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� An Euler–Lagrange model for iso-
thermal sprays is presented.

� Droplet collisions are detected using
a novel Direct Simulation Monte
Carlo method.

� The model is validated against phase
Doppler interferometry experiments
on water.

� The spatial evolution of droplet size
distribution is predicted semi-
quantitatively.
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a b s t r a c t

An Euler–Lagrange model is presented that describes the dynamics of liquid droplets emerging from a
high-pressure spray nozzle in a relatively large volume (of the order of almost a cubic meter). In the
model, the gas phase is treated as continuum, solved on an Eulerian grid, and the liquid phase is treated
as a dispersed phase, solved in a Lagrangian fashion, with interphase coupling through state-of-the-art
drag relations obtained from direct numerical simulations. The droplets are introduced into the system
at high velocities, leading to a turbulent self-induced gas flow which is solved using large eddy
simulation. Despite the relatively low liquid volume fraction in the spray, the number density of droplets
at the nozzle is still more than 1010 m�3, which is why we employ a highly efficient stochastic Direct
Simulation Monte Carlo approach to track collisions between droplets. The droplet collision frequency is
calculated on the basis of local droplet number density, droplet size and relative velocities of
neighbouring droplets within a dynamically adapting searching scope, as described in Pawar et al.
(2014. Chem. Eng. Sci. 105, 132–142). We use known correlations from literature to determine the
outcome of a binary droplet collision, which depending on characteristic dimensionless numbers can be
coalescence, bouncing or, for high velocity impacts, stretching or reflexive separation leading to
formation of satellite droplets. Our simulation model is compared with droplet velocities and size
distributions obtained from phase Doppler interferometry experiments on an industrial scale hollow-
cone pressure swirl nozzle spray. We find semi-quantitative agreement for spray characteristics such as
the axial and radial spray velocity, spray jet width, and the dependence of the droplet size distribution
on position within the spray. The simulation model enables us to study the relative importance of
different droplet collision events occurring in the spray volume.
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1. Introduction

Atomization of a liquid is an important step in spray drying, air
conditioning, spraying pesticides in agriculture, liquid fuel-
combustion in gas turbines, oil furnaces, rocket engines, and in
many other engineering areas (Nasr et al., 2002; Marchione et al.,
2007; Tratnig et al., 2009; De Luca et al., 2009). Pressure swirl
nozzles are often used to generate a spray of droplets. The
operating principle of a pressure swirl nozzle relies on the
conversion of pressure into kinetic energy to achieve a high
relative velocity of the liquid with respect to surrounding gas.
The swirling part of the nozzle gives a swirling motion to the
liquid. The centrifugal forces acting on the liquid lead to a conical
liquid sheet leaving the nozzle orifice. This liquid sheet becomes
unstable and breaks up into small droplets. This initial droplet size
distribution subsequently evolves to other distributions due to a
multitude of droplet coalescence and collision-induced breakup
events occurring continually inside the spray.

In this paper we describe a simulation model that can predict
the evolution of a liquid spray beyond the initial atomization stage.
Our work combines and builds on methods and insights generated
by previous experimental and simulation studies of initial spray
formation and subsequent spray evolution, which we will now
shortly review.

Many experimental studies have been carried out focusing on
the initial liquid sheet break-up and initial droplets emerging from
a pressure swirl nozzle using different experimental techniques,
such as high-speed photography, phase Doppler anemometry,
particle image velocimetry, planar laser-induced fluorescence
(Dombrowski and Fraser, 1954; Lozano et al., 2001), ballistic
imaging (Paciaroni and Linne, 2004; Linne et al., 2006), structured
laser illumination planar imaging (Berrocal et al., 2005, 2007–
2009), X-ray radiography (Powell et al., 2000), and high-resolution
shadowgraphy (Crua et al., 2012). Linne (2013) provides a detailed
overview of the different experimental imaging techniques for
dense spray analysis. As a result of these studies, many features of
the liquid sheet breakup and initial droplet size distribution are
understood reasonably well.

Other experimental studies focus on the spray evolution
beyond the initial atomization stage. Often phase Doppler inter-
ferometry (PDI, sometimes also referred to as phase Doppler
anemometry, PDA) is used to investigate spray properties such
as the droplet size distribution and mean droplet velocity at
various radial and axial locations for different liquid injection
velocities (Sommerfeld, 1998; Ghorbanian et al., 2003; Wigley
et al., 2004; Li and Shen, 1999). A disadvantage of PDI measure-
ments is that they are intrinsically point measurements. To
alleviate this limitation, Berrocal et al. (2005, 2007–2009) and
Mishra et al. (2014) have extended SLIPI with LIF/Mie radio
technique to extract a two-dimensional mapping of the droplets
sauter mean diameter (SMD) throughout the spray in a single
experiment. The average (SMD) values of droplet diameters agree
well with PDI measurements. Berrocal et al. (2005, 2008, 2009)
combined the light scattering experiments with Monte Carlo
simulations of light propagation in the spray using assumed
droplet size distributions. With this method, the inverse problem
of predicting the droplet size distribution from the light scattering
phase function could be solved. Note that this experimental
method can be used both in the dense and in more dilute regions
of a spray.

Despite the above experimental developments, accurate mea-
surements of the droplet size distribution, droplet velocity, as well
as coalescence and break-up events are difficult to perform close
to the nozzle exit and deep inside the spray because the spray is
usually optically very dense. Therefore, there is a growing interest
to use computational fluid dynamics (CFD) for the investigation of

sprays. Just as with the experiments described above, it is
important to distinguish between CFD studies focusing on the
initial spray formation and CFD studies focusing on large scale
evolution of the spray. For the former, fully resolved gas–liquid
flow simulations are necessary (Menard et al., 2007). Such simula-
tions are still difficult and computationally very expensive. They
usually concern a few cases, representative of what can be
encountered during an atomization process (Hirth and Nichols,
1981; Chang et al., 1993; Preussner et al., 1998; Nonnenmacher
and Piesche, 2000; Iyer and Abraham, 2003; Renze et al., 2011).

