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In liquid spray applications, the sprays are often created by the formation and
destabilization of a liquid sheet or jet. The disadvantage of such atomization
processes is that the breakup is often highly irregular, causing a broad distribution
of droplet sizes. As these sizes are controlled by the ligament corrugation and size,
a monodisperse spray should consist of ligaments that are both smooth and of equal
size. A straightforward way of creating smooth and equally sized ligaments is by
droplet impact on a mesh. In this work we show that this approach does however not
produce monodisperse droplets, but instead the droplet size distribution is very broad,
with a large number of small satellite drops. We demonstrate that the fragmentation
is controlled by a jet instability, where initial perturbations caused by the injection
process result in long-wavelength disturbances that determine the final ligament
breakup. During destabilization the crests of these disturbances are connected by
thin ligaments which are the leading cause of the large number of small droplets.
A secondary coalescence process, due to small relative velocities between droplets,
partly masks this effect by reducing the amount of small droplets. Of the many
parameters in this system, we describe the effect of varying the mesh size, mesh
rigidity, impact velocity and wetting properties, keeping the liquid properties the same
by focusing on water droplets only. We further perform lattice Boltzmann modelling
of the impact process that reproduces key features seen in the experimental data.

Key words: aerosols/atomization, breakup/coalescence, capillary flows

1. Introduction
For many applications the atomization or spraying of a liquid is of paramount

importance: from drug administration, printing, spray drying, to agriculture and
firefighting; in all cases the droplet sizes play an important role. Usually, the spray is
formed by a nozzle, first forming a liquid sheet or jet, that subsequently destabilizes
to break up into columnar liquid structures, called ligaments. These ligaments
further destabilize through the Rayleigh–Plateau instability driven by the surface

† Email address for correspondence: s.a.kooij@uva.nl
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tension, to form the final droplets of the spray (Rayleigh 1878). For Newtonian
fluids the destabilization and breakup of these ligaments is by now well understood
(Dombrowski & Johns 1963; Fraser, Dombrowski & Routley 1963; Villermaux
& Clanet 2002; Villermaux 2007). The distribution of droplet sizes is set by the
initial ligament size and the ligament corrugation, where less or more corrugated
ligaments result in less or more spread in droplet sizes (Villermaux, Marmottant
& Duplat 2004a). It has been shown that these parameters, i.e. ligament sizes and
ligament corrugation, completely determine the final droplet size distribution in sprays
(Villermaux & Bossa 2011; Kooij et al. 2018). The generic observation that sprays
result in a wide distribution of drop sizes can then be understood: it is due to the
random nature of the destabilization process of the sheet. This makes ligaments very
corrugated and also frequently vary a lot in size, making droplet size distributions
relatively broad.

To make sprays with monodisperse droplets, which are needed for many practical
applications, the spraying process should therefore produce very smooth ligaments of
equal size. We investigate such a design, in which a liquid is forced through a mesh.
This design relies on the resulting ligaments having a uniform size determined by the
dimensions of the pores, and the ligaments being relatively smooth. Fragmentation
of a droplet impacting a mesh is a problem that occurs naturally in many situations
(Kumar et al. 2018; Zhang et al. 2018). In recent studies, the droplet impact on
meshes was investigated (Ryu et al. 2017; Soto et al. 2018), and showed that
indeed the ligaments are very smooth. They, however, did not consider the breakup
mechanisms that determine the median droplet size and shape of the droplet size
distribution as was done for regular sprays (Villermaux & Bossa 2011; Kooij et al.
2018).

In this work we study the breakup of such smooth ligaments created by the impact
of a droplet on a mesh. We find that the breakup is controlled by a jet instability,
where initial perturbations, caused by the injection process, grow exponentially and
fully determine the final fragmentation of the ligament. The perturbations typically
cause a long wave disturbance, where the crests of the disturbances are connected
by thinner ligaments, that break up into satellite-like drops that are much smaller
than the main droplets. This spraying method therefore does not produce the desired
monodisperse sprays as one would naively expect; instead, the droplet size distribution
consists of two characteristic peaks, one for the satellite droplets and the other for the
main drops.

Since the breakup dynamics is difficult to study due to the many ligaments that are
created simultaneously during droplet impact, we also look at the fragmentation of a
droplet falling on just a single row of pores (figure 1). Therefore, after the treatment
of the experimental set-up (§ 2), the result are divided into two parts: results for the
impact on (regular) meshes (§ 3) and results for single-row meshes (§ 4).

2. Experimental

Two types of mesh were used: polyester fabrics of mesh size 45 µm, 106 µm,
150 µm and a brass mesh of 300 µm; yarn diameters 40 µm, 70 µm, 80 µm and
150 µm, respectively. The meshes of around 1 cm wide span a small gap (8 mm)
between two metal pillars. In the case of the polyester fabric, the fabric is pulled
tight across the gap to make it more rigid (figure 1). A high-speed camera films the
breakup events in front of the gap with backlighting, with a frame rate of ∼8000
f.p.s. (see figure 6 and movies 2 and 3 in the supplementary material, available online
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FIGURE 1. (Colour online) Schematic top (a) and side (b) views of the set-up (not to
scale). A droplet (blue) impacts the middle of a fabric or mesh mounted onto two metal
pillars. The tension in the mesh can be changed to alter the rigidity of the pores under
study. Two pieces of adhesive tape are applied to the mesh to leave only a single row
of pores open. For experiments on a full mesh, these tapes are removed. Droplet impact
is filmed with a high-speed camera (around 8000 f.p.s.) with back lighting. Droplets are
produced by a blunt syringe needle, and travel through a glass tube, to ensure they fall
on exactly the same spot every time. (c) Microscope picture of the fabric with one row
of pores left open by taping the other holes closed. Diameter of the holes is 150 µm.

