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a b s t r a c t

This paper presents a dimensional analysis (DA) § approach of the atomisation process using a bi-fluid
nozzle, allowing to predict droplet sizes of model solutions and skimmed milk concentrates in large
ranges of operating conditions. Experimental results confirmed the atomisation mechanism described
in the literature, by underlining that the spraying operation is controlled by the coupling of liquid phys-
icochemical properties (viscosity, surface tension, density) and operating conditions (air pressure and
liquid flow rate). It was also highlighted that droplet coalescence occurs from a certain distance to the
nozzle, counteracting the atomisation mechanism and leading to a reincrease in the droplet size when
moving away from the nozzle. Consequently, the modelling of droplet size by DA was improved by adapt-
ing the model coefficients of the dimensionless process relationship to the involved mechanisms: either
atomisation only close to the nozzle outlet or atomisation followed by droplet coalescence at longer dis-
tance to the nozzle.

1. Introduction

Wet agglomeration processes are used in the food industry to
improve powder functionalities, such as wettability, solubility,
and flowability. These processes involve the formation of liquid
binder droplets by atomisation, which is a critical step, as it
directly influences the wetting of fine powder particles and their
ability to adhere one to each other and form agglomerates
(Iveson et al., 2001; Litster and Ennis, 2004; Mandato et al.,
2012; Saad, 2011). Besides, it has been evidenced that the droplet
size produced by atomisation is highly correlated to the sizes of
final particles in spray-drying and wet agglomeration processes
(Cuq et al., 2013; Hede et al., 2008a; Iveson et al., 2001; Jimenez-
Munguia, 2007; Leuenberger et al., 2006; Marmottant, 2001;

Parikh, 2006). As a consequence, modelling droplet formation will
help to better understand and characterise the mechanisms
involved in spray-drying and wet agglomeration processes. The
current study is in line with these concerns, as it aimed at develop-
ing a model by DA that allows the prediction of droplet size of
different sprayed liquids in various operating conditions, with a
particular emphasis on the evolution of droplet size with the
distance to the nozzle outlet.

The general mechanism of liquid atomisation by bi-fluid noz-
zles is outlined below (Beau, 2006; Chigier, 1976; Hede et al.,
2008a; Lefebvre, 1980; Mandato et al., 2012; Marmottant, 2001;
Nguyen and Rhodes, 1998). Pumping the liquid through the nozzle
results in the formation of a liquid jet at the nozzle outlet, which
interacts with the surrounding atomising air at higher velocity.
The air–liquid velocity difference causes high frictional forces on
the liquid surface, inducing its deformation and the apparition of
liquid filaments that are further disrupted into smaller and smaller
droplets (Marmottant, 2001).

The influence of operating conditions on droplet size can be
deduced from the above-mentioned mechanism. Increasing the
air–liquid velocity difference at the nozzle outlet, either by lower-
ing the liquid flow rate or raising the air pressure, results in smaller
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droplets. Several literature studies confirmed this trend (Chigier,
1976; Nguyen and Rhodes, 1998; Nukiyama and Tanasawa, 1939;
Lefebvre, 1980); furthermore, it was pointed out that air pressure
is a crucial process parameter in the atomisation operation
(Chigier, 1976; Ehlers et al., 2010; Hede et al., 2008a; Juslin et al.,
1995; Lefebvre, 1980; Mandato et al., 2012; Nguyen and Rhodes,
1998).

The geometrical features of the nozzle are also linked to fluid
velocities at the nozzle outlet (Cuq et al., 2013; Mandato et al.,
2012). At constant liquid and air flow rates, the larger the air orifice
area and/or the smaller the liquid orifice area, the lower the air–
liquid velocity difference at the nozzle outlet, and thus the larger
the droplets.

The influence of physicochemical properties of sprayed liquids
is more intricate to evaluate, owing to their interactions with oper-
ating parameters. The main physicochemical properties (viscosity,
surface tension, and density), jointly varying when changing the
liquid composition, are related to the ability of the liquid phase
to resist break-up by frictional forces (Hede et al., 2008a;
Lefebvre, 1980; Mandato et al., 2012; Marmottant, 2001).

Viscosity gauges the ability of a fluid to resist deformation by
shear stress; thus, it is expected to moderate the impact of fric-
tional forces in the atomisation mechanism. Even though a marked
increase of droplet size is expected at higher viscosity and has been
evidenced for some nozzle geometries (Ejim et al., 2010; Hede
et al., 2008a; Lefebvre, 1980; Nukiyama and Tanasawa, 1939),
the recent experiments carried out by Mandato et al. (2012) on
model solutions did not permit to conclude about the influence
of viscosity on liquid atomisation with bi-fluid nozzles. Indeed,
opposite trends were found depending on the value of liquid
surface tension, presumably owing to the control of the atomisa-
tion process by operating conditions rather than liquid
physicochemistry.

Surface tension is known to characterise the resistance of a
liquid surface to stretching, and thus is opposed to the creation
of new liquid surfaces subsequent to droplet formation. This has
been evidenced with low viscosity liquids (!1 MPa s) like water
(Chigier, 1976; Hede et al., 2008a; Lefebvre, 1980; Mandato et al.,
2012), but it seems that the influence of surface tension becomes
negligible at high viscosity when using bi-fluid nozzles (Lefebvre,
1980; Mandato et al., 2012).

Last, the complex influence of liquid density on droplet size has
not totally been elucidated yet. Hede et al. (2008a) suggest that

high density liquids produce more compact sprays that are less
exposed to frictional forces, resulting in larger droplets. This was
experimentally evidenced by Hede et al. (2008a), Lefebvre
(1980), and the process relationship proposed by Mandato et al.
(2012).

Droplet size is also expected to be greatly affected by the dis-
tance to the nozzle outlet (Cuq et al., 2013; Ehlers et al., 2010;
Mandato et al., 2012), as the atomisation mechanism produces
liquid elements that decrease in size when moving away from
the nozzle outlet: first, liquid jet; then, liquid ligaments and large
droplets; finally, small droplets (Marmottant, 2001). However,
other phenomena take part in the shaping of droplets, like droplet
coalescence that forms larger droplets and thus counteracts the
atomisation mechanism. Differences in size and velocity within
the droplet population may result in droplet collision and coales-
cence, mainly depending on the droplet surface tension (Ehlers
et al., 2010). Therefore, close to the nozzle outlet, where the atom-
isation mechanism predominates, the droplet size is expected to
decrease with the distance to the nozzle. Then, under the increas-
ing influence of the coalescence mechanism when moving away
from the nozzle, an attenuation of the droplet size decrease or even
a reincrease in the droplet size can occur (Lefebvre, 1980).