Other CFD studies, including the one described in this work,
focus on the evolution of the spray beyond the initial atomization
step (O’Rourke and Bracco, 1980; Pinsky et al., 1999; Ruger et al.,
2000; Vallet et al., 2001; Sommerfeld, 2001; Blei et al., 2002; Lebas
et al., 2009; Luret et al., 2008). In particular, Sommerfeld (2001)
and Blei et al. (2002) have carried out numerical simulations in
which droplets are traced in a Lagrangian fashion to obtain droplet
collision rates. They introduced a stochastic collision model based
on an Euler–Lagrange approach where fictitious collision partners
are generated; this approach is very economic with regards to
computer time, because it does not require a search for a possible
collision partner in the vicinity of the considered particle. How-
ever, for the generation of the velocity of the fictitious particle,
assumptions about the velocity fluctuations need to be made. Such
assumptions need not be made when collision partners are also
explicitly tracked. An important development in this direction is
the Direct Simulation Monte Carlo (DSMC) method, first proposed
by Bird (1976). In DSMC, collisions between pairs of particles are
detected stochastically instead of deterministically. The method is
very popular for the investigation of large numbers of particles,
because real particles can be represented by a lower number of
representative particles, and the trajectories of only these repre-
sentative particles are calculated. For CFD studies of this type, it is
important to have an accurate model for the outcome of a binary
droplet collision. Usually correlations, obtained from detailed
experiments on single droplet collisions, are used (Ashgriz and
Poo, 1990; Jiang et al., 1992; Qian and Law, 1997; Brenn et al., 2001;
Ko and Ryou, 2005; Kuschel and Sommerfeld, 2013). Such detailed
experiments show that collisions may lead to bouncing, coales-
cence or breakup of droplets, depending on the impact velocity
and angle.

The objective of the present work is to introduce and validate a
simulation model that can predict the temporal and spatial evolution
of the droplet size distribution in a spray beyond the initial
atomization step. We focus on isothermal sprays where droplet
evaporation can be neglected. The model uses an Eulerian simulation
method to capture the effect of induced air flow and a Lagrangian
simulation method for the droplet phase. The Lagrangian method is a
novel version of Direct Simulation Monte Carlo (DSMC) which we
recently developed (Pawar et al., 2014). We will show that the
predictions of our model compare favourably with experimental
measurements in an isothermal water spray obtained from Phase
Doppler Interferometry (PDI) experiments, focusing on the droplet
velocity field, the droplet size distribution, and its spatial evolution
characterized by the Sauter mean diameter.

In future work we will study the droplet–droplet interactions
under non-isothermal conditions, and extend the collision model
to include dried particles, all of which are relevant to the case of
spray dryers. See e.g. Mezhericher et al. (2015) for recent work
along these lines.

This paper is organized as follows. In Section 2 details are given
of the numerical model for the gas phase and the discrete droplet
phase, including a summary of the Direct Simulation Monte Carlo
model for detection of droplet collisions, and the model to
determine the outcome of such collision events. Details and
parameters of the test geometry are given in Section 3. Section 4
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describes the experimental setup of the PDI system. The results are
shown and discussed in Section 5. Finally, we give our conclusions
in Section 6.

2. Numerical model

2.1. Introducing the droplets: Rosin–Rammler distribution

Our numerical model does not explicitly model the film break-
up process, because this is not possible with an unresolved
method such as presented here. Instead, as shown in Fig. 1, we
introduce new droplets at a location right after film break-up has
occurred. In this region, we assume the droplets are already
spherical, but the velocity of the droplets has not yet decreased
relative to the nozzle injection velocity. The nozzle injection
velocity is determined by the orifice relation, vinj ¼ CD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Δp=ρ

p
,

where Δp is the difference between injected liquid pressure and
gas pressure, ρ is the liquid density, and CD¼0.70 is the discharge
coefficient (Madsen, 2006). We can calculate the thickness of the
(hollow) liquid film cone as δl ¼ q= πd0ρvinj cos θ

� �
, where q is the

liquid feeding mass rate, d0 is the diameter of the cone at the
nozzle, and θ is the (initial) spray cone angle (Madsen, 2006). The
spray cone angle is obtained from experimental measurements. To
mimic the hollow cone spray geometry, droplets are introduced at
random positions inside a (hollow) cylindrical shell with inner
diameter din ¼ d0 and outer diameter dout ¼ dinþ2δl. The angle of
direction of the initial velocity of droplet i is assumed to increase
linearly with increasing radial distance ri to the central axis, i.e.
droplets are released with a velocity vz;i ¼ vinj cos θð2ri=doutÞ

� �
along the axial direction and vr;i ¼ vinj sin θð2ri=doutÞ

� �
along the

radial direction.
The initial droplet size distribution emerging from a high

pressure nozzle is extremely broad. A study by Han et al. (1997)
has shown that the so-called Rosin–Rammler distribution most
accurately predicts the droplet size distribution for a high pressure
swirl injector. This is a cumulative distribution of the following
general form:

1�Y dð Þ ¼ exp � d

d

� �n� �
ð1Þ

Y dð Þ is the mass fraction of all droplets with a diameter smaller
than d, d is called the Rosin–Rammler diameter, and n is a spread
parameter which controls the width of the distribution. In our
work we use a spread parameter n¼3.5, which is often used for
spray nozzles (Madsen, 2006). Note that the Rosin–Rammler
diameter d can be related to the Sauter mean diameter
d32 ¼ d3

D E
= d2
D E

through d=d32 ¼Γ 1�1=n
� �� 1:28, where Γ is

the Gamma function. The Sauter mean diameter is particularly

important in spray drying applications because the mass transfer
happens at the interface of the droplets and the surrounding air.
To enhance the evaporation of a population of droplets, one has to
maximize the active surface areas and minimize the internal
volumes. An additional advantage of specifying or measuring d32
(compared with the numerical average) is that it is more sensitive
of the distribution at larger diameters, and therefore less sensitive
of possible errors in the distribution at small diameters.

For computational reasons the droplet diameter is limited to
the range dA d0:5%; d99:5%

	 

, where d0:5% ¼ d � ln 1�0:005ð Þ	 
1=n �

0:220d and d99:5% ¼ d � ln 1�0:995ð Þ	 
1=n � 1:610d. In other words,
we exclude the smallest droplets whose collective mass take up
0.5% of the total mass of all injected droplets, as well as the largest
droplets whose collective mass take up 0.5% of the total mass. The
lower limit is important to avoid having to deal with a huge
number of tiny droplets, with a negligible total mass and negli-
gible effect on the flow characteristics. In our simulations we
generate a new diameter from the Rosin–Rammler distribution as:

d¼ dð� ln ξÞ1=n ð2Þ
where ξ is a uniform random number between 0 and 1, but only
accept this diameter if it lies in the range dA d0:5%; d99:5%

	 

and

another uniform random number (between 0 and 1) is smaller
than d0:5%=d

� �3. The latter step is essential because the Rosin–
Rammler distribution is an accumulative probability for mass
fraction, and for any given amount of mass the number of droplets
scales as d�3. A large number of new droplets is generated each
time step Δtg of the flow solver. The cumulative introduced mass
is calculated and new droplets are introduced until the desired
total mass qΔtg is reached.

