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Abstract
The origin of temporal fluctuations of liquid mass deposition rates, obtained from a spray of droplets impinging
on a solid spherical target, was investigated by correlation with droplet clusters in the spray. The droplet clusters
were quantified using a Voronoi analysis on instantaneous images of the droplets, to obtain the number of droplet
clusters, the area of the clusters and the number of droplets in each cluster. It was found that the normalised area
of the droplet clusters had a distribution with a peak around 10-1 and a right tail which followed a power law of
exponent -1.8. As the number density of the droplets inside the clusters increased, the temporal fluctuations of
the liquid mass deposition rates increased, as a greater variation of droplet sizes impinged the target. However,
as the standard deviation of the distribution of the normalised droplet cluster areas was increased, the temporal
fluctuations in the liquid mass deposition rates reduced, as variations to the droplet number density and droplet
sizes inside the clusters were averaged out.
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Introduction
Multi-phase flows occur in a wide range of natural and industrial applications, such as rain formation, atmospheric
emission, spray drying and combustion. In many of these applications, the surrounding fluid might be turbulent
and this may influence how the particles disperse in such systems. For instance, during spray drying, an industrial
process which produces powder from a liquid slurry feed, the change in dispersion caused by the surrounding hot
turbulent air may alter the rate of collisions which occur between droplets of the atomized slurry, as well the outcome
of the collisions. This may then change the morphology of the produced powder [1], and so it is important therefore to
gain physical insight into how these physical processes behave. Whilst a unified theory which describes completely
the dispersion of particles in a turbulent flow is lacking, two non-dimensional numbers, the Stokes number and the
Gravitational settling parameter, have been used to characterize the dispersion.

The Gravitational settling parameter, φ, characterizes the influence of gravity to the dispersion of the particle and
is defined in Equation (1) as the ratio of the terminal velocity of a particle, VT, to a characteristic velocity scale
of a turbulent flow, VF, typically the Kolmogorov scale [2]. Particles with a high settling parameter may have little
lateral dispersion as they fall. This is because these particles have a very high terminal velocity and therefore spend
little time in local turbulent flow eddies, so their response to these eddies occurs over a reduced period of time [3].
Alternatively, particles with a very low settling parameter will spend more time in the local eddies and therefore may
have greater ability to disperse.

φ = VT/VF. (1)

The Stokes number, St, characterizes the influence of the particle inertia to its ability to disperse in the fluid flow.
It is typically defined as the ratio of two time scales, τP and τF, as shown in Equation (2) [4]. ‘τP’ is the particle
response time and is the time required for a particle to respond to the local turbulent velocity fluctuations. ‘τF’ is a
characteristic time scale of the turbulent flow and, for small particles, the Kolmogorov time scale is typically selected
as the characteristic time [5].

St = τP/τF. (2)

If particles have a very low Stokes number, i.e. St << 1, the particles offer little resistance to turbulent velocity
fluctuations and only slightly deviate from the instantaneous streamlines of the flow. If St >> 1, particles have
a high inertia and therefore follow trajectories defined by their initial boundary conditions, ignoring the majority
of the fluctuations imparted on them by the flow. If however, St ∼ 1, the particles only partially respond to the
local fluctuations. This leads to particles aggregating closer together, creating regions of the flow field where a
large number of particles accumulate, forming ‘clusters’ and regions of the flow field where there are few particles,
forming ‘voids’ [6]. Since clusters have a high particle density, they can increase the probability of collisions [7, 8].

A wide range of Stokes numbers and Gravitational settling parameters may exist in multi-phase flows. One such
example, is during operation of an industrial spray dryer. At the beginning of the process, an atomizer creates a
polydispersed spray of droplets containing liquid, fine solids and air. As the droplets are dried by the surrounding hot
turbulent air, the remaining particles become ‘sticky’, after their surface reaches a critical viscosity [9]. The turbulent
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Figure 1. Details of the experimental set-up.

air flow promotes collisions between the different particles, with the outcome of the collisions dependent on the
geometric and kinematic properties of particles, their trajectories and the surrounding air [10–13]. This can lead to
formation of larger particles due to agglomeration, where a drying droplet or a sticky particle deposits on another
sticky particle [9]. It can also produce much smaller particles due to the formation of ‘secondary droplets’ during
droplet splashes on a sticky particle, causing a part of the droplet to re-atomise during impact [11]. The secondary
droplets are then dried by the hot air to form ‘fines’. These different physical processes lead to the formation of a
wide range of droplet and particle sizes with variable composition inside the spray drier. Since the particle response
time and terminal velocity, used to calculate St and φ, depend on the droplet/particle size and composition, there
must also be a wide range of Stokes numbers and settling parameters. It is therefore very difficult to assess how
the particles disperse in the turbulent air flow inside the spray drier, even if the distribution of Stokes numbers and
settling parameters is known. This makes the production of powders with desired characteristics quite inefficient.

