
emporal resolution. Finally, the local heat flux is derived from these
easurements by solving the transient heat conduction problem inside

he solid substrate, either numerically [11] or based on an analytical
odel [26].

.1. Experimental setup and conditions

Fig. 1 illustrates the experimental setup. The syringe pump infuses
he working fluid through a needle to form a millimeter-size droplet.
he droplets are released onto a heated sapphire substrate at different
eights, i.e., 10, 15, 20, and 25 cm, to vary the impact velocity 𝑢0

(1.45–2.30 m/s). The temperature of the substrate can be adjusted
owing to four cartridge heaters inserted into a steel holder where



0
n
t
i
v
v
n

Fig. 1. Experimental setup characterizing droplet spreading dynamics and heat transfer
performances of water and water-based TiO2 nanofluids impacting onto the heated
sapphire substrate.

the cylindrical sapphire substrate (diameter of 2.54 cm, thickness of
5 mm) is placed. The focus is given to the heat transfer and droplet
dynamics in the film evaporation regime, and the substrate temperature
is set at 80 ◦C for all experiments. Thus, the thermal properties of the
sapphire at 80 ◦C are used for heat capacity (𝐶𝑝sapphire = 899.68 J/kg K)
and the thermal conductivity (𝑘sapphire = 29.51 W/m K) in accordance
with [27,28]. The temperature of the liquid upstream of the needle
tip is thermally regulated at 24 ◦C by using a heat exchanger. In
addition, the droplet is formed within a few-mm small cavity in a
thermal shield, which protects the droplet from the hot air plumes
arising from the heated substrate. Hence, a constant and perfectly
known initial droplet temperature is imposed regardless of its release
height ℎ. To characterize the heat transfer between the droplet and the
sapphire substrate, the same technique in [26] is implemented based
on high-speed IR thermography. Due to the fact that both the sapphire
transparency and the TiAlN emissivity are quite high in the IR region
(< 5 μm), the sapphire is coated with a thin layer of TiAlN so that
the evolution of the sapphire temperature at the upper side can be
monitored during droplet spreading by means of a gold mirror tilted
at 45◦.

The TiAlN film is grown on the sapphire substrate by reactive
magnetron sputtering of the Ti and Al targets (diameter of 5.08 cm
each) in a mixture of argon and nitrogen with flow rates of 30 and
5 standard cubic centimeters per minute, respectively. The cathodes
in the sputtering chamber in a confocal configuration, together with
the substrate holder in the rotating mode (15 revolutions per minute),
guarantee the good homogeneity of the film. The base pressure is fixed
at 0.22 Pa, and the substrate holder is not heated on purpose during the
deposition. The Ti target is powered using a DC power supply (Maxime
1000) with a constant discharge current of 0.57 A, while the Al target is
powered using a pulsed-DC power supply (Advanced Energy Pinnacle+)
with a constant discharge current of 0.5 A. The frequencies of DC pulses
and their off-time values are kept at 50 kHz and 4 μs, respectively. The
distance between the sapphire substrate and both targets is 9 cm. The
deposition rate is 17.4 nm/min, and the time of deposition is adjusted
3

to obtain a film thickness of 2 μm. The small thickness of the TiAlN w
Table 1
Image acquisition parameters.

Camera Frame rate
[fps]

Frame size
[px]

Shutter time
[μs]

Pixel resolution
[μm∕px]

HSC1 (oblique) 12 000 512 × 432 29 16.82
HSC2 (side) 12 000 512 × 432 29 13.60
IRC 2000 320 × 248 90 66.95

coating makes it possible to capture surface temperature variations
within a fraction of μs. The same coated sapphire substrate is used
during the measurement campaign to avoid any change in the surface
wetting properties and roughness [29]. The substrate surface is care-
fully wiped up without harming the TiAlN coating after each impact to
eliminate dust and stain. Furthermore, before each measurement, some
droplets are released to prevent contamination at the needle tip while
the droplet is pending.