In order to address this phenomenological complexity, a semi-
empirical modelling approach by DA seems appropriate, as DA is
an interesting process engineering tool that has recently showed
efficiency in modelling food processes involving numerous process
parameters (Delaplace et al., 2012; Hassan et al., 2012; Petit et al.,
2013). Also, the suitability of DA for modelling liquid atomisation
by mono- and bi-fluid nozzles was demonstrated by the pioneer
work of Mandato et al. (2012).

In the literature, diverse empirical relationships adapted to var-
ious nozzle designs (mono- or bi-fluid, internal or external mixing)
have been proposed (Hede et al., 2008a; Jimenez-Munguia, 2007;
Lefebvre, 1980; Nguyen and Rhodes, 1998), but they suffer from
some limitations (Hede et al., 2008a) that preclude their direct
application to the atomisation of food liquids:

– experimental data were obtained with model solutions only
(water, aqueous solutions of glycerol, kaolin suspensions, etc.)
in narrow ranges of operating conditions,

– a very small number of process parameters was explicitly con-
sidered; unfortunately, the distance to the nozzle was rarely
one of those.

Nomenclature

aj for j = 0–6 model coefficients (–)
AA air orifice area (m2)
AL liquid orifice area (m2)
AREmax maximal absolute relative error (%)
d50 mean droplet diameter in volume (m)
d50,exp experimental droplet size (m)
d50,model predicted droplet size (m)
g gravitational acceleration (9.81 m s"2)
L distance to the nozzle outlet, i.e. distance from the noz-

zle outlet at which the droplet size was measured (m)
_mA air mass flow rate (kg s"1)
_mL liquid mass flow rate (kg s"1)

MARE mean absolute relative error (%)
NMRSE normalised mean root squared error (%)
Oh Ohnesorge number (–)
PA relative air pressure (Pa)
QA air volumetric flow rate (m3 s"1)
QL liquid volumetric flow rate (m3 s"1)

TA air temperature (ambient, 18 !C, 291.15 K)
TL liquid temperature (ambient, 18 !C, 291.15 K)
uA air velocity at the nozzle outlet (m s"1)
uL liquid velocity at the nozzle outlet (m s"1)
We aerodynamic Weber number (–)
lA air viscosity (kg m"1 s"1)
lL liquid viscosity (kg m"1 s"1)
pi for i = 1–10 dimensionless numbers obtained by dimensional

analysis (–)
pT target dimensionless number, i.e. dimensionless droplet

size (–)
r liquid surface tension (kg s"2)
qA air density (kg m"3)
qL liquid density (kg m"3)
uA,int air orifice internal diameter (3.4 mm)
uA,ext air orifice external diameter (4.8 mm)
uL liquid orifice diameter (0.8 mm)



Although these empirical relationships have generally been
established without considering all the underlying mechanisms,
they often include some relevant dimensionless numbers of the
atomization operation, which might be helpful to perform the
complete DA approach of the current study. Nozzle geometry
was considered through the dimensionless ratio between the size
or area of air and liquid orifices. Liquid viscosity and density were
ratioed to the similar air properties (Nguyen and Rhodes, 1998),
whereas surface tension was often considered through the Ohne-
sorge number Oh (Lefebvre, 1980; Nguyen and Rhodes, 1998),
comparing the viscous, inertial, and surface tension forces acting
on the liquid jet:

Oh ¼ lL

u0:5
L q0:5

L r0:5
ð1Þ

Surface tension and liquid viscosity can also be dissociated by
using the Bond number Bo (Eq. (2)), which is relevant for free-
surface flows, as it is related to surface tension, gravity, and buoy-
ancy forces (Hager, 2012; Zlokarnik, 2006).

Bo ¼ ðqL " qAÞgu2
L

r ð2Þ

The air-to-liquid ratio ALR, defined as the ratio between air and
liquid mass flow rates (Eq. (3)), has often been cited as a dimen-
sionless quantity representative for the atomisation operating con-
ditions (Lefebvre, 1980).

ALR ¼
_mA

_mL
¼ qAuAAA

qLuLAL
ð3Þ

ALR is well correlated to the droplet size: higher ALR values lead
to smaller droplets, as ALR increases when air velocity increases or
liquid velocity decreases (Chigier, 1976; Hede et al., 2008a; Nguyen
and Rhodes, 1998). Moreover, this process parameter has been
successfully employed by Hede et al. (2008b) to scale-up particle
coating processes on the basis of the droplet size, which shows
its relevance in a DA approach.

Equally, many authors proposed to model the role of operating
conditions with the aerodynamic Weber number We (Eq. (4)),
which compares frictional and surface tension forces (Lefebvre,
1980; Marmottant, 2001; Nguyen and Rhodes, 1998), and thus
relates operating conditions to liquid physicochemistry.

We ¼ qAðuA " uLÞ2uL

r ð4Þ

When We is increased, the atomisation mechanism becomes
more intense and the resulting droplets are smaller (Faragó and
Chigier, 1992). Last, the aerodynamic Weber number allows char-
acterising the regime of droplet formation in atomisation processes
and should be integrated in atomisation models (Marmottant,
2001).

The first purpose of the current study was to develop a DA
approach enabling to link in a single process relationship the drop-
let size to the physicochemical characteristics of inlet liquid and
air, operating conditions, and geometrical features of the atomisa-
tion system. Therefore, various model solutions and skimmed milk
concentrates were sprayed to investigate the roles of surface ten-
sion, viscosity, and density; air pressure and liquid flow rate were
varied to determine the influence of operating conditions; and two
measurement distances were tested. To achieve the modelling of
droplet size, we propose to extend the DA approach of Mandato
et al. (2012) by integrating all the dimensionless numbers involved
in the atomisation process, not only those arising from droplet
fragmentation in the vicinity of the nozzle outlet, as formulated
in Cuq et al. (2013).

This enhanced DA approach is expected to shed light on the
dependency of the atomisation and coalescence mechanisms on

the distance to the nozzle, but also to compare the respective roles
of physicochemistry and operating conditions.

In brief, this study aims at addressing the following questions
through the developed DA approach:

– Are the classically considered liquid physicochemical properties
(surface tension, viscosity, and density) sufficient to describe
the atomisation of complex liquids of biological origin such as
skimmed milk concentrates?

– How does the distance to the nozzle impact on the droplet size?
– What is the contribution of droplet coalescence in the atomisa-

tion process?
– Far from the nozzle outlet, are the operating conditions still pre-

dominant over the physicochemistry of the inlet liquid?

2. Material and methods

2.1. Sprayed liquids

In order to investigate the role of physicochemical properties
(density, viscosity, surface tension), atomisation experiments were
performed with model solutions and skimmed milk concentrates
(Table 1).