To better understand the influence of the surrounding turbulent air on droplet/particle dispersion and particle-droplet
collisions, imaging-based experiments of binary collisions involving a droplet impinging on a spherical solid target
were carried out [13], inside a facility called the ‘Box of Turbulence’ [14]. This facility produces homogeneous
isotropic turbulence without mean flow, allowing for the study of turbulent fluctuations on droplet dispersion. The
surrounding turbulent air flow caused large lateral dispersion of the impinging droplets and changed the collision
geometry, which influenced the outcome of the collisions. In more recent work [15], a spray, produced by an
ultrasonic atomizer, impinged on the target, and imaging techniques were used to quantify the rate of accumulation
of liquid on the target. The experiment was implemented inside the box of turbulence, which allowed the influence
of the surrounding air turbulence on the rate of liquid depositing on the target to be investigated. As the intensity of
the turbulent velocity fluctuations increased, the rate of liquid accumulation reduced. This is because fewer droplets
from the spray impinged on the target, as they dispersed laterally due to the flow turbulence. Additionally, the
collision outcomes may change due to the variation of the relevant parameters, as demonstrated by previous work
on binary collisions.

It was noted that, for a fixed set of spray operating conditions, the temporal fluctuations of the accumulated liquid
on the target increased with time. These temporal fluctuations propagated on the measurements of the liquid
deposition rates. The aim of this paper is to investigate the origin of these fluctuations by correlating the estimated
liquid deposition rates to characteristics of instantaneous clusters of droplets, which may occur in the spray. The
paper is organized as follows. The next section describes the experimental set-up. This includes details of the
characteristics of the droplets in the spray and the estimated liquid deposition rates, both of which were obtained
previously but are relevant to the current paper. Also included in the methodology is a description of how recorded
instantaneous images of droplets in the spray were processed using Voronoi analysis, which allowed droplet clusters
to be identified. The following section presents the findings in terms of the droplet cluster characteristics, quantified
from the Voronoi analysis, and correlates them to the deposition rate information on the solid target and discusses
the droplet clustering implications on the time-dependent liquid deposition rates. The paper ends with a summary
of the main findings.

Methodology
An experiment was set up inside the ‘box of turbulence’ facility, where a spray, produced by an ultrasonic atomizer,
(Sono-Tek Ultrasonic 48 KHz) impinged on a spherical target (Figure 1). The target material was Stainless Steel
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316, with a diameter of 2mm and a maximum surface roughness of 0.125µm Ra. The target was supported by a
hypodermic needle (BD Microlance 3 26G), of diameter 0.45mm. The box of turbulence uses eight loudspeakers
mounted on a cubic frame to create synthetic jets. Each loudspeaker is directed towards the centre of the frame and
homogeneous isotropic turbulence, without mean flow, is generated at the centre, as shown in Refs [14, 16]. The
target was placed at the centre of the cubic frame, and the atomizer placed approximately 17.3cm directly above the
target, positioned just above the loudspeakers to avoid interference with the flow field. The flow field was character-
ized using the turbulent Reynolds number, Reλ, obtained from Particle Image Velocimetry (PIV) measurements of
the flow field using a commercial system (LaVision). Three different Reynolds numbers were investigated, namely
Reλ = 92, 110 and 136.

The characteristics of the droplets in the spray were measured using Phase Doppler Anemometry (PDA), using a
commercial system (Dantec Dynamics). The probe volume was placed just a few millimetres above the target. The
droplet velocity and size were measured, from which the number density was also estimated. Depending on the
intensity of the turbulent air and the atomization conditions, the droplet velocities were found to be around 1m/s,
the Sauter mean diameter of the droplets was approximately 40µm and the number density of the droplets were of
the order of 105 droplets per cubic centimetre. Since the atomizer imparted some momentum to the droplets, the
instantaneous droplet velocity and turbulent flow velocity of the large eddies were used as characteristic velocities for
the settling parameter. The settling parameter varied between approximately 13 and 55, whilst the Stokes numbers
varied between approximately 0 to 1.4.