at https://doi.org/10.1017/jfm.2019.289). The height of the camera can be adapted,
depending on which part of the dynamics needs to be captured. Droplets are created
by a blunt-needle syringe and fall through a glass tube. This ensures that droplets
are not affected by surrounding air currents and consistently impact the same spot.
Excess water is removed with paper between droplet impact events, but the mesh is
not completely dried. Drying of the fabric in between measurements has some effect
on the detachment of the ligaments from the mesh, but does not seem to alter the jet
formation in a significant way (see § 3.2.3). Since easily 50 % of the volume of the
impacting droplet remains on the mesh, the removal of excess water is necessary to
prevent obstruction of the jet formation. This rather low spray efficiency would be a
serious drawback for any application (see § 3.2.4).

When a droplet impacts a mesh, many ligaments and droplets are created at the
same time (figure 2), complicating studies of the dynamics. Therefore, we consider
the impact of drops on a full mesh (§ 3) as well as on a single row of pores (§ 4)
by covering most of the mesh using adhesive tape (see figure 1c). These so-called
single-row meshes facilitate studying the dynamics in detail (figure 6). We assume that
the dynamics of the single-row meshes is similar to that of the case where no tape is
applied, which appears to be correct when comparing high-speed camera footage of
the spreading and ejection of droplets for both cases.

The fragmentation of a droplet impacting a mesh involves a great number of system
parameters, such as mesh size, initial drop size, surface tension, wetting properties of
the liquid on the mesh material, yarn diameter, rigidity of the mesh, viscosity, impact
velocity, etc. We keep the fluid properties the same by using only water, and vary
many of the other system parameters at least to some extent. We note that even though
the ligament shape and destabilization in most cases is strongly affected by varying
these system parameters, the resulting droplet size distributions are similar. For the
single-row experiments a drop height of 40 cm was chosen, which is equivalent to
an impact velocity of 2.7 m s−1. For the full-mesh experiments the drop height was
varied, see § 3.2.1.
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Fabric (150 µm)

t = 0 ms t = 0.8 ms t = 2.3 ms t = 3.3 ms

1 mm

FIGURE 2. Image sequence of a droplet impact on a mesh (150 µm pore polyester fabric)
with an impact velocity of 2.7 m s−1 (see also movie 1 in the supplementary material).
Due to the inertia of the droplet, liquid is being pushed through the mesh, creating many
ligaments that break up to form the droplets of the spray. Due to overlapping trajectories,
the breakup dynamics of the ligaments is difficult to analyse unlike the very similar case
of a single row of pores (see figure 6).

During fragmentation of a droplet, many smaller droplets are created that travel
at different speeds and directions. This makes the measurement of drop sizes from
a single picture problematic, since close to the mesh multiple droplets overlap each
other, while further down, away from the mesh, not all droplets are inside one
frame due to the different velocities with which they travel. To solve this issue, we
constructed an algorithm that finds individual droplets from high-speed footage taken
of the falling droplets. For the input of the program, the image sequences of the
passing droplets are binarized and the position of each circular object in each frame
is determined using ImageJ software. Because droplets (within the frame) travel at
a constant velocity and have an almost straight trajectory, the position and size of
individual droplets can easily be determined. In addition, shortly after fragmentation,
many droplets coalesce due to droplets having relative velocities while moving along
the same line. This is a complicating factor since the distribution changes over time,
a phenomenon that is often ignored. We will show that this coalescence of droplets
can significantly affect the size distribution (§ 4.2).

Unlike the case where a primary droplet impacts a full mesh, for the single-row
meshes, droplet sizes can actually be measured by using just a single picture. This
simplifies the analysis, but since each event contains a smaller number of droplets,
around 100 droplet impacts are needed to obtain sufficient statistics.

3. Results: drop impact on a mesh

By measuring the height of the hemispherical part of the impacting droplet we
find that, by approximation, the injection speed for the central jets slows down
exponentially with time (figure 3). This can be explained by equating the kinetic
energy of the spreading droplet with the surface energy. Taking D(t) to be the droplet
diameter of the spreading droplet, D0 the initial drop diameter, ρ the fluid density
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FIGURE 3. (Colour online) Height measurements of the hemispherical top of an impacting
droplet on a single-row fabric (150 µm) with an impact velocity of 2.7 m s−1. The data
are fitted with an exponential which gives a characteristic time of 0.7 ms that will be
used later in the simulations. Very similar results were obtained for a full metallic mesh
(300 µm).

and γ the surface tension, one finds

ρD3
0

(
dD
dt

)2

∼ γD2
→

dD
D
∼

√
γ

ρD3
0

dt→D∼ e
√
γ /ρD3

0t, (3.1)

and because of volume conservation we can write h∼D3
0/D

2, which gives

h(t)∼Ce−2
√
γ /ρD3

0t. (3.2)

This gives a characteristic timescale of approximately 0.5 ms, and since h(t→ 0)=C
the prefactor should be of the order of the drop diameter D0. Indeed these values agree
well with the experimental fit parameters, even though this derivation ignores all the
complex spreading dynamics.