Model solutions were prepared by mixing different amounts of
deionised water, ethanol, and glycerol. The ethanol content per-
mitted to adjust the surface tension, whereas glycerol was used
to tune the viscosity of model solutions, as in Mandato et al.
(2012). Four compositions of these ternary mixtures were selected
from the work of Mandato et al. (2012) in order to vary surface ten-
sion at low and high viscosity (Table 1a). The viscosity and density
values reported in Table 1a correspond to the measurements per-
formed at ambient temperature TL = 18 !C by Mandato et al.
(2012). Surface tension was determined with a Krüss K100 tensi-
ometer (Krüss, Germany) using the Wilhelmy plate method at
ambient temperature (TL = 18 !C) by averaging ten replicated
analyses.

Skimmed milk concentrates of 30%, 35%, and 40% (w/w) total
solids (Table 1b) were prepared by rehydration of the adequate
mass of skimmed milk powder (medium heat, Lactalis, France).
Powder suspensions were stirred at 1500 rpm with a deflocculat-
ing blade (42 mm diameter, IKA, Germany) at 40 !C during 1 h,
until complete powder dissolution that was checked with a refrac-
tometer (28–62% Brix, Master-2M, Atago, Japan). The very few
undissolved powder was removed by sieving at 500 lm. Skimmed
milk concentrates were then stored overnight at 4 !C in order to
allow removal of air bubbles introduced during the stirring pro-
cess. Before atomisation experiments, skimmed milk concentrates
were gently heated up to 18 !C and their pH was checked with a
PHM 210 pH-meter (Radiometer Analytical, France) to ensure
microbial stability during night storage.

The physicochemical properties of skimmed milk concentrates
were evaluated at ambient temperature (TL = 18 !C, Table 1b).
Viscosity was measured with an AR1000 rheometer (TA
Instruments – Waters, France) supplied with concentric cylinders
of 5 mm gap according to the following protocol: shear rate was
varied from 0.1 to 500 s"1 by using a logarithmic gradient of 30 s
duration. Viscosity values displayed in Table 1b were the mean
of four measurements averaged between 100 and 500 s"1 shear
rate. As displayed in Table 1, the increase in total solids of skimmed
milk concentrates led to higher viscosity at almost constant surface
tension. Viscosity, surface tension, and density values of skimmed
milk concentrates were all comprised in the investigated ranges of
model solutions, except the viscosity at 40% (w/w) total solids that
was slightly higher.

Surface tension was measured with the same protocol as for
ternary mixtures. Density was calculated from the density values



of pure water (996 kg m"3 at 18 !C) and skimmed milk powder
(true density of 1520 kg m"3) by assuming volume additivity as
reported by Jeantet et al. (2001).

2.2. Nozzle characteristics and operating conditions

In atomisation experiments, operating conditions were investi-
gated by varying the air pressure and the liquid volumetric flow
rate, while keeping the air and liquid temperatures at ambient
(TA = TL = 18 !C) in order to fix the physicochemical properties of
spraying air and each sprayed liquid. Experiments took place in a
positive-pressure room (+50 ± 10 Pa relative pressure) at constant
temperature (18 !C) in order to ensure the fast evacuation of pro-
duced sprays.

Empty cone sprays were produced with an external mixing bi-
fluid nozzle (GEA Niro, Denmark) of fixed geometrical features:
0.8 mm liquid orifice diameter; 3.4 mm (internal) and 4.8 mm
(external) air orifice diameters.

The employed compressed air was dehumidified and thermo-
stated to maintain 20 ± 5% relative humidity and 18 !C. Air viscos-
ity at 18 !C was evaluated at 1.8 & 10"5 kg m"1 s"1 with
Sutherland’s law (White, 1991). Air density, calculated with the
correlation 353/TA (Jeantet et al., 2001) with TA = 291.15 K, was
found to be 1.21 kg m"3.

The first group of spraying experiments consisted in measuring
the droplet size of model solutions and skimmed milk concentrates
at various air velocities (between 152 and 356 m s"1) and fixed
liquid velocity (either uL = 1.33 m s"1 for MS1, MS2, SMC1, SMC2,
SMC3 or 1.03 m s"1 for MS3 and MS4). Air velocity was adjusted
by varying the atomisation air relative pressure between 0.5 and
2.5 bar by 0.5 bar steps with an air pressure regulator (SC 602,
Taiyo Parker, China) and a manometer (Tempress, Denmark). Air mass
flow rate was also measured with a flow meter (H250 RR/M9 ESK,
Khrone, Germany), and a linear relationship between relative air
pressure and mass flow rate was evidenced by carrying out mea-
surements in triplicate at five relative air pressures (R2 = 99.9%,
Eq. (5)):

_mA ¼ 1:11& 10"3ðPA þ 1Þ ð5Þ

Finally, the mean air velocity at the nozzle outlet was calculated
with the following formula (Eq. (6)), owing to the annular shape of
the air orifice:

uA ¼
4 ( _mA

qA ( p u2
A;ext "u2

A;int

! " ð6Þ

The investigated air velocities ranged between 152 and
356 m s"1.

The second group of spraying experiments concerned the study
of the influence of liquid velocity at fixed air velocity (uA =
254 m s"1, corresponding to PA = 1.5 bar). Various liquid velocities
were investigated by adjusting the liquid volumetric flow rate with
a peristaltic pump (520S, Watson-Marlow, UK) so as to limit the
Venturi effect at the nozzle outlet. By using a graduated polypropyl-
ene cylinder of 500 mL (VWR international, Radnor, USA) and a
stopwatch, flow rate calibration (data not shown) was achieved in
triplicate for each sprayed liquid at PA = 1.5 bar and ambient tem-
perature TL = 18 !C. Also, it was checked that liquid flow rate was
not significantly affected by air pressure by performing the same
calibration method at PA = 0.5 and 2.5 bar once for each fluid (data
not shown).

Achievable liquid flow rates (and velocities at the nozzle outlet)
depended on liquid viscosity:

– for MS1, MS2, SMC1, SMC2, liquid flow rate was varied between
20 and 70 mL min"1 by 10 mL min"1 steps (liquid velocity ran-
ged from 0.7 to 2.3 m s"1),

– for SMC3, investigated flow rates were 30, 40, and 50 mL min"1

(liquid velocity varied from 1 to 1.7 m s"1),
– and for MS3 and MS4, liquid flow rate was adjusted between

15.5 and 54.5 mL min"1 by 7.8 mL min"1 steps (liquid velocity
was comprised between 0.5 and 1.8 m s"1).