A CCD camera then recorded images of the spray impinging on the target at a frame rate of 5Hz, with an exposure
time of 1000µs and a magnification of approximately 6µm/px. The droplets deposited on the target, creating an ini-
tially thin liquid film around its surface. With further droplet impingements, the liquid film grew with time and drained
underneath the target, before detaching due to gravity [15]. After detachment, the process was then repeated. The
accumulation of liquid on the target was estimated using image processing (Matlab). First, Canny edge detection
was used to detect the edges of the liquid film and the target. The edges were filled in, providing an estimate of the
combined area of the target and the liquid film. The target area was deducted using a baseline image of a dry target.
By assuming the liquid film developed symmetrically around the target, the liquid volume could be calculated. The
mass of liquid, which accumulated around the target, was then plotted as a function of time. A fitting procedure was
used to obtain the gradient of the line of best fit for the data, which corresponded to the liquid mass deposition rate.
For a given experimental condition, since the process was repeated several times, several estimates of the liquid
mass deposition rate were obtained.

In a separate experiment, for each experimental condition, 500 instantaneous droplet images were obtained in the
spray, at a frame rate of 2.5Hz and a magnification of 90µm/px. For the current work, a Voronoi analysis was
applied to the droplet images of the spray (Matlab), as described by Ref [17], and quantified the number of droplet
clusters present at each image, the number of droplets in each cluster and the area of each cluster. First, droplets
below a given intensity threshold were removed from the image. This is because the images were obtained through
illumination by a laser sheet and droplets out of the plane of the laser sheet, corresponding to low light scattering
intensity droplets, could contribute adversely to the analysis. Next, for the remaining droplets, the Voronoi cells
were computed. The boundary of each Voronoi cell defined a region of points on the image, which were closest to a
given droplet. In other words, if a location on the image was chosen at random, the nearest droplet to that location
is immediately known by virtue of the Voronoi cell and therefore, by definition, each Voronoi cell must contain only
one droplet. If the droplets on the image were located close together, the Voronoi cells around these droplets were
small. If droplets on the image were spaced far apart, their Voronoi cells would be larger. By using the area of the
Voronoi cell as a measure of its size, clusters of droplets were identified based on connected Voronoi cells whose
area fell below a given threshold. The threshold used is based on the intersection of the distribution of Voronoi cells
in the image with a Poisson distribution of Voronoi cells of the same particles [17]. The latter distribution represents
a random spatial distribution of droplets in the image domain and is obtained using the 2D analytical result by Ref
[18].

Results & Discussion
The results are presented in two sections. In the first section, the characteristics of the droplet clusters in the spray
are quantified, when the surrounding gas is quiescent or turbulent. This then provides statistics which can be used
to correlate to the liquid deposition rates in the second section.

Quantification of droplet cluster characteristics in the spray
The probability density function (PDF) for the detected area of the droplet clusters in the spray from all images for a
given experimental condition was computed using a histogram consisting of 1000 bins (Figure 2). The area of each
cluster, denoted AC, was normalized with the average cluster area, AC. The distribution of the area of the droplet
clusters displays a peak at around 10−1 for all Reynolds number. The results for liquid atomization by the ultrasonic
atomiser driven by powers of 2.7W and 3.2W at the same liquid flow rate are qualitatively similar. Some authors have
observed power law distributions with exponents of -5/3 to -2 for the probability of the droplet cluster areas [17, 19,
20], or of the qualitatively equivalent voids [17, 20–22]. However, a power-law distribution has only a straight line on
log-log axes, but some of the aforementioned authors also observed peaks in their droplet cluster/void distributions
[17, 19, 20]. A power law, with an exponent of -1.8, is also shown in Figure 2 for comparison and appears to match
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Figure 2. PDF of area of droplet clusters for operation of the ultrasonic atomiser with power and liquid flow rate of 2.2W and 50
cm3/min respectively.

the data only on the right tail of the distribution. A power law probability distribution of the droplet cluster area would
suggest that droplet clusters are self-similar, implying that the clustering effect is due to a range of turbulent flow
eddy sizes and not wholly dependant on the smallest eddies quantified by the corresponding Kolmogorov scales
only [21].
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Figure 3. Number of droplets detected in each cluster, for all Reynolds number, for the spray from the ultrasonic atomiser
operating with power of 2.2W and a liquid flow rate of 50 cm3/min.