Because of limitations of the stochastic collision model (dis-
cussed in detail in Section 2.4.2) it was necessary to disable droplet
collisions for the first 20 mm after the insertion region. Only after
this distance the droplet volume fraction has decreased suffi-
ciently for the assumption of dilute conditions to be valid. The
initial droplet size distribution is therefore actually the droplet
size distribution at a distance of 20 mm from the nozzle. Note that
it is still necessary to insert droplets at the location of the nozzle,
because only this leads to a correct air flow induced by the
momentum exchange with the droplets moving with high initial
velocity.

Finally a comment on the liquid film thickness δl. We used this as
an estimate for the cylindrical shell thickness of the droplet insertion
volume. Strictly speaking the equation δl ¼ q= πd0ρvinj cos θ

� �
is an

approximation valid only in the limit δl{d0, while for our parameters
δl is of the order of 15% of the nozzle diameter d0. A more accurate
estimate, based on q¼ πρvinj cos θδl d0�δl

� �
, leads to a slightly

larger value for δl. Fortunately, our results do not depend sensitively
on δl. This has two causes. First, the insertion volume is much smaller

Fig. 1. Schematic diagram of the system. Left: a pressure swirl nozzle atomizer produces a conical liquid film which breaks up into a large quantity of droplets. Right: in our
numerical model we do not explicitly model the film break-up process itself, but introduce new droplets in a cylindrical region with a preset velocity and droplet size
distribution, see main text for details.
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than a CFD cell. Therefore, the initial droplet spray acts as an effective
point source for the gas–droplet momentum exchange (see also next
section). Small changes in the value of δl, and consequently the
insertion volume, will have a negligible effect on the induced gas flow.
Second, because droplet collisions are only considered after the first
20 mm after the insertion region, differences in the droplet volume
fraction in the insertion volume, caused by small differences in the
value of δl, will have decreased significantly by the large initial
spreading of the droplet spray.

2.2. Continuum gas phase

As discussed in the previous section, discrete droplets are
introduced at high velocity into the system. Through gas–droplet
drag coupling, this causes a self-induced flow of the continuum
gas phase. In the model, we compute the Navier–Stokes equations
for the gas phase, with conventional two-way coupling for the
momentum exchange between the gas and the discrete phase. In
detail, we solve the following equations of conservation of mass
and momentum of the gas phase:

∂
∂t
ðρgεgÞþ∇UðρgεguÞ ¼ 0 ð3Þ

∂
∂t
ðρgεguÞþ∇UðρgεguuÞ ¼ �εg∇p�∇UðεgτgÞ�Spþρgεgg ð4Þ

where u, ρg , εg , p and τg are the gas velocity, density, volume
fraction (i.e. porosity), pressure and stress tensor, respectively, and
g is the acceleration due to gravity. The interaction with the
discrete droplet phase is captured by the sink term Sp, which we
will treat in detail in the next subsection. For computational
efficiency, we solve these equations on a relatively coarse grid
(see Section 3), meaning that the gas velocity u is an averaged or
filtered velocity. In this study, we use a Large Eddy Simulation
(LES) model proposed by Vreman (2004) for the investigation of
highly turbulent gas flow effects on the droplet/particle trajec-
tories. One of the main advantages of this model, especially in light
of future extensions to confined systems, is that it is more accurate
than the Smagorinsky model near walls while it is as good as the
Smagorinsky model in the bulk. The LES model is able to
adequately handle not only turbulent but also transitional flows.
The effect of LES turbulence on the filtered gas velocity is taken
into account though the stress model due to Vreman (2004),
leading to an increase of the effective gas viscosity μe. In detail, the
gas phase stress tensor τg is given by

τg ¼ �μeð∇uþð∇uÞT �2
3
ð∇UugÞIÞ ð5Þ

μe ¼ μ þ μtur ð6Þ

μtur ¼ ρgc

ffiffiffiffiffiffiffiffiffiffiffi
Bβ
αijαij

s
ð7Þ

αij ¼ ∂iuj ¼
∂uj

∂xi
ð8Þ

βij ¼Δ2
mαmiαmj ð9Þ

Bβ ¼ β11β22�β2
12þβ11β33�β2

13þβ22β33�β2
23 ð10Þ

Here μ is the laminar shear viscosity and μtur the eddy viscosity
of the gas phase, I the unit tensor, and Δm is the local filter width.
Note that in equations summation over repeated indices is
implied. The symbol α stands for the (3�3) matrix of derivatives
of the filtered velocity u. The model constant c is related to the
Smagorinsky constant CS by c� 2:5C2

S .

2.3. Droplet–gas drag coupling and droplet evaporation

The sink term Sp in Eq. (4) represents the drag force density
experienced by the droplets in the computational cell, which we
treat as point sources of momentum for the gas phase. In detail
(Ye, 2005),

Sp ¼ 1
V

Z XNdrop
i ¼ 1

βiV i

1�εg
ðu�viÞδðr�riÞdV ð11Þ

where V represents the local volume of the computational cell, Vi

is the volume of droplet i, and vi is the velocity of droplet i. The
distribution function δ distributes the reaction force acting on the
gas phase to the computational cells, where a trilinear interpola-
tion method is used in this work (Ye, 2005). The inter-phase
momentum transfer coefficient βi describes the drag of the gas-
phase acting on droplet i, which is modelled using the correlation
proposed by Beetstra et al. (2007) on the basis of high quality
direct numerical simulations:

Fðεg ;ReÞ ¼
10ð1�εgÞ

ε2g
þðεgÞ2 1þ1:5

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�εg

q� �

þ
0:413Re ε�1

g þ3εg 1�εg
� �þ8:4Re�0:343

� �
1þ103 1�εgð ÞRe2εg �2:5

βi ¼ 18μεgð1�εgÞ F
d2i

ð12Þ

Here Re¼ εgρg u�vij jdi=μ is the droplet Reynolds number,
where di is the droplet diameter and μ the laminar shear viscosity.
Note that this drag model is more general than we need in most
situations because the gas volume fraction is usually very close to
one. Also note that we implicitly assume that the drag on droplets
can be approximated as the drag on a spherical particle of equal
size. The spherical assumption is valid when two conditions are
met: (1) the droplets should be so small that their shape is
dominated by surface tension, i.e. in between collisions they are
not deformed by gravity or other forces, and (2) temporary shape
deformations associated with coalescence, bouncing or separation
of droplets have decayed back to the spherical equilibrium shape
on time scales much shorter than the free flight time between
consecutive collisions with other droplets. Both conditions are met
in the spray applications of interest here. For droplets with a
diameter of 100 μm or less, the Eӧtvӧs number is much less than
unity (first condition). For such droplets the droplet shape relaxa-
tion time is of the order of a millisecond or less (Qian and Law,
1997), while the mean free flight time between collisions is of the
order of 10 ms at a volume fraction of 10�4 (Pawar et al., 2014)
(second condition).