These results imply that the droplet formation mechanism can to a large degree
be viewed as a simple system of a cylinder with piston, where the piston height
decreases exponentially with time, and at the bottom of the cylinder there is a
hole with a diameter equal to the pore size. To test this hypothesis, and to explore
a situation with no vibrations (something that is unattainable experimentally), we
performed lattice Boltzmann simulations of such a system. As discussed in § 5,
we find that the simulated ligament formation, in which wave disturbances on the
detached ligaments are absent, is very similar to our experimental results.

From high-speed camera images we identify three stages in the fragmentation
process that follows the impact. At first, the droplet impacts the mesh and the
injection speed is constant. The destabilization of the resultant ligament is a pure
jetting phenomenon, which results in the breakup of one to three droplets at the end
of the jet. Secondly, the impacted droplet spreads on the mesh surface, slowing down
the injection speed exponentially. Due to inertia, the ligaments start to stretch and
thin, until the ejection speed is so slow that the ligament detaches from the mesh. In
the final stage, the remaining detached ligament destabilizes by the growth of initial
perturbations. The wavelength of the resultant disturbance depends on the system
parameters, but is otherwise completely deterministic.
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3.1. Drop size distribution
It is now well established that the breakup of ligaments of a Newtonian fluid is
best described by a fragmentation–fusion scenario (Villermaux, Marmottant & Duplat
2004b). The drop size distribution is given by a Gamma function

Γ (n, x)=
nn

Γ (n)
xn−1e−nx, (3.3)

where x = d/〈d〉, d is droplet diameter, 〈d〉 is the average droplet diameter, and n
is a parameter set by the ligament corrugation before destabilization. Very corrugated
ligaments correspond to n ≈ 4–5 and result in a broad drop size distribution, while
the most smooth ligaments would have n =∞ leading to a delta function. In more
complicated spray formation processes, ligaments can also vary in size, in which case
the drop size distribution is a compound Gamma distribution (Villermaux & Bossa
2011; Kooij et al. 2018). In this case the size distribution of the ligaments themselves
has to be taken into account as well, which further broadens the drop size distribution.

It is clear from our experiments that the ligaments all have the same size, given by
the mesh size. The ligament corrugation parameter n can then easily be estimated from
the high-speed camera footage. Considering the smoothness of the ligaments before
breakup, n should be very large, and the resulting distribution very narrow. However,
this holds for ligaments with random initial perturbations, not for jets such as the ones
created in our experiments. For such jets the breakup is largely deterministic, where
the nature of the initial disturbance governs the final breakup.

Using the tracking algorithm we measured the droplet sizes for the full-mesh case
and polyester fabrics of 106 µm and 150 µm with an impact velocity of 2.7 m s−1.
Figure 4 shows the rescaled distributions. To compare the drop size distributions
for ordinary ligaments, a plot of Γ (n = 50, d/〈d〉) is added to the graph together
with plots for n = 5 and n = 100, which shows that the shape of the measured
distribution does not fit well with a Gamma function. Still, n = 50 shows some
agreement at large droplet sizes, which is a reasonable estimate for smooth ligaments
that vary a bit in thickness along their length such as in our experiments. Ligaments
with corrugations n> 100 are already hard to distinguish from each other and can be
considered to be ‘straight ligaments’. For both pore sizes, the shape of the distribution
is considerably different from the fit line, especially for the 106 µm fabric, showing
that this fragmentation method actually performs rather poorly compared to other
atomization methods in terms of monodispersity of the drops. For the 106 µm fabric,
there is also an excess of large droplets compared to the 150 µm fabric. This is
likely to be due to the fact that for the 106 µm fabric the polyester yarn diameter is
smaller, making it more likely that some jets merge, creating bigger droplets.

The origin of the excess of small droplets becomes apparent when we look at the
breakup of a droplet impacting a single row of pores, making the breakup mechanism
visible. This will be further discussed in the second part of the results on single-row
meshes (§ 4).

3.2. Some system variables
Of the many parameters, we investigated several key ones, often only reporting the
qualitative response for a specific set-up.
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FIGURE 4. (Colour online) Droplet size distributions measured for full meshes with pore
diameters 106 µm (a) and 150 µm (b), and impact velocity v = 2.7 m s−1. Inserted are
plots of Γ (n = 50, d/〈d〉), Γ (n = 100, d/〈d〉) and Γ (n = 5, d/〈d〉) showing that there
is no reasonable fit for any parameter n. Still n = 50 fits reasonably well except for
small droplets. This value of n is reasonable for such smooth ligaments as seen just
before breakup.

3.2.1. Impact velocity
Droplet impact velocities were varied from 2.1 m s−1 to 3.0 m s−1 by changing the

drop height for the case of a full mesh of polyester fabric. We did not consider lower
speeds as they, depending on the other system parameters, do not always result in
the droplet fragmenting, or result in an insufficient number of fragments to compose
a proper size distribution. For similar reasons, higher velocities are also not suitable,
since then too many droplets are created, making image analysis problematic.

The results are shown in figure 5 and reveal that for increasing impact velocity
the average amount of droplets per event rises and the size distribution shifts slightly
to smaller droplets. This can be explained by the larger stretch ligaments experience
at higher velocities, making them thinner on average, thereby reducing the average
droplet size. The strong increase in the number of droplets with the increase in kinetic
energy is mostly due to the increased mass transfer through the fabric, and not the
relatively small decrease in drop size. Besides the small shift there is also a reduction
in the number of large droplets with the increase in impact velocity. These larger
droplets are much larger than the pore size, suggesting that they originate from some
type of merging, such as the coalescence of droplets or ligaments. Indeed, high-speed
footage shows that ligaments sometimes can coalesce, especially when the yarn
diameter is small such as for the fabric with 106 µm pores. This merging is reduced
for higher impact velocities, therefore decreasing the amount of the largest droplets.