Next, the number of droplets inside each cluster was evaluated. Generally, the number of detected particles per
cluster increased, as the area of the identified cluster increased (Figure 3). Whilst, for clusters with a large area,
there was a greater magnitude of variation in the number of detected droplets (Figure 3a), the change in the number
of detected droplets was actually more significant for clusters with a smaller area (Figure 3b).

Figure 3 may be explained physically by the response and dispersion of droplets to the local flow fluctuations. The
number of droplets inside a cluster will depend on first, how many droplets existed in the neighbourhood of a cluster,
at a short time interval, δτ , before the cluster was formed (Figure 4). The response of the droplets to the local flow
velocity fluctuations then determines which droplets will aggregate to form a cluster and which droplets do not.
Since there is a wide distribution of Stokes numbers and settling parameters in the spray, there is a wide variation
of response times to flow velocity fluctuations, influencing how many of those droplets, in a neighbourhood of the
spray, aggregate to form the cluster.

If a cluster has a small area, it only covers a small region of the flow field. Prior to the formation of the small
cluster, any droplets in its local neighbourhood may have only been exposed to a small range of flow velocity
fluctuations (Figure 4a and Figure 4b). In Figure 4a, two droplets do not aggregate to form the cluster whereas
in Figure 4b, four droplets do not aggregate to form the cluster. Whilst the change in the number of droplets
aggregating is small (Figure 3a), the relative variation, i.e. the change in the number of droplets relative to the size
of the cluster, is significant (Figure 3b). Alternatively, if a cluster has a large area, it covers a large region of the
flow field. The droplets inside the large cluster may, therefore, have been exposed to a much wider range of flow
velocity fluctuations before they aggregated into the cluster (Figure 4c). This in turn means that there may have
been significant variations to how the different droplet sizes responded to different intensity of velocity fluctuations,
leading to a large magnitude of variation in the number of droplets that formed the cluster, as shown in Figure 3a.
However, since the cluster is so large, even if several droplets do not aggregate to form the cluster, its local number
density is still high and, as a result, its relative variation is low (Figure 3b).
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Figure 4. Schematic of cluster formation in polydispersed spray where ‘t’ is the time, t0 is the time as the cluster begins to form
and δτ is a short interval for the cluster to form. (A) A group of droplets forms a small cluster. Two droplets do not aggregate into

the cluster. (B) A group of droplets forms a small cluster, but several droplets do not aggregate into the cluster. (C) A group of
droplets form a large cluster. The larger cluster may be formed from a larger range of local flow velocity fluctuation intensities.

Table 1. Coefficient of Determination values, R2, for linear regression fit of number of droplets against area of cluster

Re∼0 Re∼92 Re∼110 Re∼136

2.2W 0.94 0.95 0.89 0.81
2.7W 0.90 0.90 0.88 0.79
3.2W 0.85 0.87 0.83 0.69

A linear regression fit was attempted to obtain the gradient of the number of droplets against the area of the cluster
from Figure 3. The Coefficient of Determination values for the regression lines, R2, are shown in Table 1 and the
gradients of the regression line, denoted DND, are shown in Table 2. As the Reynolds number of the surrounding
gas is increased, R2 is reduced, suggesting the linear fit becomes less appropriate. This is true, regardless of the
conditions used to generate the spray. As the Reynolds number is increased, the droplets have a greater lateral
dispersion. If the atomization conditions are kept constant, the greater dispersion may lead to a greater variation
of distances between droplets. This results in droplet clusters with a wider spread in the number of droplets they
contain, which corresponds to a lower R2 value. The greater lateral dispersion means fewer droplets may also be
located in the vicinity of the target and, therefore, there may be, for a cluster with a given size, fewer droplets inside
the cluster, as reflected by DND reducing with increasing Reynolds number in Table 2.

