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Abstract
This study addresses the effect of nanofluid synthesis on the rheological properties of the resulting fluid and their

consequent effect on the characteristics (size and velocity distribution of droplets, spray cone angle, etc.) of the sprayed

nanofluids. The results are discussed in the light of how the spray characteristics affect the use of the resulting nanofluid

spray for cooling purposes. Nanoparticles of alumina (Al2O3) and zinc oxide (ZnO) are mixed in water-based solutions, for

concentrations varying between 0.5% and 2 mass% for alumina and between 0.01% and 0.1 mass% for the zinc oxide

particles. FeCl2�4H2O (0.1 mass%) was also used to infer on the effect of the nature (material) of the particles in the

physicochemical properties of the resulting solutions. Among the various surfactants tested, citric acid (0.15%) was chosen

for the final working mixtures, as it assured a stable behaviour of the solutions prepared during the entire study. The

nanoparticles were characterized in detail, and the physicochemical properties of the fluid were measured before and after

atomization, to evaluate any possible particle loss in the liquid feeding system or retention in the atomizer. The nanofluids

were sprayed using a pressure-swirl atomizer at 0.5 MPa injection pressure. Droplet size and velocity in the spray were

probed using phase Doppler anemometry. For the range of experimental conditions covered here, the results show that

liquid viscosity is an important parameter in predetermining the spray characteristics of nanofluids, as it affects the primary

liquid breakup. Despite this, only a mild increase is observed in the nanofluids viscosity, mainly for higher concentrations

of alumina, which was not sufficient to significantly affect the spray characteristics, except for a small decrease in the spray

cone angle and the size of the atomized droplets. Hence, for cooling purposes, the atomization mechanisms are not

compromised by the addition of the nanoparticles and their using is beneficial, as they enhance the thermal properties

without a significant deterioration of other fluid properties such as viscosity and spray characteristics. Present spray

characteristics promote liquid adhesion to the cooling surfaces and droplet size and velocity are kept within a range that is

appropriate for spray cooling, following the literature recommendations and our analysis.
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Abbreviations
SCA Spray cone angle (�)
SPAN Relative span (–)

List of symbols
D20 Surface mean diameter (lm)

D30 Volume mean diameter (lm)

D32 Sauter mean diameter (lm)

Dv0.1 10% volume diameter (lm)

Dv0.5 50% volume diameter (lm)

Dv0.9 90% volume diameter (lm)

f Data rate (Hz)

ID32 Integral Sauter mean diameter (lm)

r Radial distance (mm)

Re Reynolds number (–)
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U Axial velocity component (m s-1)

We Weber number (–)

w Liquid velocity at the exit orifice (m s-1)

Z Axial distance (mm)

Greek characters
ll Liquid dynamic viscosity (kg m-1 s-1)

ql Liquid density (kg m-3)

rl Liquid/gas surface tension (kg s-2)

Introduction

Dissipating high heat loads is currently a challenge in many

industrial applications, such as metallurgy, food process-

ing, microelectronics, or even in solar energy applications

[1–3]. As for the various liquid cooling techniques

explored by the researchers within the last two decades,

spray cooling is among the most popular, given the high

heat transfer coefficients that can be achieved (of the order

of 104–105 W m-2 K-1 or higher—[4]). Nevertheless, the

efficient implementation of this strategy must cope with the

increasingly demanding heat loads that are dissipated, so

that continuous efforts have been put to further enhance the

heat transfer processes. In this context, several authors

addressed surface modification to enhance these processes,

e.g. [2, 4], while others have explored the use of nanofluids

to reach the same goal [5]. However, while many of these

researchers dealt with nanofluids as being a single-fluid

with novel thermophysical properties, mostly focusing on

the effect of the nanoparticles addition on the thermal

properties of the fluids [6–13] and on the heat transfer

processes, often addressing convective heat transfer in

internal flows [14–21], research on nanofluid droplets/

sprays impacting on heated surfaces is still limited [8, 10]

and the actual effects of adding nanoparticles in the fluid

flow characteristics and, particularly in the mechanisms of

atomization, are still scarcely reported. Hydrodynamic

behaviour of the nanofluids slightly differs from that of the

pure liquids, which is mainly related to physical modifi-

cations of the local and bulk properties of the nanofluids.