Unresolved subgrid scale (SGS) turbulent fluctuations in the gas
velocity could lead to additional dispersion of the droplet velo-
cities. An important parameter is the SGS Stokes number
StSGS ¼ td=tΔ, which is the ratio of the droplet response time
td ¼ ρd2= 18μ

� �
and the cutoff timescale for turbulent eddies

tΔ ¼ Δ2
=ε

� �1=3
which are still resolved at the scale of the filter

width Δ (Urzay et al., 2014). Here ε is the turbulent dissipation rate
in the gas (the rate of dissipation of the turbulent kinetic energy
per unit mass of gas) which we will estimate promptly. If StSGS{1,
the droplets are SGS-non-inertial with respect to subgrid eddies,
meaning that the droplets become sensitive to the high-frequency
fluctuations of the turbulence in the subgrid while behaving as
tracers for the large eddies. If StSGSc1, the droplets become
ballistic or SGS-inertial with respect to subgrid eddies, and the
resolved gas velocity u suffices to describe the droplet drag with
no additional subgrid modeling being required. The dissipation
rate can be estimated as ε� u3=L with u and L characteristic
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macroscopic velocity and length scales of the largest eddies. In our
system the gas velocity u (beyond the film breakup region) is
typically of the order of 50 m/s. Using the spray radius of 0.15 m
for L, we find ε� 0:83� 106 m2/s3. With a filter width of
Δ¼ 0:01 m, we find tΔ � 0:5� 10�3 s. The droplet response time
depends on the droplet size. For example, it is td ¼ 0:3� 10�3 s for
a 10 μm droplet, td ¼ 1:2� 10�3 s for a 20 μm droplet, and
td ¼ 31� 10�3 s for a 100 μm droplet. For the relevant range of
droplet diameters (10 to 100 μm) the SGS Stokes number therefore
ranges from 0.6 to 60. We can conclude that for all droplets, with
the possible exception of the smallest droplets of 10 μm, the effect
of subgrid scale turbulence on the droplet trajectories can safely be
neglected. Subgrid scale turbulence will be included in our future
work on spray drying to also deal with the smallest droplets
correctly.

As mentioned, a turbulent gas flow is induced by the high initial
velocities of the droplets. Our LES turbulence model is strictly
speaking only valid for one-phase flow. In general, the presence of
particles or droplets may lead to a damping of the turbulence
intensity. However, for the cases studied in this paper, where we

focus on the spray beyond the initial break-up region, the volume
fraction of droplets is so low (typically less than 10�4) that droplet-
induced damping of gas turbulence can also be neglected.

We must consider the possibility that larger droplets may break
up due to the large drag forces experienced with the surrounding
gas, a phenomenon referred to as secondary breakup. Apte et al.
(2003) describe how the critical (or maximum stable) droplet
diameter dcr for secondary breakup can be obtained by considering
a balance between these disruptive hydrodynamic forces and
capillary forces. Taking into account the turbulent gas velocity
fluctuations, they arrive at dcr ¼ 2 9Wecrσvinj=ð2ερÞ

	 
1=3, where
Wecr is a critical Weber number (based on the relative velocity
between droplet and gas) estimated to be of the order of six, and σ
is the surface tension of the droplet. Using our estimate above for
the viscous dissipation rate ε and using the surface tension,
viscosity and density of water, we estimate the critical droplet
diameter to be approximately dcr � 80 μm. As we will show later,
almost all droplets in our region of interest (relatively far from the
initial sheet breakup region) are smaller than this. Therefore, in
this work secondary breakup will be neglected. Secondary
breakup may be included in our future work on spray drying,
where also a highly turbulent air jet is forced into the system.

Finally, we note that, given the relatively small residence time
of droplets inside the spray – generally less than 0.1 s – evapora-
tion of these droplets is neglected in this work. Using the theory
described in Williamson and Threadgill (1974), we can make an
estimate of the maximal possible reduction in droplet diameter in
our experiments. Assuming the local relative humidity is equal to
that of the ambient air (60%) and that the wet bulb temperature is
achieved instantaneously, a droplet with a diameter of 60 μm will
reduce its size by 2% after evaporating for 0.1 s in a typical relative
air flow of 10 m/s. For the same conditions, a very small droplet of
20 μm will reduce its size by 13%. We emphasize this is an upper
limit, because (1) such small droplets generally experience smaller
relative velocities with the surrounding gas, (2) the local relative
humidity will be higher inside the spray, and (3) the evaporation
rate will be lower during the initial cooling to the wet bulb
temperature. Given the errors and approximations made at other
points in the model, we can therefore safely neglect droplet
evaporation inside the spray. Evaporation may be very important
for small stray droplets outside the main spray region, which is
therefore excluded from the analysis in this work. We will include
evaporation dynamics in our future work on spray drying.

Fig. 2. In DSMC a droplet (red) can collide with any of its neighboring droplets
(yellow) within a searching scope range (dashed circle). The collision probability
depends on the relative velocity, the droplet sizes, and local concentrations of the
droplets within the searching scope. The searching scope range dynamically adapts
itself during the simulation, depending on the mean free paths of the droplets. The
dashed grid lines indicate the Eulerian computational mesh for calculation of the
gas phase velocity. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Schematic illustration of the outcome of droplet collisions: (a) bouncing; (b) coalescence; (c) stretching separation; (d) reflexive separation. Time is running from top
to bottom in each schematic illustration. The center plot shows the lines demarcating the different regimes as a function of Weber number (based on the relative velocity
between two droplets) and impact parameter for equal sized droplets. For unequal sized droplets, the lines are slightly shifted (Ko and Ryou, 2005).
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2.4. Droplet dynamics

2.4.1. Droplet dynamic in between collision
Because of the relatively low volume fraction in our spray, the

free flight time of the droplets is much larger than the duration of
droplet–droplet collision events. We can therefore treat the
change in droplet velocities due to collisions as instantaneous. In
between such collisions, the motion of the droplets is described by
Newton’s second law:

mi
dvi
dt

¼ Fp;iþFd;iþFg;i ð13Þ

where mi and vi represent the mass and velocity, respectively, of
droplet i. The non-collisional forces, consisting of the pressures,
drag, and gravity forces, are given by

Fp;i ¼ �Vi∇p ð14Þ

Fd;i ¼
Viβi

1�εg
u�við Þ ð15Þ

Fg;i ¼mig ð16Þ
Note that in this work we neglect lift and virtual mass forces. The

total momentum of the gas and solid phase is locally conserved: Eq.
(14) is consistent with the first term on the r.h.s. of Eq. (4), and Eq. (15)
balances the source term in Eq. (4) given by Eq. (11).