3.2.2. Mesh size and rigidity
For the fabric meshes we qualitatively varied the tension of the fabric between the

two pillars. We find there is an increase in the mass transfer through the fabric, as
could be expected; less tension causes a dampening of the impacting droplet, with
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FIGURE 5. Droplet size distributions for the impact on a full mesh of polyester fabric
with pore size 106 µm (a) and 150 µm (b) for different impact velocities. Especially for
the 150 µm pore size, the average droplet size shifts to smaller droplets when the impact
velocity increases, as indicated by the arrow. The average amount of droplets created per
event strongly increases with velocity.

less converted kinetic energy. Furthermore, we find that the destabilization as well as
the detachment of the ligaments alters with the change of the rigidity of the mesh.
However, the general features of the breakup as described in § 4 still hold, unless the
tension is so low that penetration through the fabric is mostly inhibited.

By increasing the pore size, one increases the drop size, although not linearly. The
mean drop size is mostly controlled by the mean ligament diameter. The ligament
diameter is however not only a function of the pore size, but also the amount of
stretching, which in turn depends on other parameters. The exact relation between
pore size and mean drop size therefore requires a more systematic approach, which
is beyond the scope of this paper.

3.2.3. Wetting properties
To vary the wetting properties of the mesh we either used a plasma treatment of the

polyester fabric to make it hydrophilic, or used a hydrophobic spray to make the fabric
hydrophobic. We observe that for the plasma-treated fabric the droplet impact does
not lead to the formation of small ligaments anymore, but instead the water moves
around the fabric wires during impact and forms one lump of water underneath the
impact zone, which can be expected for more hydrophilic meshes. Making the mesh
hydrophobic results in more droplets created without a significant change in droplet
sizes. This shows that by changing the wetting properties the spraying performance
can be altered, but if a state of jet formation is reached, this has little or no effect on
the breakup process. It can be expected that especially for small yarn diameters, the
hydrophobicity plays an important role in prevention of jets merging, which could be
a useful tool in the production of monodisperse sprays.

3.2.4. Spray efficiency
During the droplet impact on the mesh, part of the kinetic energy of the droplet

goes into the creation of new surface. Ideally, the whole droplet passes through the
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mesh, leaving only the kinetic energy of the fragmented drops and the newly created
surface energy. However, in most experiments a large portion of the initial drop
volume remains on the fabric. This would pose serious problems for any type of
application since the remaining fluid will obstruct subsequent droplet impacts. To
estimate the spray efficiency we weigh the fabric before and after the droplet impact,
repeating this several times, so that the average remaining mass can be determined.
We did this for the 150 µm polyester fabric for the velocities 2.3 m s−1, 2.7 m s−1

and 3.0 m s−1 and find that respectively 41 %, 60 % and 60 % of the volume of
the initial droplet passes through the fabric. The fact that the percentages are not
increasing monotonically is due to the limited accuracy of the scale. This suggests
that the efficiency of the spray formation is rather poor. Even though other parameters
such as the wetting properties of the mesh, the surface tension and mesh size can
improve the efficiency, in all our experiments a significant amount of fluid remains
on the mesh. By using individual droplet sizes an estimate could be made of the
efficiency of the spraying method in terms of energies. The energy associated with
the new surface is approximately 20 % of the initial kinetic energy. The other 80 %
consists of the kinetic energy of the fragmented droplets and dissipative losses such
as viscous losses and vibrations of the set-up.

4. Results: single row of pores

Since the formation and destabilization of the ligaments created by the droplet
impact on a normal mesh is hardly visible, the droplet impact on single-row meshes
gives a number of crucial insights. Although the presence of the tape undoubtedly has
an effect on the flow of the impacting droplet, we expect that the general observations
of the formation and fragmentation of the resultant jets are still applicable to the
full-mesh case as visually the ligament formation and breakup is very similar between
the two cases. Figure 6 shows an image sequence of the droplet impact for a 300 µm
metal mesh (a) and a 150 µm polyester fabric (b).

Our observations suggest (once more) that the droplet fragmentation can be divided
into three stages. First, the droplet impact results in liquid being injected through
the mesh at a relatively constant speed. The thus formed jet destabilizes at the tip,
forming about three droplets that have a size of the order of the pore size. Next, the
droplet starts to spread and the injection speed slows down quickly. Due to inertia,
the slowing injection process causes the ligament to stretch and thin until the injection
speed is so low that it detaches from the mesh. We find that the wetting properties
have a significant impact on the detachment. If, for example, the polyester fabric
is dried with hot air between droplet impact events, the detachment from the mesh
is impeded, creating large droplets at the detachment point. Finally, the detached
ligament destabilizes and breaks up into droplets. Figures 7 and 8 show a sequential
breakup of these ligaments for the metal and fabric mesh, respectively. The frames
are equally spaced in time except for the rightmost frame which is the last frame
recorded.