Surface tension is affected by the nanoparticle concentra-

tion and size. Although this effect is less prominent in the

bulk properties [22], it can be relevant for the wettability at

the liquid–solid interface [23, 24]. The liquid density is

expected to be slightly increased, as the nanoparticles have

usually higher density compared to the base liquid. The

viscosity of nanofluids depends on the size, shape, con-

centration and material of the added nanoparticles. More-

over, those parameters also determine if the nanofluids

behave as Newtonian or non-Newtonian liquids. For

instance, nanofluids with spherical particles are more likely

to depict a Newtonian behaviour [25]. However, nanofluids

rheology is a complex topic, as evidently shown in several

studies reporting contradictory results. For instance,

Jang et al. [26] report a dependency of the nanofluid vis-

cosity on the tube size of flow domain at the microscale,

which was neglected by other authors [27]. However, the

wall friction coefficient is reported by others to slightly

increase with the addition of nanoparticles [28].

Since all these properties are likely to affect the spray

characteristics, a detailed characterization of the spray plays a

paramount role in the heat transfer processes given the

intricate correlation existing between droplet/spray charac-

teristics and heat transfer processes. The pressure-swirl

atomization excels in the generation of fine droplets at rela-

tively low liquid pressure. In principle, the liquid is injected

via tangential ports into a swirl chamber. The swirled liquid

then leaves the exit orifice and spreads as a conical liquid

sheet outside the atomizer. The liquid sheet consequently

breaks up due to aerodynamic forces. The parameters of

resulting droplets are dependent on the liquid sheet thickness

and velocity. However, due to the complexity of the whole

process, it is impossible to analytically predict the droplet

sizes as they depend on the atomizer geometry, liquid prop-

erties and operating conditions.Many studies investigated the

effect of liquid properties on the spray characteristics. Prob-

ably the most complex review of published work was

reported byLefebvre andMcDonell [29]. Such studiesmostly

reveal that the liquid density has only a negligible role as its

variation is usually small. The surface tension and the liquid

viscosity have a similar impact on the atomization; however,

both of them act differently. Hence, viscosity has a dominant

effect on the liquid sheet breakup—a primary breakup. Its

relative importance decreases in the region of the secondary

breakup where the surface tension plays a dominant role.

However, from the literature reviewed, the only known study

related to the spray characteristics of nanofluids was con-

ducted in 2017 by Kannaiyan and Sadr [30]; it concerns the

effect of the concentration of alumina particles in kerosene.

In line with this, the present study addresses the effect of

nanofluid synthesis on the local physical properties of the

resulting nanofluid and their consequent effect on the

atomization characteristics (droplet sizes, velocity distri-

bution and spray cone angle, among others). The nature

and the concentration of the nanoparticles of the base fluid

are taken as influencing parameters, giving a particular

emphasis on their effect on the interfacial mechanisms

present in atomization. The results presented and discussed

here focus on the consequences of the nanoparticle con-

centration on the atomization characteristics and how they

can potentially affect the use of the resulting spray for

cooling. Indeed, the cooling performance of the spray is

strictly related to the complex interactions between dro-

plets–droplets, droplets-spreading lamellas and droplets-

deposited liquid film [1, 2], particularly when a liquid
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phase change occurs, as a strong deposit of cold liquid may

preclude the occurrence of phase change. In this case, the

liquid renovation by droplet impingement may play an

additional and important role in removing the heat flux,

essentially by a convective single-phase process [1, 2].

Hence, fine/disperse sprays such as that used in the present

work, may be preferred [1, 31] with optimized intermittent

cycles, to better disperse the spray on the cooling area and

to allow droplet spreading into thin lamellas, thus pro-

moting liquid phase change [32, 33]. In such case, the

impact outcomes (e.g. whether the droplet spreads or dis-

integrates after the impact) are directly dependent on the

initial droplets sizes and velocities within the impinging

spray. In any case, characterizing the spray prior to impact

is mandatory, as characteristic size and velocity values of

the spray droplets are directly used to compute represen-

tative non-dimensional numbers (Weber, Nusselt and

Reynolds numbers, among others) [1, 2, 32, 33].