Telops FAST M1k IRC is employed for the temperature measure-
ments of the sapphire substrate at 2000 fps. No spectral filter is applied
for the IR signal detection, and the exposure time is fixed at 90 μs
to receive sufficient signal variation during the droplet spreading. A
gold mirror with high reflectivity in the IR region is placed under the
sapphire substrate to direct the view to the thermal camera. Calibration
is performed under the same conditions as in the experiments to convert
the measured digital levels into temperature. The IRC calibration con-
sists of varied sapphire temperatures while measuring the digital levels
of the image. Moreover, the reduction in the signal intensity due to the
reflectance at the lower surface of the sapphire and the environmental
contributions to the signal are included in this calibration. In parallel,
two HSCs (HSC1 and HSC2) (Photron FastCAM-APX RS) in the visible
range are employed to record the droplet impact. The shadowgraphy
imaging including HSCs helps observe the droplet’s dynamic behavior:
HSC1 is positioned at an oblique angle with respect to the sapphire
surface. Its inclination provides an advantage to clearly observe the
structures that develop during the droplet spreading, such as capillary
waves and rim projection. HSC2 is horizontally placed to obtain the
side view for the initial droplet diameter and the impact velocity. Both
cameras acquire shadowgraphy images at 12 000 frames per second
(fps) in a 10-bit grayscale with a 1/35 000 s shutter time. The im-
age acquisition parameters for the three cameras are summarized in
Table 1. To simultaneously trigger the image acquisition, the droplet
fall is realized with an optical barrier. While the droplet crosses the
laser beam of the optical barrier, the laser deviation is detected by
a photodiode that receives the transmitted light in the absence of a
droplet.

ℎ is arranged to adjust the impact velocity to set We and Re
numbers covering the ranges of 60–160 and 2750–4750, respectively.
The difference in the droplet positions in subsequent frames is divided
by the time between the frames to determine the impact velocity. Good
droplet circularity of at least 0.93 is always verified during the post-
processing. More details about the methodology to evaluate the droplet
diameter and the impact velocity from the shadowgraphy images are
described in [20].

2.2. Nanofluid preparation and characterization

The nanofluids are prepared at three mass fractions (Cw= 0.2,
.5, and 1 wt.%) by diluting a stable and well-dispersed TiO2-water
anofluid suspension (rutile, 40 wt.%, 30–50 nm size range, Io-li-
ec Ionic Liquids Technologies GmbH). During the dilution process,
n which only milli-Q water is added (no dispersant/surfactant), a
ortex mixer and a sonic bath are employed to ensure good mixing. To
erify the particle size distribution and the good dispersity, the diluted
anofluids are tested via the Light Extinction Spectroscopy technique
ith the procedure explained in [30]. Fig. S1 in the supplementary
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Table 2
Measured properties of the samples.

Cw [%] 𝜌
[

kg
m3

]

𝜎
[mN

m

]

𝜂 [mPa s] CA [◦]

Water 0 996.13 71.00 1.00 89
TiO2-water 0.2 996.80 68.81 1.02 87
TiO2-water 0.5 997.79 68.44 1.04 86
TiO2-water 1 999.46 66.16 1.09 85

information illustrates the size distribution of the nanofluid at 0.2 wt.%.
In addition, all samples are experimentally characterized in terms of
the density 𝜌, surface tension 𝜎, and viscosity 𝜂 as detailed in the
upplementary information. The results of these measurements are
eported in Table 2 and in agreement with the literature [31–33].
t is documented in the literature that nanoparticles either decrease
r increase the surface tension depending on their wettability [34].
f particles form clusters, having larger effective diameters than their
ctual size, they might sediment and deposit on the substrate. The
esultant surface conditions can lead to an increase in the contact angle
CA) [35]. In our case, we see a decrease both in the surface tension and
ontact angle values with increased nanoparticle concentration, which
s consistent with each other and confirms the absence of clustering.

The thermal conductivity of metallic oxide nanofluids depends on
emperature, nanoparticle concentration, shape, and size [36]. Thermal
onductivity of both nanofluids and water are measured according to
he procedure elucidated in [37,38], and the details of the procedure
re given in the supplementary information. As seen in Fig. S2 in
he supplementary information, the thermal conductivity values of the
anofluids barely differ from that of water due to their low nanoparticle
oncentration. Limited variations are also observed by Lv et al. [39]
or 1 wt.% Al2O3 nanofluids within the temperature range of our
easurements and Pryazhnikov et al. [40] for various concentrations

up to 6 vol.%) of TiO2 nanofluids at room temperature. Existing
odels [2,41] are consistent with a small increase in the effective

hermal conductivity, yet so small that it cannot be quantified due to
he limitations and uncertainties associated with the measuring device
mployed.