The frequency at which various sized clusters impinged on the target was also investigated. Since different cluster
areas contain different number of droplets (Figure 3), the local droplet number density in each cluster may differ. The
number density for each cluster was estimated by first, calculating the total number of droplets inside the cluster,∑

NP and then, dividing this by the cluster area, AC. The clusters in each image of a given experimental condition
were then ‘binned’ according to their area. The number density in these binned clusters was calculated and their
frequency of occurrence was plotted (Figure 5). The liquid flow rate and the power supplied to the atomizer were
kept fixed (50 cm3/min and 2.2W respectively). It appears that very small clusters are more frequent than very large
clusters (c.f. Figure 5a and Figure 5d). For a given Reynolds number, the droplet number density of the clusters
is consistent regardless of the size of the cluster though as before (Figure 3b), there is greater relative variation in
smaller cluster areas.

Table 2. Gradients, DND, from the linear regression fit of number of droplets against area of cluster

Re∼0 Re∼92 Re∼110 Re∼136

2.2W 1.81 1.79 1.43 1.05
2.7W 1.35 1.34 1.20 0.89
3.2W 1.21 1.15 1.01 0.72
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(c) 100mm2 6 AC < 500mm2
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Figure 5. The relationship between the estimated number of droplets contained in each cluster, (
∑

NP)/AC, and their
probability of occurrence during ∼200 seconds (500 images) of measurements.
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(a) Variation of liquid mass temporal gradients with gradi-
ents from Table 2.
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Figure 6. Variation of standard deviation (S.D) of liquid mass temporal gradients with statistics from the clusters at different
atomizer operating powers and at a fixed liquid flow rate of 50 cm3/min supplied to the atomizer.
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Figure 7. Droplet clusters may have different orientations relative to the target. This may influence the liquid deposition rate.
Cluster C1 may deposit more droplets than C2, provided its properties do not change prior to impinging on the target.

Relationship between droplet clusters and liquid deposition rate
The influence of the droplet clusters to the estimated liquid deposition rates was then assessed and presented in
Figure 6. Figure 6a shows the standard deviation of the liquid mass temporal gradients increases as DND increases.
DND represents the average droplet number density of the clusters, for a given experimental condition. As the
number density increases, there may be greater variation to the size of droplets inside the cluster. This may result
in greater variation to the amount of liquid, which deposits on the target, corresponding to an increase to the spread
of the liquid mass temporal gradients. Figure 6b shows the standard deviation of the liquid mass temporal gradients
decreases as the standard deviation of the area of the clusters, denoted by A′C, is increased. ‘A′C’ represents the
spread of the distribution of the area of the clusters. If the spread is increased, a greater range of droplet cluster
areas impinges on the target. This means any variations to the droplet number density (and the size of the droplets)
inside the cluster are averaged out, leading to less variation of the liquid mass temporal gradients.

The shape and orientation of the cluster, relative to the target, as well as the size of the droplets inside the cluster
must also be considered. If all the droplets were of similar size inside a cluster and all impinged on the target,
Figure 5 may suggest that the intermittent clusters lead to temporal variations in how the liquid accumulates on the
target. However, as well as there actually being a wide rage of droplet sizes in the spray, the shape and orientation
of each cluster, relative to the target, can also vary substantially, and may be gravity dependant [23]. This may result
in only part of a droplet cluster impinging on the target as shown in Figure 7. Provided that the clusters in the figure
do not vary before they impinge on the target, most of the droplets contained in cluster C1 will deposit on the target,
whereas only part of the droplets contained in C2 will impinge on the target.

Conclusions
The temporal fluctuations of the rate of liquid mass accumulation on a spherical target during spray impingement
were studied by assessing the influence of characteristics of instantaneous droplet clusters formed in the spray. The
main findings are summarized below:

• For a given Reynolds number, both large and small clusters appear to have similar local droplet number
densities. Large clusters are much less frequent than small clusters. This may cause some of the variations
to the rate of liquid deposition on the target.

• The greater the number density of droplets inside a cluster, the greater the fluctuations of the rate of liquid
accumulation on a target.
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Nomenclature
AC Area of Cluster [mm2]
AP Area of Particle [mm2]
AC Mean Cluster Area [mm2]
ÃC Standard Deviation of Cluster Area [mm2]
Re Turbulent Reynolds Number
St Stokes Number
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