Experimental

Different nanofluids, obtained from alumina, zinc, copper

and iron oxides in water are synthesized using co-precipi-

tation and solvothermal methods [34], as detailed in the

following section and are used to produce the sprays

characterized in the present work.

The tested atomizer is a pressure-swirl type, as shown in

Fig. 1. The atomizer is small-sized, with a discharge orifice

of 0.42 mm in diameter and two tangential inlet ports with

a square cross section of 0.6 9 0.6 mm2.

The liquid was supplied from a small (3 L) pressure

vessel, pressurized by air at 0.5 MPa. The liquid mass flow

rate through the atomizer was approx. 7 kg h-1. The

atomized liquid was captured in a collection chamber and

consequently re-used.

Preparation of nanofluids and characterization
of their thermophysical properties

A two-step process was used to prepare the nanofluids. The

mixtures were prepared in the range of 0.01–2% mass

percentages, mixed up on a base fluid of deionised water

(DI) and a surfactant and were placed in the ultrasonic bath

for 1 h. The characteristic sizes of the nanoparticles, which

were mainly acquired from Fluka and from Sigma-Aldrich

are summarized in Table 1. The main composition of the

resulting solutions is shown in Table 2.

As briefly explained in the introduction, particular

interaction phenomena may occur at the interface between

the nanoparticles and the surface to cool during spray

impact. However, prior to impact, and for the low concen-

trations used in this study, the main influence of the particles

on the spray is related to the possible sedimentation and

agglomeration, which may locally affect the thermal and the

physicochemical properties of the solutions. In all samples,

the dispersion was observed and maintained when a sur-

factant was added to the mixture. Different surfactants were

tested (e.g. citric acid, oleic acid, CTAB—cetyl trimethy-

lammonium bromide) to infer on their effect in the stability

Table 1 Specification of the nanoparticles size

Samples Diameter/nm Brand

Al2O3 80 Fluka

ZnO 80 Sigma-Aldrich

CuO 50 Sigma-Aldrich

FeCl2�4H2O C 100 Sigma-Aldrich
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.6Fig. 1 Schematic of the

pressure-swirl atomizer with the

main dimensions in millimeters
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of the nanofluids. The mixtures showing the most

stable behaviour were prepared with citric acid; therefore

those mixtures were used to show the results presented and

discussed here. The stability of the low concentrated

nanofluids (up to 0.5 mass%) was achieved within hours,

then sedimentation was observed. However, the nanofluid

with 2 mass% of Al2O3 had a limited stability as the sedi-

mentation appears in approx. 15 min. The measurement

duration was about 10 min for one liquid batch, so it was not

affected by sedimentation. After hand re-shacking, the

sedimented part was dissolved, and the stability was

restored. In order to prevent the sedimentation, the liquid

supply vessel was shaken every minute.

The morphology was analysed by scanning and trans-

mission electron microscopy, which also gives information

about the phase structures and chemical composition,

complemented by Fourier transform infrared spectroscopy,

X-ray diffraction, Raman and X-ray photoelectron spec-

troscopy. Surface wetting was then quantified with an

optical tensiometer (THETA from Attension), by the

apparent equilibrium and quasi-static advancing and

receding macro-contact angles, following the procedures

described in [35, 36]. The accuracy of the contact angle

measurements is of the order of ± 1�. Care was taken to

perform a high number of measurements (of the order of 15

measurements) for which the values dispersion was at most

of the order of ± 5�.
As for the thermophysical properties of the nanofluids,

the present study considered the measurement of the den-

sity ql, dynamic viscosity ll and surface tension rl. The
density was evaluated from the concentration of the solu-

tion, by mass conservation principles and was very close to

that of water, for all the samples tested (ql = 998 kg m-3).

The viscosity was evaluated with an ATS RheoSystems (a

division of CANNON� Instruments, Co) under controlled

temperature conditions, with an accuracy of ± 5%. The

surface tension was measured under controlled temperature

conditions (20 ± 2 �C) with an optical tensiometer

THETA (Attention), using the pendant drop method. The

value taken for the surface tension of each solution was

averaged from 15 measurements, with a maximum

standard deviation of the mean of 0.04 mN m-1. A

detailed description of the measurement procedures is

provided in [37].