. Results and discussions

In this work, the spreading dynamics and heat transfer performance
re investigated for water and water-based TiO2 nanofluid droplets at
.2, 0.5, and 1 wt.%, which are released from four different heights
0, 15, 20, and 25 cm. To ensure the repeatability of the measurements,
ach impact condition is repeated at least three times (see repeatability
easurements in Fig. S3 in the supplementary information). Fig. 2

exemplifies the simultaneous temporal evolution of a water droplet
spreading, the measured temperature fields at the TiAlN-coated surface
of the sapphire substrate, and the calculated heat flux densities from
these temperature fields (We = 95.5, Re = 3759). More in detail, the
last image recorded prior to the droplet impact is assigned to t =
0 ms. Since there is not yet a contact, the uniform substrate surface
temperature can be verified. In fact, this first temperature image is used
as a reference that is subtracted from the other frames to calculate the
surface temperature variation 𝜃 in the inverse heat conduction model,
whose details are given in the appendix.

At the beginning of the spreading, the rim formed on the edge of
the liquid lamella is projected radially. Capillary waves give rise to
ridges and troughs on the droplet surface that are visible as light and
dark rings in the shadowgraphy images. This pattern is also apparent in
the images of IR thermography, which illustrates the close relationship
between the droplet dynamics (internal liquid motion, droplet shape,
etc.) and the removed heat from the substrate. The high sensitivity
of the IR camera with low noise equivalent temperature difference
(NETD = 25 mK) allows for capturing these small variations in the
4

c

surface temperature of the sapphire substrate, which can be as small
as a few tenths of ◦C. The rim extends on the droplet edge during the
spreading, while the liquid lamella gets thinner at the center. Then,
the droplet edge progressively becomes the region where most of the
cooling occurs. It remains so during the receding phase until the droplet
elongates vertically after 9.5 ms. This ascending flow is associated
with the formation of a cold spot at the center of the droplet. As
time passes, thermal relaxation and heat diffusion result in a blurry
temperature distribution outside the contact area of the droplet. The
droplet spreads radially again after the maximum vertical elongation
around t = 17.5 ms. This second spreading is much smaller than the
first one due to the loss of kinetic energy by viscous dissipation. Finally,
when the adhesion forces at the triple contact line can no longer be
overcome by the liquid flow, the triple contact line stagnates, and the
internal liquid motion rapidly fades away. After t = 30 ms, the droplet
can be considered a sessile droplet, which entirely evaporates in about
1 s. The evaluation of the heat transfer during the pure evaporation
phase is beyond the scope of this study.

An inverse heat conduction problem (IHCP) is solved to quantify the
heat removed by the droplets from the heated sapphire substrate. The
implemented approach is similar to that developed by Chaze et al. [26],
whose details are given in the supplementary information. The problem
geometry and the axis system definition are given in Fig.S4 in the
supplementary information. The heat flux 𝑞 shown in Fig. 2 is com-
puted under the axisymmetry assumption via this method using the
temperature difference profiles, from the center (𝑟 = 0) in the radial
direction (𝑟), as depicted in Fig. S5 in the supplementary information.
After an initial rise, it can be noticed that 𝑞 exhibits a decline as time
progresses. For the thermal contact between two semi-infinite media
initially at different temperatures, it is known that the heat flux scales
with time 𝑡−1∕2 [42]. In our case, a similar evolution is observed despite
the complex dynamics of the droplet and its finite volume since the
thermal diffusion length is below 65 μm during the analysis time (see
supplementary information). From these results, the temporal evolution
of the global heat flow 𝑄 can be determined by spatial integration
of 𝑞(𝑟, 𝑡) from the impact center to cover the whole cooled region
(𝑟 = R):

𝑄(𝑡) = 2𝜋 ∫

𝑅

𝑟=0
𝑞(𝑟, 𝑡) ⋅ 𝑟 𝑑𝑟. (1)

Fig. 3 demonstrates both the temporal evolutions of 𝑄 and the
spreading diameter 𝐷 normalized with respect to 𝐷0, i.e., spreading
ratio 𝛽, for the same experiment, as reported in Fig. 2.