2.3. Droplet size measurement

Once for each combination of operating conditions, sprayed
liquid, and distance to the nozzle, the mean droplet size was mea-
sured by laser diffraction with a Spraytec apparatus (Malvern, UK).
The experimental configuration was the same as in Mandato et al.
(2012): the laser beam perpendicularly crossed the axis of symme-
try of the empty cone spray produced by the bi-fluid nozzle, which
permitted size measurements of droplets located at the same
distance to the nozzle outlet. It was checked that the droplet size
distribution was not affected by the angular displacement of the
bi-fluid nozzle.

Accurate droplet size determinations (relative standard devia-
tion in a single analysis inferior to 5%) were ensured by performing
analyses during one minute over 90% light transmission. In this
study, the chosen size estimator was the mean diameter in volume
d50, as it was previously shown in similar experimental conditions
(Mandato et al., 2012) and checked in this work (data not shown)
that droplet size distributions were monomodal; hence, for these
experiments, all size estimators were correlated and a single one
was sufficient to represent the whole size distribution: the classical
mean diameter in volume d50 was chosen here.

In this study, the influence of the distance to the nozzle on drop-
let size was investigated by carrying out droplet size measurement

Table 1
(a) Composition, viscosity, surface tension, and density of model solutions; (b) total solids, viscosity, surface tension, density, and pH of skimmed milk concentrates. MS1 to MS4:
model solutions; SMC1 to SMC3: skimmed milk concentrates.

Model solution Composition (% (w/w)) Viscosity, lL (MPa s) Surface tension, r (mN m"1) Density, qL (kg m"3)

Water Ethanol Glycerol

(a)
MS1 100 0 0 1 72.8 ± 0.0 996
MS2 81.8 18.2 0 1 39.2 ± 0.5 973
MS3 15.2 0 84.8 72 63.5 ± 0.3 1223
MS4 10 10 80 71.8 41.9 ± 0.4 1182

Skimmed milk concentrate Total solids (% (w/w)) Viscosity, lL (MPa s) Surface tension, r (mN m"1) Density, qL (kg m"3) pH

(b)
SMC1 30 25.4 ± 1.3 49.8 ± 0.6 1111 6.50
SMC2 35 51.5 ± 3.9 50.2 ± 0.9 1133 6.46
SMC3 40 100.4 ± 6.8 50.5 ± 0.8 1155 6.39



at two distances to the nozzle outlet: at L = 14 cm, like in Mandato
et al. (2012), corresponding to the typical length between nozzle
outlet and powder bed in pilot-scale fluidised bed granulators, and
at L = 5 cm, corresponding to the distance at which powder particles
and droplets meet when recycling fine particles at the top of spray-
dryers for agglomeration purposes.

2.4. Dimensional analysis of the atomisation process

A DA of the atomisation process was carried out in order to
build a dimensionless process relationship between investigated
process parameters and droplet size. A DA approach generally
comprises five steps (Delaplace et al., 2014): listing of all influent
process parameters, establishment of dimensionless numbers (for
instance with the dimensional matrix method), algebraic combi-
nations of these numbers into characteristic numbers of the stud-
ied process (here, atomisation), proposition of a mathematical
form for the dimensionless process relationship (generally,
monomial), and determination of model coefficients with a model
fitting tool.

2.4.1. Listing of relevant process parameters
The target parameter, mean droplet diameter in volume d50, is

impacted by all the process parameters taking part in the atomisa-
tion process. The process parameters can be sorted into three
categories:

– System properties:
) The geometry of the bi-fluid nozzle is characterised by the

liquid and air orifice diameters, uL, uA,int, and uA,ext;
) System configuration is defined by the distance to the noz-

zle, L.
– Physicochemistry of sprayed liquids and atomisation air:
) Liquid properties: viscosity, lL, surface tension, r, and den-

sity, qL;
) Air properties: viscosity, lA, and density, qA.

– Operating conditions:
) Liquid and air velocities at the nozzle outlet, respectively uL

and uA;
) Gravitational acceleration, g.

Contrary to Mandato et al. (2012), the air velocity was consid-
ered instead of its relative pressure, as it is representative for the
driving force of the atomisation mechanism while being indepen-
dent of nozzle geometry. For the same reason, liquid velocity at
the nozzle outlet was taken into account instead of its flow rate.
Gravitational acceleration was added to the list of relevant process
parameters, as it may impact the free-surface flow of the liquid jet.

From the list of relevant process parameters in the atomisation
process, it can be stated that a process relationship of the following
form exists (Eq. (7)):

d50 ¼ f ðuL;uA;int;uA;ext; L;lL;r;qL;lA;qA; uL;uA; gÞ ð7Þ

2.4.2. Determination of relevant dimensionless numbers
The key process parameters identified in Eq. (7) were turned

into dimensionless numbers by using the p-theorem
(Buckingham, 1914; Vaschy, 1892). To this end, the dimensional
matrix method was employed (Delaplace et al., 2014), like in
Mandato et al. (2012). 3 physical dimensions (mass, length, time)
being sufficient to express the target parameter and the 12 process
parameters of Eq. (7), the atomisation process can be completely
described by (12 (process) + 1 (target) " 3 (dimensions)) 10
dimensionless numbers. L, lA, and g, gathering the 3 physical
dimensions, were chosen as reference parameters to form the

dimensionless numbers. Indeed, lA and g did not vary in our exper-
iments. Moreover, L was included in the reference parameters
because it has been identified by Mandato et al. (2012) as the
key geometric parameter in liquid atomisation and it took only
two different values in the current experimental setup. As a result
of the dimensional matrix method, the dimensionless numbers
corresponding to the target parameter (pT) and key process param-
eters (pifor i varying between 1 and 10) were listed in Eq. (8):

pT ¼
d50

L
; p1 ¼

uL

L
; p2 ¼

uA;int

L
; p3 ¼

uA;ext

L
; p4 ¼

lL

lA
; p5 ¼

r
lAL0:5g0:5

;

(

p6 ¼
qL

lAL"1:5g"0:5
; p7 ¼

qA

lAL"1:5g"0:5
; p8 ¼

uL

L0:5g0:5
; p9 ¼

uA

L0:5g0:5

)

ð8Þ

2.4.3. Definition of the dimensionless process relationship
The set of dimensionless numbers of Eq. (8) was rearranged by

algebraic combinations of dimensionless numbers in order to:

– reduce the set of dimensionless numbers by forming constant
ratios with regard to the experimental program, which can be
removed from Eq. (8). Given that a unique bi-fluid nozzle was
employed, only one geometrical ratio was needed (p1 was cho-
sen): p2 and p3 were removed as they could respectively be
replaced by p"1

1 p2 ¼
uA;int
uL

and p"1
1 p3 ¼

uA;ext
uL

. In the same way,
the physicochemical air properties remained constant as inlet
temperatures were fixed, so p7 was removed by applying the
following combination, leading to a constant ratio:

p1;5
1 p7 ¼ uL

1;5qA
lAg"0;5 .