The properties of the nanofluids were measured before

and after atomization, since if particle trapping would

occur in the liquid feeding system or in the atomizer, it

would affect the properties of the fluids and the atomization

mechanisms. Also, the images taken with the high-speed

camera were qualitatively analysed to check for possible

modifications in the spray morphology caused by any

significant loss of particles. No significant changes were

observed, either in the liquid properties or in the spray

morphology that could indicate any problem related to the

loss of particles.

Spray characterization

The measurements of droplets velocity and size were per-

formed using a two-component Phase Doppler anemometer

by Dantec Dynamics A/S (Skovlunde, Denmark) which

consists of 559 transmitting optics, 57 9 10 receiving

optics and multi-line Ar-ion ? laser Spectra-Physics type

177-G0232. The optical configuration is summarized in

Table 3. Burst signal processor P80 was used to process the

measured signal. BSA flow software v5.20 was used to

control the data acquisition and the following setting was

Table 2 Specification of the

nanofluids composition
Sample number Mass percentage/%

Surfactant Oxide Deionized water

1 Citric acid 0.15 – 99.85 (pure)

2 Citric acid 0.15 Al2O3 2 97.85 (pure)

3 Citric acid 0.15 Al2O3 0.5 99.35 (pure)

4 Citric acid 0.15 ZnO 0.5 99.35 (pure)

5 Citric acid 0.15 ZnO 0.01 99.84 (pure)

6 Citric acid 0.15 CuO 0.1 99.75 (pure)

7 Citric acid 0.15 FeCl2�4H2O 0.1 99.75 (pure)

Table 3 Outline of the phase Doppler optical configuration

Value

Transmitting optics

Laser power/mW 400

Laser wavelengths/nm 514 and 488

Beam spacing/mm 60

Frequency shift/MHz 40

Transmitter focal length/mm 310

Receiving optics

Scattering angle/� 69

Receiver focal length/mm 500

Micrometre/mm 0.500
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used: Photomultiplier sensitivity 1180–1500 V, signal gain

22 dB, velocity centre 15 ms-1, velocity span 30 ms-1.

Although the PDA is capable of 2D measurement, only the

axial velocity component U was evaluated for this part of

the study.

The measurement grid uses a radial system, as defined in

Fig. 2, where r = 0 mm corresponds to the centre of the

spray cone. Measurements are reported for Z = 10 mm and

Z = 20 mm, being Z = 0 mm, positioned at the atomizers

exit orifice. Extensive measurements were then performed

for - 20 mm\ r\ 20 mm and - 20 mm\ y\ 20 mm

in 2 mm steps on two radially orthogonal axes. The mea-

surement was limited to 50,000 samples acquired or to 15-s

acquisition duration at each measured point.

Characteristic droplet sizes statistically evaluated from

the sampled droplets include average values and charac-

teristic diameters representing the volume ratios and the

area to volume ratios. These characteristic diameters are

usually more representative of the actual droplet size dis-

tribution across the spray, as they weigh the relative

importance of larger droplets. These characteristic diame-

ters are also important as they can help us to understand the

most suitable spray characteristics promoting heat transfer.

The present work mostly evaluates the Sauter mean

diameter or D32, Dv0.1, Dv0.5 and Dv0.9. The quantities

Dv0.1, Dv0.5 and Dv0.9 represent the particle diameters

below which 10, 50 and 90%, respectively, of the total

volume is contained. The Sauter mean diameter or D32 is

the ratio between the area and the volume of the droplets

measured. From this, the Integral Sauter mean diameter

(ID32) can be calculated as a single parameter providing the

global representation of D32 by its mass weighted averag-

ing over the entire radial profile [38]:

ID32 ¼
Xn

i¼1

rifiD
3
30;i

,
Xn

i¼1

rifiD
2
20;i ð1Þ

where fi is data rate, D30 is volume mean diameter and D20

is surface mean diameter in the position with radial dis-

tance ri from the atomizer centre.

There are many aspects which affect the precision of the

PDA measurement e.g.: fluctuations in the operating

pressure of the atomizer, uncertainty of the atomizer

positioning respective to the PDA measurement volume

and the error of the PDA instrument itself. As it is almost

impossible to evaluate these phenomena separately, stan-

dard deviations (SD) of main evaluated parameters were

calculated as quantities revealing the repeatability error.