In the breakup sequences (figures 7 and 8) as well as in figure 6, clear long-
wavelength disturbances can be observed, at the same relative location for the
different jets and between droplet impact events, i.e. the breakup always happens
at the same location. When the disturbances start to grow, the crests swell, being
connected by thin ligaments that eventually break up into smaller satellite-like drops.
The initial waves on the surface of the ligaments therefore completely determine the
breakup of the produced ligaments, causing an abundance of small droplets.
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Metal (300 µm)

Fabric (150 µm)
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FIGURE 6. Droplet impacts on meshes with a single row of open pores. Impact velocity
is 2.7 m s−1. (a) Image sequence of a droplet impact on a single-row metallic (brass)
mesh with pore size 300 µm (see also movie 2 in the supplementary material). Due to
the rigidity of the mesh it does not deform as a result of the droplet impact. (b) Image
sequence of a droplet impact on a single-row polyester fabric mesh with 150 µm pores
that has previously been wetted, producing ligaments that are smooth and pointed at
detachment (see also movie 3 in the supplementary material).

These observations show much resemblance with experiments on capillary jets with
imposed perturbations (Rayleigh 1879; Crane, Birch & McCormack 1964; Donnelly &
Glaberson 1966; Rutland & Jameson 1971). The instability of capillary jets has been
extensively investigated (Rayleigh 1879; Crane et al. 1964; Donnelly & Glaberson
1966; Goldin et al. 1969; Rutland & Jameson 1970, 1971; Mansour & Lundgren
1990; Eggers 1997; Lin & Reitz 1998; Eggers & Villermaux 2008). For Newtonian
fluids, the breakup of a capillary jet is the result of the exponential growth of initial
perturbations, where the growth rate depends on the perturbation wavelength as given
by the dispersion relation in Donnelly & Glaberson (1966). These jets are very
sensitive: even when much care is taken to remove any perturbations, ambient noise
sources such as small vibrations and sound waves will determine the breakup of the
jet (Lafrance & Ritter 1977). In our experiments ambient noise is not the source
of the observed disturbances, since the peaks of the waves are always at the same
location when the experiment is repeated. Moreover, the long wave disturbances only
appear for impact velocities of v ' 2 m s−1. This suggests that the droplet impact
itself causes vibrations that eventually lead to the final breakup pattern. If these
vibrations were broadband, the fastest growing wavelength, which has wavenumber
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0.5 mm

¬

FIGURE 7. Sequence of snapshots of a ligament breaking up aligned by the topmost
droplet. The ligament was created by a droplet impact on a single-row metallic mesh.
A clear wave disturbance can be observed, with a wavelength λ of 1.8 mm. The instability
grows with time, with the crests of the waves being connected by thinning ligaments that
detach and form satellite droplets. The time between frames is 120.46 µs, giving a total
time of 2.17 ms between the first and second last frame. The last frame is taken at a later
time of 4.22 ms, showing the effect of coalescence; multiple droplets have fused and the
top two droplets are going to coalesce. It is clear that the stretching stops after detachment
from the mesh. In fact, the ligament contracts a little before destabilizing.

0.5 mm

¬

FIGURE 8. Sequence of snapshots of a ligament breaking up aligned by the topmost
droplet. The ligament was created by a droplet impact on a single-row polyester fabric.
The wave disturbance can clearly be seen, with a wavelength λ of 1 mm. The time
between frames is 135.13 µs, giving a total time of 1.22 ms between the first and second
last frame. The last frame is taken at a later time of 2.03 ms, showing the effect of
coalescence.
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FIGURE 9. (a) Typical image sequence recorded with a microscopic objective (10 900
f.p.s.) of the breakup of a jet resulting from a droplet impact on a single-row metallic
mesh. Here, λ = 1.6 mm. (b) Swelling (of the crest) and thinning (of the trough) as a
function of time determined from R(t)= R0 ± ε(t), where R0 is estimated to be 170 µm.
An exponential fit of ε(t) gives a growth rate σ0 = 2.8 m s−1 for the crest and σ0 =

3.2 m s−1 for the trough. (c) Comparison of the measured growth rates σ0 and wavelength
λ with the dispersion relation as taken from Chandrasekhar (1970). The growth rates are
non-dimensionalized with the characteristic growth rate

√
γ /ρR3

0, where γ is the surface
tension and ρ the density. Although the errors in this type of measurement are typically
large, still all points lie on the left-hand side of the maximum. One major issue is that R0
is not as well-defined as for normal capillary jets due to the stretching of the ligaments.

x = 2πR0/λ = 0.697 with R0 the jet radius, would be the one observed. However,
in our experiments the wavelengths are significantly larger than that, leading us to
conclude that these vibrations have a limited spectral range. This also implies that the
breakup is sensitive to changes of the set-up and might be hard to reproduce. Indeed,
when spanning the same 150 µm fabric with a different tension over the two pillars,
we find that the wavelength shown in figure 8 can change by as much as a factor of
two. By taking high-speed (10 900 f.p.s.) microscopic images of the breakup of the
jets for a metallic single-row mesh, we were able to measure the growth rate of the
instabilities (figure 9).

By determining the change of the radii (R(t)) of both the crests and the troughs,
compared with the initial radius R0, the growth of the perturbation, ε(t)=|R(t)−R0|=

ε0eσ0t, could be measured. From the exponential fit of ε(t) (figure 9b) we find a growth
rate of σ0 = 2.8 ms−1 and σ0 = 3.2 ms−1 for the crest and trough, respectively. We
find that the growth rates roughly agree with the dispersion relation for capillary jets
(see figure 9c). It should be noted however that, unlike disturbed capillary jets, the
initial radius of the jet, R0, in our experiments is not well-defined. Due to stretching,
the ligament diameter changes strongly over time, and also varies considerably over
the length of the ligament. This together with other experimental uncertainties induces
large errors. Still, for all jets, the measurement points lie consistently on the left-hand
side of the maximum growth rate depicted in figure 9(c).