– form dimensionless numbers depending solely on matter prop-
erties: p2 already ratioed liquid and air viscosities, while the
ratio between liquid and air densities can be obtained by replac-
ing p6 by p6p"1

7 ¼
qL
qA

.
– rewrite the dimensionless numbers related to operating condi-

tions into the dimensionless numbers most widely used to
describe the atomisation mechanism (cf. Eqs. (2)–(4)):
) We ¼ p1p"1

5 p7ðp9 " p8Þ2,
) ALR ¼ qAuAAA

qLuLAL
¼ p"2

1 p2
3 " p2

2

# $
p"1

6 p7p"1
8 p9; where AA ¼

p u2
A;ext"u2

A;int

! "

4 and AL ¼
pu2

L
4 stand respectively for the air and

liquid orifice areas,
) Bo ¼ p2

1p"1
5 ðp6 " p7Þ.

According to the reduced set of relevant dimensionless num-
bers, a dimensionless process relationship in the monomial form
of Eq. (9) was searched in this study:

d50

L
¼ a0

uL

L

! "a1 lL

lA

% &a2 qL

qA

% &a3

Boa4 Wea5 ALRa6 ð9Þ

This dimensionless process relationship allows considering the
influence of the distance to the nozzle separately from the other
process parameters (as L is only found in pT and p1).

2.4.4. Model fitting procedure and validation
The model coefficients of the dimensionless process relation-

ship were determined with Excel 2010 solver (Microsoft, Redmond,
USA) and the XLSTAT add-on (Addinsoft, Paris, France) by perform-
ing a logarithmic transformation of Eq. (9) and then using multilin-
ear regression of the 134 experimental points (one for each liquid,
distance to the nozzle, liquid flow rate, and air pressure) with least
squares method. Statistical analysis was carried out with XLSTAT at
95% confidence level in order to check the relevance of model



coefficients by Shapiro-Wilk and Student tests (i.e., normal
distribution of errors around a mean value that is not statistically
different from 0). These statistical results were represented by a
p-value (p-value > 0.05 signifies that the associated model coeffi-
cient is not relevant, i.e. not statistically different from 0). Also
the coefficient of determination R2 of Eq. (9) (in native form) was
calculated to gauge the goodness of fit.

Models derived from Eq. (9) were validated by determining the
prediction error on 14 unknown samples, corresponding to one
analysis for each sprayed liquid at the two investigated distances
to the nozzle in intermediate operating conditions:

– Q L = 40 mL min"1 and PA = 1.5 bar for MS1, MS2, SMC1, SMC2,
SMC3,

– Q L = 31.2 mL min"1 and PA = 1.5 bar for MS3 and MS4.

The prediction errors were evaluated by calculating on one
hand the mean and maximal absolute relative errors for the 134
points of the experimental setup, respectively abbreviated MARE
and AREmax, and on the other hand, the normalised root mean
square error for the 14 unknown samples, noted NRMSE and calcu-
lated with Eq. (10):

NRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðd50;exp " d50;modelÞ

2

P
d50;exp

s

ð10Þ

where
P
ðd50;exp " d50;modelÞ

2 is the sum of squared errors between
model predictions (d50,model) and experimental values of unknown
samples (d50,exp), and

P
d50;exp represents the sum of experimental

droplet sizes of unknown samples.

3. Results and discussion

On one hand, raw experimental results will be discussed to ver-
ify if the atomisation mechanism presented in the introduction
permits to understand the evolution of the droplet size with pro-
cess parameters. A particular emphasis will be put on the influence
of the distance to the nozzle, as it was evidenced in the literature
that droplet coalescence could occur and counteract the atomisa-
tion mechanism from a certain distance to the nozzle outlet.

On the other hand, the statistical significance of the model coef-
ficients of the dimensionless process relationship (Eq. (9)) and the
model accuracy will be discussed. From these considerations, an
improved modelling approach will be presented and discussed.
This will allow to better understand how the impact of each pro-
cess parameter on the droplet size is affected by the distance to
the nozzle.

3.1. Experimental results

Fig. 1 presents the droplet size obtained for model solutions by
varying the air pressure at constant liquid flow rate (Fig. 1a and b),
and inversely by changing the liquid flow rate at constant air pres-
sure (Fig. 1c and d). Fig. 2 displays the droplet size of skimmed milk
concentrates either at variable air pressure (Fig. 2a and b) or liquid
flow rate (Fig. 2c and d).

3.1.1. Impact of liquid physicochemical properties (viscosity and
surface tension) on the droplet size

Viscosity is expected to decrease the droplet size, as it is
opposed to the break-up of the liquid jet during the atomisation
mechanism. This was confirmed with model solutions whatever
the surface tension, liquid flow rate, and air pressure: droplet sizes
of MS4 were systematically higher than those of MS2 (especially in
Fig. 1a and b), whereas MS3 droplets were larger than those of MS1
(cf. Fig. 1b–d). Also, the increase in droplet size at higher viscosity,

evidenced for model solutions, was still verified with the skimmed
milk concentrates (cf. Fig. 2c and d in which SMC3 droplets were
systematically larger than SMC1 and SMC2 ones). High surface ten-
sion values seemed to lower the influence of viscosity (cf. Fig. 1c
and d, in which the difference between MS2 and MS4 droplet size
was rather small), confirming the complex relation between vis-
cosity and surface tension in atomisation processes, already high-
lighted by Mandato et al. (2012). Flow rate did not seem to alter
the influence of viscosity on the droplet size (cf. Fig. 1c and d),
but air pressure tended to markedly reduce the influence of viscos-
ity, especially close to the nozzle outlet (cf. the close droplet sizes
of model solutions at PA = 2.5 bar and L = 5 cm in Fig. 1a). This could
be an indication of the predominance of air pressure in droplet
shaping close to the nozzle outlet. Also, an intensification of the
role of viscosity in the droplet size when increasing the distance
to the nozzle was denoted: droplet sizes were approximately found
in the 10–40 lm range at L = 5 cm (Fig. 1a–c) and in the 10–70 lm
range at L = 14 cm (Fig. 1b–d). This result may signify that liquid
physicochemistry had more influence on the droplet size far from
the nozzle outlet.

The impact of surface tension on droplet size strongly depended
on liquid viscosity. Whatever the distance to the nozzle, surface
tension induced a strong increase in droplet size at low viscosity
(Fig. 1a and b), but its role was unclear at high viscosity, as close
droplet sizes were systematically obtained for MS3 and MS4. This
observation is consistent with the work of Mandato et al. (2012),
who showed that surface tension has almost no influence on the
droplet size of highly viscous liquids when using a bi-fluid nozzle,
contrary to solutions at low viscosity. No clear evidence of interac-
tions between operating conditions and surface tension could be
evidenced with acquired results. The influence of surface tension
on the droplet size was increased when moving away from the
nozzle, similarly to viscosity. In conclusion, this implies that, far
from the nozzle outlet, liquid physicochemistry gains influence in
droplet formation to the detriment of operating conditions, sug-
gesting that an additional mechanism driven by liquid physico-
chemistry takes place between L = 5 and 14 cm.