This procedure was based on five measurements with pure

water. Those measurements were performed randomly

during the measurement series. The SD was found to be

± 0.2–1 ms-1 for velocity, depending on the measurement

position, ± 1–3.5 lm for D32, ± 1.5 lm for ID32 and

± 1.5� for PDA based measurements of the spray cone

angle (SCA). The error bars are not displayed in the plots

for clarity, as the variation of the results is low.

The nanofluids with a nanoparticle concentration of

0.5 mass% or higher were optically opaque. Spherical

validation was about 75–85% for the opaque liquids which

is slightly lower compared to the validation rate of 88–92%

of transparent liquids. As long as the inhomogeneities

inside the droplets are small compared with the wavelength

of the laser light (514 nm), the measurement accuracy

should be undisturbed [39], but signal blur may occur and

decrease the validation and data rate.

High-speed visualization using a high-speed camera

Phantom v4.2 and image post-processing complement the

PDA measurements to qualitatively characterize the shape

and morphology of the sprays and to evaluate the SCA.

Images were taken at 15 kHz, with a resolution of

192 9 192 px2. The SCA was captured by an in-house

MATLAB code based on the Canny edge detector.

Results and discussion

The first part of this study evaluates the effect of

nanoparticles concentration on the thermophysical proper-

ties of the nanofluids. Then, it is followed by the analysis of

their consequent effects on the spray characteristics and

how they can affect the suitability of the spray for cooling

applications. Hence, this possible effect was firstly evalu-

ated in the surface tension and in the viscosity, as they are

paramount properties affecting the spray angle and theFig. 2 System of coordinates used in the measurements with the

phase Doppler anemometer
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atomization processes. The results in Fig. 3 show a minor

influence of the nanoparticles concentration on the surface

tension of the mixtures (Fig. 3a), but evidence a trend of

the viscosity to increase with the particles concentration

(Fig. 3b), particularly when the alumina particles are used.

The properties of the nanofluids resulting from the

mixture with CuO and FeCl2�4H2O particles show no sig-

nificant effect of adding the nanoparticles on the properties

of the resulting solution. So, for the solution water ? CuO

(0.1%) ? citric acid (0.15%), the surface tension was

measured to be 72 mN m-1 and the dynamic viscosity was

1.05 9 10-3 ll/kg m-1 s-1. For the solution

water ? FeCl2�4H2O (0.1%) ? citric acid (0.15%), the

surface tension was 71 mN m-1, while the dynamic vis-

cosity was 1.04 9 10-3 ll/kg m-1 s-1.

The surface tension and the viscosity of the mixtures are

divided by the values of the base liquid (water ? surfac-

tant) to isolate the effect of adding the nanoparticles from

that of adding the surfactant. This effect of the nanoparti-

cles on the nanofluids viscosity agrees with several studies

in the literature, e.g. [10]. However, the variation of surface

tension was less than 3%; thus, this effect can be neglected.

The possible effect of the liquid viscosity on the spray

characteristics, the SCA, droplets characteristic sizes and

representative velocities were analysed. SCA, was deter-

mined both from the high-speed images and from the PDA

measurements (Fig. 4). The measures taken from the post-

processing of the high-speed images were mainly used to

validate the PDA measurements.

The PDA based SCA was determined as the apex angle

of a virtual cone which covers 90% of the liquid volume

flux inside the spray. It was derived from a radial profile of

the normalized cumulative liquid distribution across the

spray (Fig. 5). Thus the SCA values taken from the PDA

measurements do not match perfectly to those obtained

from the high-speed images. However, the differences

between the extreme angle values are very small—2% for

camera-based SCA and ± 6% for PDA based SCA, which

allows validating the PDA measurements. A linear corre-

lation with correlation coefficient R2 = 0.85 shown in

Fig. 4 can be obtained.
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The liquid sheet breakup length based on the high-speed

images was about 5–7 mm with no obvious correlation

with the nanofluid used. The image resolution was not

sufficient to distinguish it more precisely. The PDA mea-

surements at Z = 10 mm are conducted just after the pri-

mary breakup.

Each nanofluid was atomized and measured several

times. However, the spray characteristics were slightly

different between the first and the second measurement.