4.1. Drop size distribution
Figure 10 shows the rescaled droplet size distribution for the 300 µm single-row
metallic mesh and the 150 µm single-row polyester fabric. In both cases there is a
main peak and a smaller satellite peak. In the drop size distribution for the fabric
there is also a small third peak visible at d/〈d〉= 1.2. When restricting the distribution
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FIGURE 10. Rescaled drop size distributions for a single-row metallic mesh (a) and
a single-row polyester fabric mesh (b). The inset plot (b) shows the distribution of
only droplets coming from detached ligaments. The difference between the blue and red
distributions is illustrated by the blue and red snapshots on the right: by limiting the
analysis to droplets created by ligaments breaking up, the lower three droplets seen in
the snapshots are excluded, and the third peak in the droplet size distribution disappears.
Clearly this peak in the original (red) distribution originated from the jetting part of the
spray formation.

to droplets coming from detached ligaments, the third peak disappears (see inset of
figure 10). Closer examination reveals that this peak originates from ∼3 droplets
created during the pure jetting stage of the droplet impact, when the ligament did not
go through a thinning process. Figure 6(b) confirms that the second wave of droplets
are indeed significantly larger.

The first peak corresponds to the satellite droplet formation that originates from thin
ligaments that connect the crests of the long wave disturbances during destabilization
as previously described. These long wave disturbances are due to the droplet impact
itself and therefore cause the droplet size distribution to be much broader. The second
peak shows the main droplets coming from the crest of the disturbances.

The distributions created by single-row meshes seem to be quite different from
those observed for full meshes (figure 4). The main difference is that for the full-
mesh case there is no distinct satellite peak visible. Instead there is a smooth excess
of small droplets compared to predictions for non-corrugated ligaments. This can be
explained by the fact that for the full meshes, many ligaments of different sizes and
different injection histories are created, because of which the satellite peak is spread
out. Secondly, for the full meshes, the droplets are measured further down the impact
zone (necessary to reduce overlap between droplets), giving droplets sufficient time to
coalesce (see the following section); this recombination also reduces the satellite peak
considerably.

While predicting the droplet sizes for a single-row mesh is already difficult due
to the complicated and sensitive jet dynamics, for the full mesh there are several
additional factors that influence the size distribution, such as the many differences
in ligament size and injection speeds, possible merging of jets, and the coalescence
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FIGURE 11. Droplet size distributions of a single-row 150 µm mesh (polyester fabric)
measured directly after fragmentation, with no coalescence occurring, and after a waiting
period so coalescence could take place. The relative amount of small droplets is decreased
due to coalescence, as indicated by the arrow.

of droplets after fragmentation. It is however clear that because of satellite drop
formation, considerably more small droplets are created than one would expect from
the pore size.

4.2. Coalescence
To understand what determines the shape of the drop size distributions, one needs
to know what controls the size and breakup of the ligaments created by the droplet
impact. However, after this short ligament fragmentation period, there is a secondary
process that changes the size distribution significantly. Due to relative velocities
between droplets after fragmentation, droplets frequently coalesce after separation.
This phenomenon is intrinsic to the system, since droplets that originate from the
same ligament travel along the same line, thereby facilitating coalescence. In other
experiments such as the formation of stretched ligaments by the withdrawal of a tube
from a liquid surface, coalescence could also take place, but has not been reported.
This is probably due to the fact that droplets will fall back on the free surface before
a significant amount of coalescence events could have taken place. For disturbed jets
however, this is a known phenomenon (Eggers 1997).

From the high-speed footage, e.g. figure 7, we observe that due to coalescence the
amount of small droplets is strongly reduced. The droplet size distribution is therefore
different if it is measured further away from the impact zone, as can been seen in
figure 11 which shows droplet size distributions for single-row meshes. The first peak
associated with satellite-like droplets is clearly reduced. Since for most applications
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FIGURE 12. (a) Sequential images of the simulation of water injected through a 300 µm
hole at an exponentially slowing injection speed. (b) Sequential images as in (a) where
the colour indicates uz/U0, with uz the velocity component in the z-direction and U0 the
injection speed at t = 0 ms. Even though there is much stretching before detachment,
after detachment the velocities are relatively equal over the length of the ligament. This
agrees with experimental results, where sequential images of the detached ligaments show
very little contraction (see figures 7 and 8). (c) Velocity vectors of the middle plane
of the computational domain for both liquid and air (vapour). There is a layer of air
moving with the jet, that at first has a gradient in the z-direction, but at detachment
becomes homogeneous.

droplet sizes would be measured further away from the impact zone, one can expect
coalescence to play an important role in determining the observed size distribution.