2.4.2. Detecting collision: A brief description of DSMC
Despite the relatively low droplet volume fraction in a spray,

the smallness of the droplets leads to a high droplet number

density in the range of 109 m�3 to 1010 m�3. In our model, droplet
collisions are treated separately and stochastically because this
large number of droplets present in a spray make a deterministic
treatment of all droplets trajectories and all droplet collision
events unfeasible. Our approach for detecting droplet collisions
is based on the Direct Simulation Monte Carlo (DSMC) method,
first proposed by Bird (1976) for simulation of dilute molecular
gases. The method is very popular for the investigation of large
numbers of particles, because real particles can be represented by
a lower number of representative particles, and the trajectories of
only these representative particles are calculated. In this way,
computer memory and computation time can be reduced signifi-
cantly (Tsuji et al., 1998; Muller and Herrmann, 1998). O’Rourke
(1981) has described application of the DSMC method to granular
particle collisions. In this approach, the path of each representative
particle is updated sequentially during a large time step. After each
update, a collision partner for a particle is sought within the same
rectangular cell as the particle in question. Unfortunately, this
leads to a lack of communication across cell boundaries, as well as
an anisotropic (rectangular) bias in the distribution of colliding
particles. To avoid such lattice artifacts, the approach was later
modified to a stochastic model in which the collision probability
and the search for collision partners are based on a spherical
region (called the searching scope) generated from the local
particle parameters (Du et al., 2011). In some situations, the latter
method yields inconsistent results, especially when the particle
time step is limited by external factors such as a flow solver. We
have recently shown how to amend the method to yield consistent
results which are in quantitative agreement with detailed deter-
ministic discrete particle simulations (Pawar et al., 2014). Below
we will present the main features of our DSMC method; for details
the reader is referred to Pawar et al. (2014).

In DSMC collision pairs are chosen by probabilistic rules, while
moving only a single particle at a time. Not all particles need to be
explicitly modeled; a group of particles, called a parcel, may be
represented by a single representative particle. As mentioned above,
to avoid lattice artifacts, in this work we use a spherical searching
scope in which a particle searches for neighbours during a particle
time step. An example of a searching scope is shown in Fig. 2. After
each droplet time step the searching scope range of droplet i (Rs,i) is
updated based on the local collision frequency and droplet velocities.

The calculation of the local collision frequency is analogous to
the calculation of the collision frequency in molecular gas
dynamics. If di is the diameter of the moving droplet of interest
and dj the diameter of a droplet within its searching scope, and
assuming the droplets are distributed randomly (locally) in space,Fig. 4. Collision between two droplets, and the definition of impact distance B.

Table 1
Simulation parameter settings.

Parameters 200 bar 250 bar Unit

Density of gas (ρg) 1.25 1.25 kg/m3

Shear viscosity of gas (m) 1.8�10�5 1.8�10�5 kg/
(m s)

Density of droplets (ρ) 1000 1000 kg/m3

Surface tension of droplets (σ) 72�10�3 72�10�3 kg/s2

Rosin–Rammler diameter (d) 51�10�6 45�10�6 m

Rosin–Rammler spread parameter (n) 3.5 3.5
Nozzle diameter (d0) 2.31�10�3 2.31�10�3 m
Initial cone angle (θ) 73/2 75/2 degree
Mass flow rate (q) 0.275 0.289 kg/s
Average injected droplet velocity (vinj) 140 157 m/s
Parcel size (ni) 1000 1000
Typical no. droplets in system 109 109

Geometry dimensions (W�D�H) 0.6�0.6�0.7 0.6�0.6�0.7 m
No. gas cells (NX�NY�NZ) 60�60�70 60�60�70
Gas time step (Δtg) 2.5�10�6 2.5�10�6 s
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the collision frequency of droplet i can be estimated as:

f i ¼
X
jARs;i

vij
 π

4
diþdj
� �2 nj

ð4=3ÞπR3
s;i

ð17Þ

Here vij
  is the magnitude of the relative velocity between the

colliding droplets, ðπ=4Þ diþdj
� �2 is the effective collision area, and

ð4=3ÞπR3
s;i is the volume of the searching scope of droplet i. Finally,

nj is the number of real droplets represented by parcel j, i.e. the
parcel size. From the collision frequency, a collision mean free path
of the moving droplets i is calculated as:

λi ¼
vij j
f i

ð18Þ

During one droplet time step Δtp;i, the total collision prob-
ability (due to collisions with all possible neighbours) should be
less than 1. This condition is necessary to separate calculations of
inter-droplet collisions from those of free droplet motion. This
condition, referred to as the ‘principle of uncoupling’, is satisfied if

the droplet time step Δtp;i is calculated as follows:

Δtp;i ¼ min
λi
3vi

;Δtg�Δtcompl
i

� �
ð19Þ

here Δtg is an external time step limiting the droplet time step; in
our application this is the time step for updating the gas phase
velocities. We take into account that when we are finished with
droplet i, precisely one gas time step should have been completed;
the droplet time step should therefore not be limited by the gas
time step but by the remainder of the gas time step, i.e. by the
difference between the gas time step and the completed time
Δtcompl

i up to this point. After each droplet time step, the radius of
the searching scope is updated as follows:

Rnew
s;i ¼ max vij jΔtp;i; vij

 
maxΔtp;i

h i
ð20Þ

where vij
 

max is the largest value of relative velocity between
droplet i and any of its neighbours within its searching scope.