This effect is illustrated in Fig. 5, for the nanofluid

obtained with 0.01 mass% of ZnO particles, where the

liquid distribution in the spray is shifted towards the spray

centre for the first measurement. Similar behaviour was

observed for all the nanofluids tested here. Hence, for

further analysis, only the first measurement is considered,

which nevertheless is still statistically representative [40].

Figure 6 shows the evolution of the axial velocity and

D32 along the spray radial coordinate, at Z = 20 mm. The

axial velocity reaches its maximum in the positions where

the liquid sheet is expected (r = 6–8 mm). This velocity

profile is typical for pressure-swirl atomizers. From the

figure, it can be inferred that higher nanoparticles con-

centration tends to form a spray with lower axial velocities

and smaller droplets, especially in the spray centre where,

however, there is a very low droplet mass flow rate (see

Fig. 7). Al2O3 with 2 mass% presents the lowest values of

both the axial velocity and D32, being followed by Al2O3

with 0.5 mass% and ZnO 0.5 mass%. These differences

become less relevant as the measurements were performed

further from the spray centre. These results are in agree-

ment with those reported in [30] where the nanofluids with

higher concentration formed droplets with lower axial

velocity and slightly lower D32.

The droplet size and velocity are linked together, as

larger droplets have higher momentum and thus their

velocity remains high, further downstream from the

atomizer.

The liquid volume distribution across the spray, as

illustrated in Fig. 7, shows a negligible effect of the

nanoparticle concentration. Hence, mild differences are

only observed for the largest nanoparticle concentration

(2 mass%), for which there is more liquid concentrated

further from the spray centre. This is evident for both axial

distances (Z = 10 and 20 mm). For Z = 10 mm, both

nanofluids with 0.5 mass% have a slightly more liquid

concentrated further from the spray centre. This is not
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evident for higher axial distance. Thus, the same amount of

the liquid is distributed along the radial axis even when the

droplets have a slightly different characteristic D32 or axial

velocities. The highest liquid flow rate at Z = 20 mm was

found at r = 10–14 mm where D32 (Fig. 6) was almost

independent of the liquid used. However, the axial velocity

reached a maximal value at r = 6–8 mm which corre-

sponds to the inner edge of the liquid sheet as the liquid

flow rate sharply increases in those positions.

A clearer perspective of the liquid distribution can be

provided by the fractional volume diameters, which, as

aforementioned, represent the particle diameters below

which 10% (Dv0.1), 50% (Dv0.5) or 90% (Dv0.9) of the total

volume is contained—see Fig. 8. Therefore, Dv0.1 repre-

sents a volume fraction of the smallest particles. In the

spray centre, up to r = 10 mm, the nanofluids with the

highest nanoparticle concentration have a larger fraction of

smallest droplets. For positions further than r = 10 mm, all

the nanofluids tested depicted a very similar Dv0.1. On the

other hand, Dv0.9 which is mostly affected by large parti-

cles depicts a similar trend to that shown by D32: Dv0.9

reaches a maximal value at r = 8 mm as there are large

droplets in the disintegrated liquid sheet. For the positions

on the very edge of the spray, the highly concentrated

nanofluids have a relatively larger Dv0.9, which indicates a

higher number of large droplets. This trend is in agreement

with the small increase in D32 for these nanofluids in

Fig. 6.

Relative SPAN, calculated as SPAN = (Dv0.9 - Dv0.1)/

Dv0.9 - Dv0.1) Dv0.5. Dv0.5 was also evaluated but showed

only small deviations with no obvious correlation with the

nanofluid used.

To deeply evaluate the drop-size distribution in the

single measured positions, the cumulative droplet volume

fraction was calculated and plotted against the droplet size

at two different radial distances. In the position r = 2 mm

from the spray centre, the nanofluids with higher

nanoparticle concentration formed a larger number of small

droplets and thus a lower D32, as shown in Fig. 9. No

significant difference was observed between the nanofluids

with different material particles. Hence, the nanoparticle

material does not affect the characteristics of the resulting

nanofluid spray. A similar trend is observed when analys-

ing the measurements performed in radial positions further

from the spray centre, even when the overall D32 of all

liquids is almost the same. The number of the small
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particles is lower here due to higher overall D32. Droplets

smaller than 50 lm contain 39% liquid volume for the

nanofluid produced with the Al2O3 particles, which is

higher than 26% obtained for the base liquid.