5. Simulations

To provide insight into whether perturbations indeed originate from the drop impact
itself, and what the breakup mechanism would look like if such perturbations were
absent (something that is not experimentally attainable), we perform numerical
simulations using the recently proposed entropic lattice Boltzmann method for
two-phase flows (Mazloomi, Chikatamarla & Karlin 2015a,b) (see Appendix). To
this end, the fragmentation process of a liquid jet through a single pore is modelled
by injecting liquid with an exponentially slowing injection speed through a hole
having the same size as the pore. A liquid flux boundary condition is implemented
on the top surface of the single pore, allowing the liquid to be pushed through the
pore, but also taking into account the effect of the yarn diameter (the details of
implementation of the flux boundary condition can be found in Mazloomi, Derome
& Carmeliet (2018)). The injection speed used in simulations is assumed to be equal
to the experimentally determined speed with which the top of the droplet moves
downward (figure 3). The liquid properties such as density and surface tension used
in simulations are the same as reported in Moqaddam, Chikatamarla & Karlin (2017).
The liquid viscosity µ is set according to the Ohnesorge number (Oh = µ/

√
ργD0)

for the water droplet used in experiments. The pore size and the yarn diameter are
also set to match the experiment by keeping the aspect ratio of the droplet diameter
to the pore size/yarn diameter the same as in the experiments. We also consider a
solid–liquid contact angle of ∼70◦ comparable to that of our experiments. Since the
droplet size used in experiment is smaller than the capillary length for a water droplet,
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one can neglect the effect of gravity in the simulations. The simulation results are
reported after studying the grid independence.

Figure 12(a) shows sequential images of the fragmentation process for a liquid
jet through a 300 µm hole obtained from numerical simulations (see also movies 4,
5 and 6 in the supplementary material). The observed sequence is found to be in
good agreement with those seen in our experiments of impacting drops on single-
row meshes. The imposed liquid flux boundary condition pushes liquid through the
pore, resulting in the formation of a liquid jet which is followed by the breakup
at the tip with a single droplet having a size of the order of the pore size (t =
2.1 ms). By slowing down the injection speed, due to internal flow inside the liquid
jet, the resultant ligament stretches and becomes thinner until the injection speed is
so slow that the ligament detaches from the pore (t = 3.4 ms); finally, the detached
narrow liquid ligament destabilizes and breaks up into smaller droplets (t = 4.4 ms).
Simulations allow us to visualize the quantities that are more difficult to observe by
experiments. Figure 12(b) and figure 12(c) show the velocity contour (uz/U0, where
uz is the velocity value in z-direction and U0 is the injection speed magnitude at
t= 0 ms) and the velocity vectors for the middle plane of the liquid jet, respectively.
It can be seen that at the liquid neck that connects about-to-form drops with the
rest of the ligament, the velocity value is relatively large, leading to liquid pinch-
off and droplet formation. Although after ligament detachment (t > 3.4 ms) a larger
downwards velocity at the ligament tail is observed, the ligament experiences little
contraction as the downward velocity of the rest of the ligament is still relatively
large. Visualization of the velocity vectors also shows that the liquid jet carries a
relatively thick layer of air as injection proceeds. Furthermore, the velocity field within
the ligament and the fragmented droplets obeys mostly the direction of the initial
injection speed. Simulations show a rapid reversal flow or circulation at the ligament
tip right after the liquid pinch-off occurs (see movie 2 in the supplementary material).
Simulations also exhibit coalescence between small fragmented droplets due to their
small relative velocities, similar to what is observed in our experiments.

6. Discussion and conclusions

We found that the fragmentation of a droplet impacting a single-row mesh is
controlled by a jetting instability, where initial perturbations determine the final
breakup of the jets in a deterministic fashion. The source of the perturbations is
the droplet impact itself, causing regular long-wavelength disturbances on the jet’s
surface that exponentially grow to form thick blobs at the crests of these waves.
These blobs are connected by thin ligaments that break up to form satellite droplets,
leading to a bimodal size distribution. Due to relative velocities between droplets after
fragmentation, a secondary process of coalescence significantly reduces the amount
of smaller droplets.

The droplets coming from the impact on a full mesh have a similar distribution
to droplets coming from just a single row of pores. Both have an excess of small
droplets, however a distinct satellite peak is missing for the full mesh. A droplet
impacting on a full mesh creates many ligaments of different sizes with different
injection histories. Together with a secondary process of coalescence, this causes the
distribution of smaller droplets to be more spread out.

We investigated several factors that affect the fragmentation of the impacting
droplet, such as impact velocity, wetting properties and mesh rigidity. Even though
most parameters affect the formation and breakup of the created jets, usually the same
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characteristic satellite drop formation is observed. Therefore, the most important factor
in the fragmentation seems to be the perturbations during the injection process. This
factor is however also the most difficult to control. It could well be that with a change
of set-up, other frequencies will be observed, thereby changing the size distribution.
It remains somewhat puzzling for example, why with this set-up only slow-growing
modes are excited, when no specific effort was made to reduce noise sources.

Experiments and simulations show that the injection process can be viewed
as a simple system with cylinder and piston, where the piston height decreases
exponentially with time, pushing liquid through a hole on the bottom of the cylinder.
The sprays created in this manner look very similar to those observed experimentally,
with the important difference that the detached ligament is free of disturbances.
If perturbations were added, we would expect to recover the basic fragmentation
mechanism of a droplet impacting a mesh.