3.1.2. Influence of operating conditions in the atomisation process
Regardless of the sprayed liquid and distance to the nozzle, an

increase in liquid flow rate resulted in moderately larger droplets
(cf. Figs. 1, 2c and d). This is consistent with the atomisation mech-
anism, as the driving force for liquid jet break-up is reduced when
decreasing the air–liquid velocity difference (e.g., when increasing
liquid velocity, as uA* uL with bi-fluid nozzles). Besides, liquid
flow rate had a similar influence on the droplet size whatever
the distance to the nozzle and the sprayed liquid, which confirmed
that the atomisation mechanism is mainly controlled by operating
conditions, particularly close to the nozzle. For example, it can be
noted that SMC1 and SMC2, having different viscosity values, led
to similar droplet sizes at L = 5 cm (Fig. 2c).

Air pressure is employed at industrial scale to control the drop-
let size produced by bi-fluid nozzles, as it is expected to have the
greatest influence on the atomisation process. Indeed, the acquired
experimental results confirm a drastic decrease in droplet size of
all sprayed liquids except SMC1 when raising the air pressure
between 0.5 and 1.5 bar, whereas between 1.5 and 2.5 bar, the
influence of air pressure was related to the liquid viscosity value:
at low viscosity (MS1, MS2, SMC1), sprayed droplets became
slightly larger at higher air pressure, whereas at high viscosity
(MS3, MS4, SMC2, SMC3), droplet size still decreased over
1.5 bar, especially close to the nozzle. This denotes a complex
interaction between liquid physicochemistry (especially viscosity)
and operating conditions (mainly, air velocity at the nozzle outlet),
leading to an unobvious evolution of droplet size, which strongly
depends on the distance to the nozzle. The strong impact of the



distance to the nozzle on the involved mechanisms and thus on the
role of air pressure in the droplet size is well illustrated by the fact
that air pressure seems to have more effect on the droplet size of
model solutions at L = 14 cm than at L = 5 cm, while it induced less
changes in the droplet size of skimmed milk concentrates at
L = 14 cm than at L = 5 cm.

3.1.3. Influence of the distance to the nozzle in the atomisation process
Both the marked increase in droplet size between L = 5 and

14 cm (cf. Figs. 1 and 2), which could not be explained by the single
atomisation mechanism (as the atomisation mechanism leads to
liquid forms of decreasing size with time, i.e. when the liquid forms
move away from the nozzle), and the increased influence of

Fig. 1. Droplet size of model solutions at various air pressures and Q L = 31.2 mL min"1 for MS3 and MS4 or 40 mL min"1 for MS1 and MS2 (a and b) and at various liquid flow
rates and PA = 1.5 bar (c and d), the distance to the nozzle being either equal to 5 cm (a and c) or 14 cm (b and d). Squares: MS1; diamonds: MS2; circles: MS3; triangles: MS4.

Fig. 2. Droplet size of skimmed milk concentrates for various air pressures at Q L = 40 mL min"1 (a and b) and liquid flow rates at PA = 1.5 bar (c and d), the distance to the
nozzle being either equal to 5 cm (a and c) or 14 cm (b and d). Empty squares: SMC1; empty diamonds: SMC2; empty triangles: SMC3.



physicochemistry far from the nozzle outlet put in evidence the
contribution to droplet shaping of a mechanism driven by liquid
physicochemistry. This additional mechanism counteracts the
atomisation mechanism and becomes even predominant from a
certain distance to the nozzle, leading to the observed reincrease
in droplet size. From literature knowledge, it appears that droplet
sorting, owing to velocity and size differences (Marmottant,
2001), and droplet coalescence after collision (Ehlers et al., 2010)
are both good candidates for the additional mechanism identified
in the current study, as they induce droplet growing and result
from complex interactions between liquid physicochemistry (vis-
cosity, surface tension, etc.) and operating conditions (air–liquid
velocity difference, flow regimes in air and liquid, etc.). In the per-
formed experiments, it was shown that the droplet size increase
between L = 5 and 14 cm was even more pronounced for model
solutions than for skimmed milk concentrates, which could be an
indication that the evidenced additional mechanism was droplet
coalescence. Indeed, surface tension, which is a crucial parameter
in the mechanism of droplet coalescence, varied in model solutions
but remained almost constant in skimmed milk concentrates.

The interpretation of raw experimental results did not allow
further concluding about the combined effect of physicochemistry
and operating conditions; it will be shown in the next section that
a modelling approach, such as DA, can be used to uncouple their
respective influence and identify the key process parameter in
the atomisation process (Delaplace et al., 2014).

3.2. Modelling the influence of process parameters in the atomisation
process by DA

This part of the work presents the modelling of the atomisation
process following a DA approach, with the aim to gather in single
process relationship the influence of the key process parameters
identified in Eq. (7) on the droplet size: operating conditions, liquid
physicochemistry, and distance to the nozzle.

3.2.1. Suitability of DA to model the atomisation process
Model coefficients of Eq. (9) were identified by the method

detailed in Section 2.4.4 on the basis of the 134 points of the exper-
imental setup presented in Sections 3.1 and 3.2. They were
reported in Table 2, as well as the p-values of statistical analysis.
This global model can also be represented by the obtained dimen-
sionless process relationship (Eq. (11)):

d50

L
¼ 1:37& 10"9 uL

L

! "0:76 lL

lA

% &0:02 qL

qA

% &2:90

Bo0:44We"0:42ALR"0:19

ð11Þ

Also, Table 2 displays the coefficient of determination R2, repre-
senting the model accuracy (i.e. goodness of fit), and the mean and
maximal absolute relative errors (respectively, MARE and AREmax)
of Eq. (11) with respect to the experimental setup. Model accuracy
of Eq. (11) was also gauged with Fig. 3a, which compares model
and experimental values of pT ¼ d50

L . This model was also validated
on 14 unknown samples, represented in full symbols in Fig. 3a, and
the associated NMRSE was given in Table 2.