To explain the velocity and size profiles, the droplet

dynamics has to be considered. The droplets, formed from

the liquid sheet, interact with surrounding air by trans-

forming their momentum to the air and inducing its motion

[41]. This process intensifies with increasing droplet sur-

face [42], so it is more effective for sprays with smaller

ID32 like the 2 mass% Al2O3, than for those depicting

larger ID32 (0.1 mass% FeCl2�4H2O).

This entrained air flows through the spray cone towards

the centreline in the downstream direction. It causes a

redistribution of the smallest droplets from the outer spray

regions to the centreline. This effect explains three out-

comes: (1) the generally high number of small droplets

present in the centreline, that should have been, for the

hollow-cone spray, free of droplets; (2) the difference

between the shapes of the size profiles of individual liquids

(Figs. 6b, 8). If a higher number of small droplet fraction

shifts to the spray centreline, the outer spray part contains

mainly the large droplets and the D32 keeps high. (3) The

droplets decelerate preferably in the axial direction, which

causes widening of the SCA. This is documented in Fig. 7,

where the 2 mass% Al2O3 shows the liquid volume spread

over larger radial positions when compared with

0.1 mass% FeCl2�4H2O.

Despite this trend of the nanofluid sprays with higher

particles concentration to form smaller droplets near the

spray centre, with increased viscosity, the nanofluids form

sprays with larger droplets due to larger droplets in position

downstream the disintegrated liquid sheet, as clearly evi-

denced for Z = 10 mm in Fig. 10, which depicts the Inte-

gral Sauter Mean Diameter ID32 as a function of the

dynamic viscosity. This effect is less evident for fully

developed spray at Z = 20 mm where the ID32 varies in

poor correlation with R2 = 0.27 as ID32 * ll
0.16. This

correlation has similar exponent as in [43] where a very

similar atomizer was tested over a very wide viscosity

range of oil-based fuels. For the simplex atomizers, other

published data (e.g. as reviewed in [29] and [44]) reported

several correlations varying from ID32 * ll
0.118 to ID32-

* ll
0.25, depending on the atomizers and liquids used. For

a given range of viscosities, the change in ID32 is thus

expected to be less than 2 lm which is smaller than the

measurement uncertainty. [30] also observed shorter

breakup length of the liquid with high nanoparticle

concentration.

The SCA was observed to decline with the increase in

the nanofluids viscosity for Z = 10 mm; however, virtually

no effect was found at Z = 20 mm (Fig. 11). Increasing

viscous forces tends to lower the velocities inside the swirl

chamber, thus causing the SCA to decrease. Data reported

in [29] reveals that the SCA slightly decreases with vis-

cosity as SCA * ll
-0.13, which should result in only a

decline by about 1� in the SCA, in this case. However, it is

difficult to detect this small change which is below the

measurement uncertainty. These results are in agreement

with those observed in [29].

Two forces act against the liquid disintegration: surface

tension and viscosity. A relative importance of viscous and

surface tension forces can be estimated by the ratio of the

liquid phase Weber (ratio between the surface tension and

inertial forces) and Reynolds (ratio between the inertial and

viscous forces) numbers at the nozzle exit [45]: We=Re ¼
w � l=r where w is the liquid velocity at the exit orifice. It

is mainly this ratio that gives the relative importance of the

surface tension and the viscous forces. For our cases, this

ratio is roughly 0.35–0.5, depending on the nanofluid used.

This value, much smaller than unity, suggests the
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dominance of the surface tension forces over the viscous

forces during the spray formation. Hence, it partially

explains why the change in viscosity has a very small effect

on the droplet sizes for Z = 20 mm. On the other hand, the

liquid sheet breakup during the primary breakup is affected

mostly by the viscosity [29] as the measurements analysed

for Z = 10 mm show a strong dependence on the viscosity.

This also indicates that the liquid breakup is not completely

finished at Z = 10 mm.

Up to this point, the analysis has mainly focused on the

spray characteristics and how they are affected by the

nanoparticle concentration. The spray characteristics are

intricately related to the cooling performance of the spray.