For a short instant just after the impact (t < 3 ms), both 𝑄 and 𝛽
rapidly rise until the maximum spreading is achieved as the contact
area between the initially cold liquid and the heated surface enlarges.
However, as the droplet temperature gradually increases at the contact
area, the increase in the spreading diameter is no longer sufficient to
compensate for the decay of 𝑞. The consequent decrease in 𝑄 occurs
at a faster rate than the spreading ratio due to both decreasing contact
area and increasing liquid temperature there. The heat flux reaches a
plateau of low values (≈12–14 ms) even before the end of the receding
phase (≈19 ms). Following the vertical elongation, a very small increase
in the heat flow occurs during the second spreading of the droplet
(t> 20 ms). After stabilization of the triple contact line (≈27 ms), 𝑄
lso stabilizes at a low but non-zero value. Afterward, only evaporation
akes place, involving the latent heat, for the rest of the droplet’s life.
n addition, 𝑄 augments with ℎ as well as the maximum spreading
iameter, since the contact area mainly controls heat transfer (see
ig. S6 in the supplementary information).

To further compare the total heat removed from the surface among
ifferent concentrations of TiO2 nanoparticles, 𝑄 is integrated over time
= ∫ 𝑄(𝑡) 𝑑𝑡. In this way, the uncertainties due to the impact moment

re also eliminated. The subtraction of a reference image recorded
rior to impact also allows the suppression of parasitic radiations

oming from the ambient and possibly from the steel holder. Another



Fig. 2. Time evolution of a spreading water droplet (We = 95.5, Re = 3759) on the TiAlN-coated heated sapphire substrate. First row: shadowgraphy images. Second row: substrate
temperature field 𝑇surf . Third row: reconstructed heat flux 𝑞 by the solution of the inverse heat conduction problem (IHCP). Green lines in each image set indicate 2 mm.
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Fig. 3. Time evolution of the global heat flow 𝑄 and the normalized diameter 𝛽 for
the same case of water droplet as in Fig. 2.
5

r

uncertainty source would originate from the thermal properties of the
sapphire substrate since they are retrieved from the literature rather
than experimental characterization. However, this introduced error on
the absolute values is also eliminated in the comparative results by
using the same sapphire substrate throughout the entire study, allowing
conclusive comparisons among the different concentrations of nanopar-
ticles. Taking into account the uncertainties in the surface (smaller
than 0.2 ◦C) and droplets’ initial (smaller than 1 ◦C) temperature

easurements and repeating the measurements several times under
he same conditions, the final uncertainty in energy is estimated to be
round 5 mJ. This value agrees well with the value of 7.2 mJ in the
revious study of Castanet et al. on droplet impact in the Leidenfrost
egime [43]. Additionally, this uncertainty is further minimized by
he assumption of axisymmetry for the IHCP solution, requiring pixel
veraging, reduction of parasitic radiations from the sapphire substrate
wing to the high-emissivity coating, and spatial filtering of the off-field
adiations.
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Fig. 4. Maximum droplet spreading ratio 𝛽max as a function of (a) We number and (b) Re
√

We on the sapphire substrate. The pink diamonds illustrate the impact of water droplets
on the same surface at isothermal conditions. The model [44,45] is also plotted by the solid red line. The color gradient expresses the TiO2 nanoparticle concentrations in droplets
(0, 0.2, 0.5, and 1 wt.%) and the nondimensional numbers are varied due to different ℎ values: 10 cm (circles), 15 cm (triangles), 20 cm (squares), 25 cm (stars).
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3.1. Effect of TiO2 nanoparticles on droplet spreading dynamics

The variation of the Weber number with respect to the maximum
droplet spreading ratio 𝛽max (ratio of the maximum spreading diameter
𝐷𝑚 to 𝐷0) is presented in Fig. 4(a). As expected, 𝛽max increases for
all samples with increasing We number, whose variation is mainly
driven by the ℎ. Differences appear to be distinctive between the
nanofluid and the water droplets as the We number increases and
𝛽max decreases with increasing nanoparticle concentration. Therefore,
to include these effects of modifications in viscosity due to nanoparticle
addition, 𝛽max is plotted as a function of Re

√

We in Fig. 4(b), following
he power law (solid red line) [44–46]. Clearly, there is no longer
he same scattering of the data using the parameter Re

√

We. In the
same figure, also water droplets spreading on the same surface, yet
in isothermal conditions (pink diamonds), are plotted. At greater ℎ
values, i.e., higher Re

√

We, the droplet spreading becomes slightly
arger for the heated cases compared to the isothermal ones. Although
t a fixed We number (Fig. 4(a)), the maximum spreading gets slightly
maller while increasing the nanoparticle concentration, their effect is
egligible as a function of Re

√

We.