Statistical analysis showed that all dimensionless numbers
were significant for explaining the variation of pT (p-value < 0.05),
except a2, which suggests that the dimensionless liquid viscosity
did not significantly affect the droplet size. This is in contradiction
with the interpretation of raw experimental results (cf. Section
3.1.1), where a clear influence of liquid viscosity was denoted. This
indicates that the chosen mathematical model (monomial form of
Eqs. (9) and (11)) failed to describe with enough precision the
effect of each influent variable on the droplet size, when simulta-
neously considering droplet sizes measured close and far from

the nozzle outlet. However, considering the difficulty to perform
experimental measurements of the size of sprayed droplets in
atomisation processes, the goodness of fit was satisfactory, owing
to the correct value of R2 (77%), and it can be seen in Fig. 3a that
most (about 94 out of 134) of the experimental points were mod-
elled within 20% relative error. Moreover, the model accuracy was
correct, as MARE and AREmax values were moderate: respectively,
13% and 31%. Thus, it can be considered that Eq. (11) allows a cor-
rect description of the evolution of the droplet size with respect to
the main process parameters, except for liquid viscosity.

Model validation was achieved on 14 unknown samples (corre-
sponding to repetitions of central points of the experimental
setup), and it can be seen in Fig. 3a that Eq. (11) permitted to pre-
dict the droplet size of 9 unknown samples within 20% accuracy,
which is satisfactory, owing to the large ranges of investigated pro-
cess parameters (7 sprayed liquids, 2 distances to the nozzle, and
multiple values of air pressures and liquid flow rates). Besides,
the NMRSE (cf. Table 2) calculated on the basis of the predicted
dimensionless droplet sizes of unknown samples, was equal to
17%, which is a little high but remains correct; this was illustrated
in Fig. 3a by the fact that the majority (11 out of 14) of droplet sizes
of unknown samples were predicted within 20% accuracy.

In conclusion, the dimensionless model of Eq. (11) permitted to
correctly describe the variation trend of droplet size according to
the process parameters identified in Eq. (7) and predict the droplet
size of unknown samples, but it did not well represent the influ-
ence of each process parameter on the droplet size, as liquid vis-
cosity seemed not to be influential. This last point can be related
to the complex influence of viscosity, interacting with other pro-
cess parameters such as surface tension and operating conditions,
which was evidenced in Section 3.1.1.

In order to address this shortcoming of Eq. (11), improve the
model accuracy, and establish dimensionless process relationships
permitting to understand the role of process parameters in the
atomisation mechanism, it was decided to adapt the DA model to
each value of distance to the nozzle, as the predominant mecha-
nisms may change with the distance to the nozzle. Indeed, the
experimental results of Section 3.1 showed that the atomisation
mechanism may predominate close to the nozzle outlet, whereas

Table 2
Model coefficients of Eqs. (11)–(13), statistical analysis, and model validation
parameters.

Global model
(Eq. (11))

Model adapted to
L = 5 cm (Eq. (12))

Model adapted to
L = 14 cm (Eq. (13))

Model coefficients (associated dimensionless numbers) and statistical analysis
a0 1.37 & 10"9! 4.08 & 101! 3.96 & 10"23!

a1
uL
L

# $
0.76* 0 0

a2
lL
lA

! "
0.02" 0.16! "0.13!

a3
qL
qA

! "
2.90! "1.45" 7.24!

a4 (Bo) 0.44* 0.25! 0.63*

a5 (We) "0.42* "0.29* "0.56*

a6 (ALR) "0.19! "0.17! "0.22!

R2 77% 78% 81%

Model validation
NMRSE 17% – –
NMRSEL = 5 cm 18% 15% –
NMRSEL = 14 cm 15% – 13%
MARE 13% – –
MAREL = 5 cm 12% 11% –
MAREL = 14 cm 15% – 11%
AREmax; L = 5 cm 31% 23% –
AREmax;

L = 14 cm

29% – 17%

–: Not determined.
* p < 0.0001.
! 0.0001 < p < 0.05.
" p > 0.05.



far from the nozzle outlet the atomisation mechanism was proba-
bly counteracted by droplet coalescence. The distance to the nozzle
being fixed for models restricted to a single L value, p1 was fixed
(cf. Eqs. (8) or (9) with a constant L value) and could be removed
from the set of dimensionless numbers. By using this reduced set
of dimensionless numbers, the coefficients of these restricted mod-
els were determined with the method presented in Section 2.4.4 on
the 67 points acquired at each distance to the nozzle, and the fol-
lowing process relationships were obtained (Eqs. (12) and (13)):

) L = 5 cm:

d50

L
¼ 4:08& 101 lL

lA

% &0:16 qL

qA

% &"1:45

Bo0:25We"0:29ALR"0:17 ð12Þ

) L = 14 cm:

d50

L
¼ 3:96& 10"23 lL

lA

% &"0:13 qL

qA

% &7:24

Bo0:63We"0:56ALR"0:22 ð13Þ

As for the general model, model accuracy was evaluated by
goodness of fit and relative errors (Table 2). Also, each restricted
model was validated by calculating the NMRSE on the 7 unknown
samples acquired at each distance to the nozzle (Table 2). The com-
parison between experimental and modelled dimensionless drop-
let size was achieved in Fig. 3b, where the predicted values for
unknown samples were also represented.

It can be noticed that this adaptation of the general DA model to
each distance to the nozzle allowed a slight increase in model
accuracy, as higher R2 values were obtained (respectively 78%
and 81% for Eqs. (12) and (13)) and more points (about 110 out
of 134) were found within the ±20% relative error range in
Fig. 3b. Also, Table 2 shows that Eqs. (12) and (13) permitted to
lower the absolute relative errors to a mean value of about 11%
and a maximal value of 23%, in comparison to the general model.
The improvement of model accuracy is even higher with Eq. (13),
as attested by the lower MARE and AREmax values calculated on
the 67 experimental results obtained at L = 14 cm.

Statistical analysis of model coefficients associated with Eqs.
(12) and (13) showed that all considered process parameters were
significant in the evolution of the droplet size, except for the liquid
density at L = 5 cm (p-value = 0.15). The negligible influence of
liquid density close to the nozzle was not surprising, as literature

reports that the influence of liquid density in the atomisation
mechanism has not been clearly evidenced. Also, it was expected
(from literature review and experimental results of the current
study) that, close to the nozzle outlet like at L = 5 cm, the droplet
size is controlled by operating conditions through the atomisation
mechanism, instead of liquid physicochemistry. The validation of
restricted models on unknown samples will help to judge the suit-
ability of these models for predicting droplet sizes in the investi-
gated ranges of process parameters.

Restricted models were validated by the lower NMRSE obtained
with unknown samples, in comparison with the general model: at
L = 5 cm, the NMRSEL = 5 cm was decreased from 18% with Eq. (11)
15% with Eq. (12), whereas at L = 14 cm, the NMRSEL = 14 cm was
decreased from 15% with Eq. (11) to 13% with Eq. (12). Also, more
(12 out of 14) droplet sizes of unknown samples were predicted
within 20% accuracy, confirming the better suitability of restricted
models for predicting droplet sizes formed in the atomisation
process.