Having generated a list of neighbours of droplet i within its
searching scope, a specific collision partner j is chosen with the

Fig. 5. Experimental arrangement for the PDI system. Top: schematic diagram of the single liquid spray experimental set-up. Bottom left: side view of the spray. Bottom
right: top view of the spray.
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following probability, consistent with Eq. (17):

Pij ¼ vi�vj
 π

4
diþdj
� �2njΔtp;i

4
3πR

3
s;i

ð21Þ

We note that preliminary simulations showed that in very
dilute regions the same pair of droplets tend to repeatedly collide
with each other whereas in reality they would collide only once.
Similar to discrete particle method simulations, we therefore only

allow droplets i and j to collide if they move towards one another,
i.e. we introduce the additional condition:

vi�vj
� �

U ri�rj
� �

o0 ð22Þ
If all conditions are satisfied, droplet i will collide with droplet j

within the droplet time step Δtp;i. The outcome of this collision
depends on many factors, which we will discuss next.

2.4.3. Determining the outcome of a droplet–droplet collision
The droplet–droplet collision process is one of the main events

occurring in the spray process. For surface-tension dominated
droplets such as water droplets, four different types of collision
outcomes can be distinguished, as shown in Fig. 3. When two
droplets strike each other, the gas between them is trapped and
the pressure increases inside this gap. If the relative velocity of
droplets is not enough to overcome the pressure force, two
droplets do not intermix and simply bounce. This is referred to
as bounce/rebound (a). For higher relative velocities, depending on
the impact angle, one droplet may merge with another droplet
directly and coalescence (b) takes place. At very high relative
velocities, again depending on the impact angle, the kinetic energy
of impact is so high that the droplet breaks up again, leading to
stretching (c) or reflexive (d) separation, including the formation
of new satellite droplets.

Ko and Ryou (2005) have studied the droplet collision process
in an inter-spray impingement system, both experimentally and
numerically. The type of droplet collision is determined by the size
ratio between the droplets, by a dimensionless Weber number
based on the relative velocity between the droplets,

We¼ ρds vij
 2
σ

; ð23Þ

and by an impact parameter

b¼ 2B=ðdsþdlÞ: ð24Þ
Here the superscript s and l are used for the smallest and

largest droplet in the interaction. Note that the Weber number is
based on the smallest droplet diameter ds. The impact parameter b
is the non-dimensionalized distance B from the center of one
droplet to that of the other in the plane perpendicular to the
relative velocity vector, vij

 , as shown in Fig. 4.
It is important to stress that in our simulations we do not

specifically track the trajectories of all individual droplets, but only
of a lower number of representative droplets. The positions of the
droplets which are not explicitly tracked are therefore rather
fuzzy. Consistent with this picture, for the determination of the
impact parameter, we assume that droplets collide at a random
position. In detail, the impact position has equal probability
anywhere inside the circular (two-dimensional) collision cross-
section perpendicular to the relative velocity. Therefore, the
normalized probability P bð Þ to generate a certain impact para-
meter b should be equal to P bð Þ ¼ 2b for bA 0;1½ �. Such a prob-
ability distribution can be generated by choosing b¼

ffiffiffi
ξ

p
, with ξ a

uniform random number between 0 and 1.
The model by Ko and Ryou (2005) improves the widely used

model for droplet–droplet collisions developed by O’Rourke (1981)
by considering the collision-induced break up process in more
detail. The post-collisional diameters and velocities of the droplets,
including possible formation of satellite droplets, are determined
based on momentum and energy conservation equations. The
formation of satellites costs surface energy. Therefore, for stretch-
ing or reflexive separation at intermediate Weber numbers only a
single satellite droplet will emerge, whereas at higher Weber
numbers (and depending on the impact parameter) the additional
kinetic energy can be used to generate an increasing amount of
satellite droplets, which is also predicted by the model. We have

Fig. 6. Calculated collision types for colliding droplets in two impinging sprays as a
function of the Weber number of the smallest droplet and the impact parameter.
Solid lines demarcate different regions for equal size droplets, but note that
different droplet sizes occur in the simulation. For stretching and reflexive
separation, the number of formed satellite droplets is indicated by different
symbols with different colors. For stretching separation: green cross¼1, blue
star¼2, light blue square¼3, orange triangle¼more satellite droplets. For reflexive
separation: red plus¼1, pink square¼2, yellow circle¼3, black circle¼more
satellite droplets. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7. Time-averaged spray width. Experimental results (symbols) are compared
with simulation results (lines) at different locations along the axial direction for
200 bar (blue) and 250 bar (red) inlet pressure. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. Droplet probability distribution function for the total mass in each size class, as measured experimentally with the PDI technique (blue) and in the simulation (green)
for 200 bar (a–d) and 250 bar (e–h) inlet pressure. Four locations are shown here: (a and e) at 80 mm from the nozzle exit and 38 mm from the central axis; (b and f) at
180 mm from the nozzle exit and 45 mm from the central axis; (c and g) at 280 mm from the nozzle exit and 60 mm from the central axis; and (d and h) at 380 mm from the
nozzle exit and 80 mm from the central axis. In all plots, the red colour histogram is the initial Rosin–Rammler droplet size distribution used in the inlet region. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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implemented this model in our simulations with one important
distinction: in the region of lowest Weber number (the region to
the left of the dashed black and dashed blue lines in Fig. 3) we
assumed droplets coalesce rather than bounce. This choice is
inspired by recent work of Kuschel and Sommerfeld (2013), who
reported a collision map for (among others) water droplets which
shows coalescence of droplets at the lowest Weber numbers. For
details the reader is referred to Ko and Ryou (2005) and Kuschel
and Sommerfeld (2013).

3. Test system: Parameters settings

We will validate our droplet spray model by comparing with
experimental results of a spray of water droplets, introduced into
an essentially unbounded air-filled chamber. The parameters of
the model have been chosen using experimentally available data
for the initial cone angle and the mass flow rate. The initial Sauter
mean diameter used in the inlet region was determined by varying
its value until best agreement was found with the experimental
Sauter mean diameter at the first reliable measurement location
(at an axial distance of 80 mm, see next section).

In the simulations we place a nozzle at 0.20 m from the top
wall in a rectangular channel with a cross section of 0.6 m�0.6 m
and a height of 0.7 m. For the gas dynamics we use a Cartesian grid
of 60 cells in the x and y direction and 70 cells in the z direction.
We also checked the effect of grid size on the droplet size
distribution. The results remain essentially unchanged for a
refined grid size (90�90�140 cells). Prescribed pressure (1 bar)
boundary conditions were used at all boundaries, allowing for

inflow and outflow of gas. Droplets that cross the system bound-
aries are automatically removed. More details of the simulation
parameters are given in Table 1.