.2. Effect of TiO2 nanoparticles on heat transfer

Fig. 5 presents the temporal evolution of the cumulative energy 𝐸
xtracted from the surface by the droplets having TiO2 nanoparticle
oncentrations of 0, 0.2, 0.5, and 1 wt.% and the ℎ values of 10, 15,
nd 25 cm. 𝐸 is evaluated via the integration of 𝑄(𝑡) over a time
eriod of 15 ms, covering the spreading phase and most of the receding
hase. Since 𝐸 is the time integral of 𝑄, it drastically increases over
ime until 𝑄 reaches the plateau. Then, 𝐸 exhibits a slightly increasing
rend for all cases, which corresponds to the evaporation-dominant
hase. However, regarding the effect of nanoparticle concentration, 𝐸
ecreases with the increasing nanoparticle concentration invariant of
he ℎ. Although the differences are not very pronounced, the accuracy
f our measurements (on the order of 5 mJ) is sufficient to evidence
his effect of the nanoparticle concentration.

Fig. 6 shows the removed heat 𝐸 as a function of We and Re
umbers, in which the effect of the nanoparticle concentration is more
learly observed compared to Fig. 5. For a given We number, the
igher the TiO2 nanoparticle concentration in the droplet, the lower

the cooling of the TiAlN-coated sapphire substrate.
Several explanations can be proposed for this reduction in heat

transfer with the TiO2 nanoparticle concentration. The first one would
be a deterioration in the thermal properties of the nanofluid. To ac-
count for this reduced cooling, it would be necessary that the thermal
properties of nanofluids, such as thermal conductivity (𝑘) and thermal
diffusivity (𝑘∕𝜌𝐶𝑝), decrease with the increasing TiO2 nanoparticle con-
centration. However, a precise evaluation of these properties indicates
that these are very weakly affected, e.g., typically less than 1% when
6

water and nanofluid at 1 wt.% are compared. Also, not more than 1 % e
Fig. 5. Temporal evolution of the removed heat 𝐸 from the sapphire substrate. The
color gradient expresses the TiO2 nanoparticle concentrations in droplets (0, 0.2, 0.5,
and 1 wt.%). For the sake of clarity, the results from the ℎ of 20 cm are not displayed
nor are the error bars corresponding to 5 mJ.

change in thermal conductivity is expected at low TiO2 nanoparticle
oading [47,48]. Consequently, this marginal change in the thermal
roperties of the liquids (Fig. S2 in the supplementary information)
oes not seem to be the main reason for the differences observed
n Fig. 6. In Fig. 6(b), it is apparent that 𝐸 correlates well with

the Re number, independent of the nanoparticle concentration. This
implies that the main influence of the nanoparticles is induced through
viscous dissipation. In other words, by altering the surface tension and
the dynamic viscosity of the liquid, the presence of the nanoparticles
adversely affects the spreading of the droplet, and thus the cooling
area (see Fig. 4(b)). To correlate the droplet spreading and the heat
transfer, 𝐸 is plotted in Fig. 7 as a function of both the 𝛽max and the
time-averaged spreading ratio 𝛽, as defined in (2).

𝛽 = 1
𝐷0

√

1
𝑡𝑓 ∫

𝑡𝑓

0
𝐷(𝑡)2𝑑𝑡, (2)

where the final time 𝑡𝑓 is set to 15 ms following the previous calculation
of 𝐸. The layout of the data points in Figs. 7(a) and 7(b) reveals no
ramatic effect of the presence of TiO2 nanoparticles on the evolution
f 𝐸 as a function of 𝛽𝑚𝑎𝑥 and 𝛽. Nevertheless, the data in Fig. 7(b)
s more scattered than in Fig. 7(a). This suggests that most of the
eat (other than evaporation) is removed until the droplet reaches its
aximum spreading, which is in accordance with Fig. 3.