3.2.2. Respective influences of process parameters in the atomisation
process

The influence of process parameters will be exclusively dis-
cussed from the restricted models, as the general model was less
accurate and led to a negligible influence of liquid viscosity in dis-
agreement with experimental results and literature knowledge.

On one hand, it can be seen that the signs of model coefficients
were identical at both distances to the nozzle, except for a2 associ-
ated with lL

lA
and a3 associated with qL

qA
. This implies that a unique

mechanism (the atomisation one) stays predominant with regard
to droplet size in the whole range of investigated process parame-
ters, but also that the roles of liquid viscosity and density in the
droplet size changes far from the nozzle outlet. Indeed, the contri-
bution of the coalescence mechanism affects the role of liquid
viscosity at L = 14 cm, as viscosity is both opposed to liquid jet
break-up, leading to size decrease (Marmottant, 2001), and droplet
coalescence, inducing size increase (Podgorska, 2007). The same
interpretation can be done for liquid density, as it appeared from
literature review that compact sprays are formed with high density
liquids, lowering the efficiency of the atomisation mechanism, and
high density liquids are less prone to coalesce, as too much inertial
energy of impacting droplets reduces the coalescence efficiency
(Corral, 2011).

Fig. 3. Comparison between the experimental and modelled values of dimensionless droplet sizes. (a) General model (Eq. (10)); (b) restricted models (Eqs. (11) and (12)). Full
and empty squares respectively represent droplet size at L = 5 and 14 cm. The straight line of unity slope corresponds to equal experimental and model values. Dashed lines
stand for model errors of ±20%.



On the other hand, the absolute values of model coefficients of
Eqs. (12) and (13) (cf. Table 2) can be used to have a general over-
view of the importance of process parameters in droplet shaping:
the higher the absolute value of a model coefficient, the stronger
the influence of the process parameters involved in the associated
dimensionless number. Operating conditions (associated with We
and ALR) impacted more on the droplet size than liquid viscosity
and surface tension (related to lL

lA
and Bo), but, surprisingly, less

than liquid density (cf.qL
qA

). This latter assertion has to be qualified,
as liquid density was involved in several dimensionless numbers of
Eqs. (12) and (13), and thus its influence cannot be totally under-
stood from model coefficients. Comparing the absolute values of
model coefficients of Eqs. (12) and (13) allowed to deduce how
the respective influences of liquid physicochemistry and operating
conditions on the droplet size are affected by the distance to the
nozzle. Indeed, the model coefficient associated with ALR (involv-
ing only operating conditions) was similar at L = 5 and 14 cm,
whereas model coefficients corresponding to dimensionless num-
bers involving only the liquid physicochemical properties

lL
lA
; qL
qA
; and Bo

! "
increased or remained similar when increasing

the distance to the nozzle. It can be deduced that liquid physico-
chemistry influenced more the atomisation process far from the
nozzle, which is consistent with the presupposed contribution of
the coalescence mechanism in the droplet size between L = 5 and
14 cm. Last, it should be added that the rather high absolute values
of the model coefficient of aerodynamic Weber number We in Eqs.
(12), (13) shows that this dimensionless number, linking the driv-
ing force of liquid jet break-up (operating conditions) to the resis-
tance of the liquid to deformation (liquid physicochemistry), is of
prime importance to control the size of sprayed droplets. Fig. 4
was drawn to illustrate this major importance of the aerodynamic
Weber number in the atomisation process. It represents the evolu-
tion trends of dimensionless droplet sizes with We, as well as
power law regressions of the dependency of the dimensionless
droplet sizes to We at each distance to the nozzle (Eqs. (14), (15)).

) L = 5 cm:

d50

L
¼ 2:82& 10"3We"0:28 ð14Þ

) L = 14 cm:
d50

L
¼ 1:00& 10"2We"0:57 ð15Þ

These power law regressions were obviously of low accuracy
(R2 = 15% and 26% respectively for Eqs. (14) and (15)), as they
involved only one relevant dimensionless number associated to

process parameters (We). However, they were consistent with
the model coefficients obtained through the DA modelling
approach (cf. Eqs. (12), (13)), confirming the suitability of the
developed restricted models and the predominance of the aerody-
namic Weber number in the atomisation process whatever the dis-
tance to the nozzle.

In Fig. 4, the dimensionless droplet size decrease with We and
the lower scattering of dimensionless droplet size around the
curves representing Eqs. (14) and (15) at higher We confirmed
the control of droplet size by operating conditions at both dis-
tances to the nozzle, owing to the predominance of the atomisation
mechanism. The greater influence of the aerodynamic Weber
number at L = 14 cm was also an indication that the role of surface
tension in droplet shaping was enhanced between L = 5 and 14 cm
(as r is equally involved in the expression of We, cf. Eq. (4)), in
compliance with the increasing importance of the coalescence
mechanism when droplets move away from the nozzle.

4. Conclusions

This paper allowed showing that the atomisation of skimmed
milk concentrates follows the general atomisation mechanism
described in the literature for bi-fluid nozzles, in which the driving
force of liquid jet break-up is controlled by operating conditions
and the resistance to break-up is related to the physicochemistry
of the sprayed liquid. Close to the nozzle, it was shown that the
droplet size is mainly controlled by the conditions of liquid jet
break-up (air velocity and liquid viscosity), in accordance with
the atomisation mechanism evidenced by previous works in the
literature. Interestingly, it was found that droplets were larger fur-
ther from the nozzle outlet, which indicated the occurrence of an
additional mechanism counteracting the atomisation one and lead-
ing to droplet size increase: droplet coalescence.

The second part of the study presented a DA modelling
approach of liquid atomisation, which aimed at clarifying the
respective roles of operating conditions, liquid physicochemistry,
and distance to the nozzle in droplet formation and determining
how the atomisation process was influenced by the coalescence
mechanism. It was shown that air and liquid velocities should be
considered in droplet size models instead of the more common
air pressure and liquid flow rate, as these velocities, integrating
both geometrical and energetic aspects of the atomisation opera-
tion, permitted to reduce the set of relevant dimensionless num-
bers and give rise to the key dimensionless numbers of the
atomisation mechanism, namely the aerodynamic Weber number
and the air-to-liquid flow rate ratio. Also, the suitability of DA for
modelling the droplet size was demonstrated, provided that the
determination of model coefficients was adapted to the distance
to the nozzle, as it was highlighted a change in the involved mech-
anisms according to the distance to the nozzle: either atomisation
only close to the nozzle outlet or atomisation followed by droplet
coalescence at longer distances. Finally, the prime importance of
the Weber aerodynamic number in the atomisation process was
emphasised.
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