In this context, one of the most obvious characteristics

affecting the heat transfer is the SCA. The results analysed

in the previous paragraphs show a trend for the higher

nanoparticles concentration to mildly reduce the SCA at

the exit of the nozzle orifice, due to the increase in the

nanofluid viscosity. However, as also explained, this effect

is fainted approximately at 20 mm below the atomizer

orifice, so to avoid any influence on the spray wetted area

and consequently on the heat flux one can mainly recom-

mend the atomizer to be positioned at 20 mm or higher

from the surface to cool.

Relating the spray mechanisms and characteristics with

its cooling performance is far more complex and the

detailed evaluation of the cooling performance of the spray

must be analysed upon its impingement on the surface to

cool. However, one may predict the contribution of the

spray characteristics a priori to the cooling performance.

The mechanism explained in the previous paragraphs

leading to the appearance of smaller droplets at the centre

of the spray region, which is more likely to occur in sprays

with smaller ID32 like the 2 mass% Al2O3 actually con-

tributes to distribute the sprays droplets on the surface area,

allowing a more homogeneous wetting and cooling. The

heat fluxes to dissipate depend on the application that is

being considered, but, for instance for electronic cooling,

they easily achieve heat fluxes up to 1 MW m-2, which is

enough for the impinging liquid to boil. If the injection

period is large enough to create a liquid film, the pinching

of the droplets contributes to the renovation of the cooling

liquid on the surface, in a cooling process that is majorly

convective and possibly occurring without phase change

[1, 32, 33], which is precluded by this mechanism, as the

local cooling precludes the occurrence of a stable nucleate

boiling regime. While this mechanism is more effective

depending on the inertial effects [2, 32], which are higher

for larger droplets, the fact that these sprays have smaller

droplets may actually be beneficial, since splashing and

interaction mechanisms, which take the fluid away from the

surface, are less likely to occur [2, 32]. If the injection

period is not high enough to create a liquid film upon

impingement, the cooling occurs as the spray droplets

impact and spread on the surface. The size and velocity of

the spray droplets directly influences the possible out-

comes, as they impact on the surface, namely they can stick

on the surface and spread along a thin liquid film called

lamella, or they can breakup, if the inertial forces at impact

are high enough to overcome surface tension forces [2, 46].

There are several criteria to establish the critical conditions

for the occurrence of this immediate droplet disintegration

upon impact, but the majority of them is a function of the

Weber number, which is usually reported to be larger than

250, for the occurrence of disintegration, e.g. [32]. In the

present study and particularly for the nanofluids with the

smaller ID32 the Weber number is always lower than this

critical value, thus the spray droplets are more likely to

stick and spread on the surface, contributing to the con-

vective heat transfer, than to disintegrate, taking away the

liquid mass from the surface. Also, under this scenario, as
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123



the droplets spread on thin lamellas of the liquid film, they

are more likely to vaporize, thus allowing to take advan-

tage of the latent heat of evaporation to cool the surface.

Conclusions

This paper addresses the effect of nanoparticles concen-

tration on the characteristics of nanofluid sprays, which in

turn may affect the spray performance in cooling applica-

tions. Different particles were added to water-based mix-

tures within a range of concentrations varying between

0.01 and 2 mass%. The particles are mainly alumina, zinc,

copper and iron oxides.

The liquid viscosity was found to be an important

parameter in predetermining the spray characteristics of the

nanofluids, as it affects the primary breakup. On the other

hand, surface tension was found to be a dominant force in

the secondary breakup process.

However, for the range of nanoparticle concentrations

studied here, the thermophysical properties of the

nanofluids were not significantly changed in comparison

with the base fluid. Hence, only a mild increase was

detected in nanofluids viscosity, mainly observed for

higher concentrations of alumina, which was not sufficient

to affect the spray characteristics, except for a small

decrease in the cone angle of the spray and in the diameter

of the atomized droplets. However, the differences were in

the same order of magnitude as the measurement uncer-

tainty. Hence, for the conditions studied here, the addition

of the nanoparticles positively contributes to the spray

cooling performance as they may alter the thermal prop-

erties of the resulting nanofluid without significantly affect

the hydrodynamic spray characteristics. The results also

suggest that further investigation should be focused on very

high particle concentrations, as the liquid physical prop-

erties will be influenced in a more significant way. In this

context, the analysis of spray/surface interactions will also

provide complementary information of the cooling per-

formance of the resulting nanofluid sprays.
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