Finally, we also account for the mass difference among the droplets
y normalizing 𝐸 by the droplet mass (𝑚). Since adding nanoparticles
ncreases the density and decreases the surface tension, the pendant
roplet detaches from the tip of the needle with a slightly smaller
olume. As a consequence, these two competing phenomena yield
arginally lighter droplets whose masses, however, can accurately be

alculated from the images of the droplets before the impact. This is
ased by the fact that the droplets are almost perfectly spherical. On the
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Fig. 6. The removed heat 𝐸 from the substrate within the first 15 ms of the droplet spreading as a function of (a) We and (b) Re numbers. The color gradient expresses the
TiO2 nanoparticle concentrations in droplets (0, 0.2, 0.5, and 1 wt.%) and the nondimensional numbers are varied due to different ℎ values: 10 cm (circles), 15 cm (triangles),
20 cm (squares), 25 cm (stars).
Fig. 7. The influence of (a) the maximum spreading ratio 𝛽𝑚𝑎𝑥 and (b) the time-averaged spreading ratio 𝛽 on the removed heat 𝐸 from the sapphire substrate after 15 ms of the
droplet impact. The color gradient expresses the TiO2 nanoparticle concentrations in droplets (0, 0.2, 0.5, and 1 wt.%). The red dashed line linearly fits the experimental data.
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Fig. 8. The removed heat 𝐸 from the substrate after 15 ms of the droplet impact is nor-
alized by the initial droplet mass. The color gradient expresses the TiO2 nanoparticle

oncentrations in droplets (0, 0.2, 0.5, and 1 wt.%) and the nondimensional numbers
re varied due to different ℎ values: 10 cm (circles), 15 cm (triangles), 20 cm (squares),
5 cm (stars).

ontrary, the heat capacity of the nanofluid droplets does not vary at
hese small concentrations as in the case of thermal conductivity [2]. To
etter reflect this outcome, the mass-normalized heat removal (𝐸∕𝑚) is
lotted against 𝛽max in Fig. 8, which displays their linear relation. Once
gain, this suggests that the heat transfer is mainly driven by the max-
mum spreading diameter reached in the first few ms after the impact.
he presence of nanoparticles lowers the cooling performance at a fixed
alue of ℎ since it reduces the maximum droplet spreading, and thus
he surface for the heat exchange. This effect prevails over the change
n the thermal properties induced by the presence of nanoparticles.

. Conclusions and perspectives

In this study, we mainly focus on the influence of the rutile TiO2-
ater nanofluids on droplet spreading and heat transfer on a heated
7

lat TiAlN-coated sapphire substrate. The nanofluids (0.2, 0.5, and
wt.%) are prepared and experimentally characterized in terms of their

heological properties, stability, and thermal conductivity. To correlate
he droplet dynamics to the heat transfer, two high-speed black/white
ameras and one high-speed infrared thermal camera are used. The
mpact velocity and the non-dimensional numbers are varied due to
arious release heights of 10, 15, 20, and 25 cm. Each impact case is
epeated at least three times.

An inverse heat conduction problem is solved to evaluate the heat
lux and total energy removed from the sapphire substrate by the
anofluid droplets. As expected, the maximum spreading ratio increases
ith the increasing We number, thus improving the cooling perfor-
ance. On the other hand, at any We number, increasing TiO2 nanopar-

ticle concentration leads to a smaller droplet spreading, which is mainly
driven by the viscous dissipation caused by the addition of nanoparti-
cles. In the end, a linear relationship between the energy removed from
the substrate per droplet mass and the maximum spreading diameter
is obtained regardless of the nanoparticle concentration. Therefore, it
can be deduced that heat transfer particularly depends on the spread-
ing diameter rather than the change in the thermal properties due
to nanoparticle addition which agrees with the literature such that
higher heat transfer rates occur in the region of the three-phase contact
line [12]. If one excludes the nanoparticle deposition effects [49],
surface roughness modification [50], surfactant contributions [21], and
material removal problems [51] within the framework of this study,
only the net effect of the presence of the nanoparticles remains. To con-
clude, nanofluid droplets with further spreading properties are foreseen
to enhance heat transfer performance although this is not achieved with
the current water-based TiO2 nanofluids.

We also measure the nanoparticle size distribution via Light Ex-
tinction Spectroscopy, in which the median diameter lies a little bit
outside of the company specifications. Since nanoparticle clustering is
inevitable in many applications due to the van der Waals forces and
other colloidal interactions among the nanoparticles, this phenomenon
should be regarded before industrial use in heat transfer applications.
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As solely numerically studied [17], the assessment of particle gradient
ithin the spreading droplet, i.e., higher nanoparticle concentration

close to the substrate, would be an interesting future work since this
might be a reason for the heat transfer enhancement by sub-cooled
nanofluid droplets. Moreover, the nanofluid use in combination with 
the optimized surface structures might still enrich the heat trans-
fer process with future research in the sustainability of the cooling
systems [52].
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