4. Experimental study: Phase Doppler interferometry

We compare the predictions of our model with the results of
experiments conducted at Tetra Pak Sweden. An important geo-
metrical parameter, the sheet opening angle, was determined from
photographs of the spray by simple image processing. The droplet
size and velocity distributions were measured using a phase
Doppler interferometry (PDI) system. PDI is an interferometric
technique for measuring size and velocity of spherical droplets,
bubbles or solid particles, as are typically occurring in sprays,
liquid atomization and multiphase flows, passing through an
optically defined probe volume. This probe volume is defined by
the intersection of pairs of laser beams, generating a pattern of
interference by their superposition. Measurements are performed
on single droplets as they move through the probe volume. A
portion of the optical signal generated by the scattered (refracted)
light from the droplets is projected onto a multiple detector
system, placed at an off-axis position (approximately 30–401).
The optical signal is converted into a Doppler burst having a
frequency linearly proportional to the velocity. Droplet diameters
are extracted from the phase shift between the Doppler signals
from the detectors. The dominance of one of the these two
scattering modes, which is a prerequisite for correct PDI measure-
ments, is determined by the optical configuration of the PDI
system and refractive index of the drop liquid.

The experimental set-up, presented in Fig. 5, consists of a low
and high pressure pump, tubing and a spray nozzle, exhaust
ventilation, and a device for process monitoring as well as drop
size and velocity measurements. During the experiments, tap
water (surface tension σ ¼ 73� 10�3 N/m, conductivity 17 mS/
m) is sprayed into a still air environment at ambient conditions
(temperature 20 1C, relative humidity far from the spray 60%)
using a hollow-cone pressure-swirl atomizer from BETE. The
atomizer consists of a swirl chamber (SW06) and an orifice disc
(2.31 mm).

Two sets of experiments were carried out, at a driving pressure
of 200 bar and 250 bar, respectively. A plate container with a
length of 4 m and an opening cross-section of 1�1 m2 was
utilized to collect and re-circulate the ejected water. In order to
map as large part of the flow field as possible, several measure-
ment points were chosen across the upper part of the spray. The
downstream position as well as the vertical position was varied.
An axisymmetric structure of the spray was assumed.

It was not possible to obtain reliable data close to the nozzle.
We define reliable data as measurements where more than 50% of
the PDI samples can be used with confidence. For example, in

Fig. 9. Sauter mean droplet diameter measured by the PDI technique at various locations (colored dots) in a single spray. Left: 200 bar; right: 250 bar inlet pressure. The
color of the dot represents the local d32, see color-scale on the right. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 10. Sauter mean droplet diameter measured in the simulation model as a
function of axial and radial position. Green: 200 bar; red: 250 bar inlet pressure.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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samples where multiple droplets are present in the intersection
area of the lasers, no reliable measurement can be made. Also,
when the droplet velocity is too large, the phase shift is beyond
the maximum allowed by the PDI equipment. Taking this into
account, the first reliable PDI data was measured at a downstream
axial position of 80 mm. In each of the measurement locations the
two velocity components (axial and radial) as well as the droplet
size distribution were determined.

For our measurements, 10,000 samples were taken at every
radial position. Only for sprays with low data rates the sample rate
had to be lowered to 5000 samples to minimize the measurement
time. This was only the case for measurements at large axial
distances from the atomizer and/or in positions where the
measurement conditions were bad. The present data shows that
even the 5000 samples were sufficient to achieve reliable mean
drop data. For each axial and radial location we performed two
sets of independent measurements. From this we found that the
experimental error in the Sauter mean diameter is approximately
1 μm, and the experimental error in the mass averaged droplet
velocity is approximately 0.5 m/s.

5. Results and discussion

5.1. Verification of the droplet–droplet collision model

Before validating the model with experimental results, we first
verify our implementation of the droplet–droplet collision model
by analyzing the outcome of collision events occurring between
droplets in a simulation of two impinging droplets sprays (Pawar
et al., 2012). Fig. 6 shows the calculated outcomes of the collision
events as a function of the Weber number We of the smallest
droplet and the impact parameter b. Note that each symbol in the
figure represents a single collision event. Solid lines in the figure
demarcate regions of different collision type, according to the
theory of Ashgriz and Poo (1990) and Ko and Ryou (2005), for
equal sized droplets. For different sized droplets, the transition
lines between coalescence and the two types of separation
(stretching and reflexive) both shift to higher Weber numbers.
This explains why coalescence events are also reported inside the
regions marked as “stretching” and “reflexive” in the figure. The
number of satellite droplets formed in a stretching or reflexive
separation also depends on the Weber number, impact parameter
and size ratio. Fig. 6 shows the parameter regions in which 1, 2,
3 or more than 3 satellite droplets are formed, respectively. All

these results are in agreement with the results reported in Ko and
Ryou (2005), with the adaptation to coalescence for the lowWeber
number region as observed by Kuschel and Sommerfeld (2013),
from which we verify that the model for collision outcomes has
been implemented correctly.

5.2. Analysis of the spray nozzle: Jet width

The first obvious larger-scale feature of a spray is its average
width as a function of axial position. For the experiments, we
define the spray width as two times the radial position of the
highest gradient in the time-averaged intensity of the light
reflected by the droplets. For the simulations, we define the spray
width similarly as two times the radial position of the highest
gradient in the time-averaged droplet volume fraction. Fig. 7
compares the experimental spray width with the simulated spray
width at axial distances ranging from 50 mm to 250 mm beyond
the nozzle exit. The simulation results are in good agreement with
the experimental results. Note that the observed spray width is
relatively insensitive of the liquid pressure for our system.

5.3. Droplet size distribution

Fig. 8 shows the droplet probability distribution function,
indicating the total mass (or equivalently: total volume) of all
droplets falling inside a certain size class, encountered in the
experiments and simulations at four locations in the spray and for
two inlet pressures. The first sample has been taken at 80 mm
from the nozzle exit and 38 mm from the central axis. The other
three samples have been taken at (axial, radial) positions of (180,
45), (280, 60) and (380, 80) mm. At all positions the size
distribution is significantly altered from the initial Rosin–Rammler
distribution used for the introduction of the droplets in the inlet
volume (red histogram in all plots). Overall, the evolution of the
droplet size distribution predicted by our simulations (green
histogram) is in qualitative and semi-quantitative agreement with
experiments (blue histogram), with some small deviations which
we will discuss.

At the first location (z¼80 mm, r¼38 mm, Fig. 8a and e), which
is deep inside the spray, simulations show that the width of the
droplets size distribution has decreased relative to the initial
distribution, and that the average droplet size has slightly
decreased. This is caused by simultaneous coalescence of smaller
droplets and breakup of larger droplets caused by the relatively
high relative velocities in combination with a high collision

Fig. 11. Mass-averaged droplet velocities and induced gas velocity at different locations in the spray as shown by arrows. The scale is given by the arrow in the top left. The
blue colors arrows correspond experimental, green color corresponds to simulation results of droplet average velocity and red colors correspond to induced gas flow velocity.
(a) 200 bar; (b) 250 bar inlet pressure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Contour plots of the frequencies (number of collisions per second in a computational cell of 1 cm3) of different collision events on cutting plane (0.6 m�0.7 m) at
center of the domain in a spray, for 200 bar (left side) and 250 bar (right side) inlet pressure: (a) bouncing, (b) coalescence, (c) stretching separation, (d) reflexive separation.
Note the logarithmic color scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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probability. Small deviations are observed between the experi-
mental and simulated probability distribution functions at small
diameter. This may be caused by our neglect of sub-grid scale LES
turbulence on the droplet velocities, leading to a slight under-
estimation of collision probabilities between small diameter dro-
plets. Assessment of this effect will be part of our future work.

At the second and third locations (z¼180mm, r¼45mm, Fig. 8b
and f, and z¼280 mm, r¼60mm, Fig. 8c and g), we observe that the
droplet size distribution is slowly shifting to larger average droplet
size, after first experimental reliable measurement data, in experi-
ments and simulations, in time and space. This is caused by the
predominance of coalescence events (concurrent with bouncing
events) at more moderate relative velocities.

At the fourth location (z¼380 mm, r¼80 mm, Fig. 8d and h),
both experiments and simulations show that the droplets have
significantly grown in size. Both experiments and simulations
show that the width of the droplet size distribution has also
increased, and that the relative and absolute growth in droplet
size is larger for higher inlet pressure. In the experiments slightly
larger droplets are found than predicted by our model.

In summary, although the simulated and experimental droplet size
distributions do not agree entirely, overall they predict the same
trends and are in good semi-quantitative agreement with each other.

From the above it has become clear that the droplet size
distribution is a very non-trivial function of the axial and radial
position in the spray. The Sauter mean diameter (SMD) has been
determined experimentally at a few selected locations; the results
are given schematically in Fig. 9. We observe that at a given axial
position, with increasing distance from the central axis the mean
droplet diameter first increases, then decreases, and finally
increases again. A qualitatively similar initial increase of the SMD
with increasing distance from the central axis was observed in
SLIPI-LIF/Mie experiments of Mishra et al. (2014). In Fig. 10 we
show the SMD as determined in the simulations as a function of
axial and radial position. In agreement with the experimental
observations, we find a local maximum in droplet size at a finite
distance from the central axis. It is encouraging to see that our
DSMC model reproduces all qualitative features observed in the
experiments.

5.4. Droplet velocity distribution

The mass-averaged velocity of the droplets is shown in Fig. 11.
We use a mass average because this is more representative of the
liquid transported in the spray than a numerical average, which
would be dominated by the more numerous very small droplets.

Initially the droplet velocity is very high (more than 100 m/s), but
the air drag causes a fast deceleration. The droplet velocity at the
nozzle could not be measured experimentally. The first reliable
measurement at the central axis was possible at 280 mm and second
in on 380mm from the nozzle exit. We observe that the velocity is
still relatively high near the central axis, but decreases rapidly with
increasing distance from the central axis. The velocity magnitudes and
directions observed in the simulations are in semi-quantitative agree-
ment with the experimental measurements.

5.5. Spatial distribution of droplet collision events in a spray

An advantage of the simulations is that they can provide
additional insight into processes which are very difficult to
observe experimentally. An important example is the spatial
distribution of the collision frequencies of the different collision
events. Fig. 12 shows the collision frequencies, defined as the
number of collisions per second (taking into account the number
of real particles in a parcel) per computational cell of 1 cm3. Note

that the color scale used in these plots is logarithmic to be able to
show both high and low collision frequencies.

Bouncing of droplets (Fig. 12a) is the most frequent event
almost everywhere in the spray. Still, because of the higher
number density, the largest bouncing frequency occurs near the
nozzle exit. The hollow cone shape of the spray density profile can
easily be distinguished as well.

The next most frequent event is coalescence (Fig. 12b). There is
a subtle difference with the bouncing contours: coalescence seems
to be relatively more rare near the central axis of the spray.

Stretching and reflexive separations (Fig. 12c and d) are again
more rare, and mostly limited to the region near the nozzle exit.
Here the droplet velocities are very high (resulting in high Weber
numbers) and the droplet number density is very high. Droplets
moving farther from the nozzle exit move much slower and the
Weber number is too low to induce a separation.

6. Conclusions

A complex interplay of droplet–air and droplet–droplet inter-
actions is taking place inside a spray produced by a high pressure
atomizer. In this work we coupled a CFD model for the gas phase
to a novel DSMC droplet collision model, in which a very large
number of droplets are represented by a smaller number of
droplets and collision probabilities are calculated based on relative
velocities and local number densities inside a spherical region. The
type of collisions that occur depend on the size ratio of the two
colliding droplets, the Weber number, and the impact parameter.

To validate our CFD-DSMC model, we studied the spray jet
width, the spatial evolution of the droplet size distribution, and
droplet velocities inside a single nozzle spray. We compared our
simulation results at different locations inside the spray with
experimental results obtained by phase Doppler interferometry.
Our simulation results are in semi-quantitative agreement with
the experimental results, with small deviations at the smallest and
largest droplet sizes. In future work we will study the droplet–
droplet interactions under turbulent flow, include non-isothermal
(evaporation) conditions, and extend the collision model to
include dried particles, all of which are relevant to the case of
spray dryers.

Nomenclature
Symbols parameters units

di droplet diameter (m)
f i collision frequency (1/s)
Fg;i gravity force (kg m/s2)
Fd;i drag force (kg m/s2)
Fp;i pressure force (kg m/s2)
mi mass of droplet i (kg)
ni number of real droplets represented by i (parcel size) (�)
Pij collision probability between i and j in droplet time step

Δti;p (�)
Rs;i collision searching scope of droplet I (m)
vi velocity of droplet i (m/s)
vij relative velocity of droplets i and j (m/s)
Δtp;i time step for droplet i (s)
Δtg external time step (gas time step) (s)
λi mean free path of droplet I (m)
ρ droplet density (kg/m3)
ξ uniform random number [0,1] (�)
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