Droplet fragmentation due to impact with a mesh seems a simple way of reducing
the droplet size, since the droplet size is controlled by the dimensions of the pores.
However, when the drop size distribution is properly rescaled, this spray formation
process performs rather poorly compared to other atomization methods. Satellite drop
formation is the main reason for a broad size distribution, something that is not
uncommon in the destabilization of capillary jets such as seen in this process. Still,
many important system properties have yet to be explored such as viscosity, surface
tension and pore shape. Moreover, a more extensive investigation into the nature of
the perturbations could point to ways of improving the spraying properties of this
particular technique.
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Appendix A
A.1. Numerical method

The entropic lattice Boltzmann method for two-phase flow proposed by Mazloomi
et al. (2015b), Mazloomi, Chikatamarla & Karlin (2015c) is used to simulate liquid jet
injection through a single pore. The entropic lattice Boltzmann equation for a system
of liquid and vapour separated by an interface reads as

fi(x+ viδt, t+ δt)= fi(x, t)+ αβ[ f eq
i (ρ, u)− fi(x, t)] + [ f eq

i (ρ, u+ δu)− f eq
i (ρ, u)],

(A 1)
where fi(x, t) are the discrete populations and vi (i = 1...N) denotes the discrete
velocities corresponding to the underlying lattice structure. The D3Q27 lattice
(N=27) is used for our three-dimensional simulations. The parameter β (0<β<1) is
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determined using the kinematic viscosity, ν= c2
sδt[1/(2β)−1/2] where cs= δx/(

√
3δt)

is the lattice speed of sound, and where lattice units δx = δt = 1 are used. The
equilibrium population f eq

i is the minimizer of the discrete entropy function H =∑N
i=1 fi ln( fi/Wi), under the constraints of local mass and momentum conservations,
{ρ, ρu} =

∑N
i=1{1, vi}{f

eq
i }, where Wi are the lattice weights. The stabilizer parameter

α defines the maximal over-relaxation, which is computed at each time step for
each computational node from the entropy estimate equation (Mazloomi 2016). In
equation (A 1), the two-phase effects resulting from intermolecular forces, are present
through the velocity increment δu= (F/ρ)δt, with the force F=Ff−f +Ff−s and with
Ff−f and Ff−s representing the fluid–fluid and fluid–solid interactions, respectively.
Phase separation occurs by defining the fluid–fluid interaction as Ff−f =∇ · (ρc2

s I −P)
using the Korteweg stress P as,

P =
(

p− κρ∇2ρ −
κ

2
|∇ρ|2

)
I + κ(∇ρ)⊗ (∇ρ), (A 2)

where κ is the coefficient that controls the surface tension, I is the unit tensor
and p denotes the non-ideal equation of state (Slemrod 1984). The Peng–Rabinson
equation of state is used for this study (Yuan & Schaefer 2006). The introduction
of a cohesive interaction through the velocity increment in (A 1) leads to the surface
tensional forces separating the liquid and vapour by an interface, which maintains
the liquid and vapour in an equilibrium state. The wettability condition is modelled
by taking into account the fluid–solid interaction Ff−s as follows:

Ff−s(x, t)= κwρ(x, t)
N∑

i=1

wis(x+ viδt)vi, (A 3)

where the strength of the fluid–solid interaction is reflected by κw. Different contact
angles are modelled by adjusting κw, which may range from negative to positive
values corresponding to hydrophobic and hydrophilic surfaces, respectively. The
indicator function s(x + viδt) in (A 3) is equal to one for solid nodes and zero
otherwise and wi are the weight coefficients (Mazloomi et al. 2015c).

A.1.1. Simulation setup and parameters
Figure 13 shows our simulation set-up for simulating the fragmentation process

of a single liquid ligament ejected from a single pore. Initially, the pore is filled
by a liquid film (blue colour) being two times thicker than the yarn diameter in
equilibrium with its vapour phase. The simulations are first run without injecting
the liquid form the top surface of the pore, allowing the liquid–vapour interface to
be equilibrated. Afterward, the liquid with an exponential slowing injecting speed
obtained from experimental observations is injected through the pore by imposing a
liquid flux boundary condition on the top surface of the single pore. No gravity is
considered in the simulations as the drop size used in experiments is smaller than the
capillary length for a water drop. All simulations reported here use a computational
domain of size 300× 300× 3200 lattice nodes, determined after a grid independence
study. Periodic boundary conditions are applied at side borders as well as top and
bottom surfaces. On the solid walls (brown colour in figure 13), we apply a wall
boundary condition as explained in Mazloomi et al. (2015c). The fluid parameters in
this study are defined by the following dimensionless values: ρl/ρc = 3.06 (liquid to
critical density ratio), ρv/ρc = 0.028 (vapour to critical density ratio). The interfacial
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FIGURE 13. (Colour online) Schematic representation of the simulation set-up showing
a single pore filled by the liquid (blue). Injection of the liquid through the single pore
is modelled by imposing a liquid flux boundary condition on the top surface of the pore
using an exponential slowing injection speed obtained from experiments.

surface tension in lattice units is γlv = 0.353 corresponding to κ = 0.00468 in (A 2).
The critical density ρc is computed at the critical temperature Tc and critical pressure
pc from the Peng–Rabinson equation of state (Yuan & Schaefer 2006). In previous
studies, we have shown that a liquid to vapour density ratio of around 110, as
used here, is more than sufficient to correctly capture the dynamics of impacting
droplets (Mazloomi et al. 2015b,c; Moqaddam et al. 2017; Mazloomi et al. 2018).
The dynamic viscosity µl of the liquid is set according to the Ohnesorge number
(Oh = µl/

√
(ρlγlvD0)), for the water droplet used in experiments (in simulation,

we assume that a droplet with a size of D0 = 1200 nodes impacts on a mesh
corresponding to that of our experiments). The size and the thickness (yarn diameter
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in experiments) of the single pore used in simulations are determined by keeping the
aspect ratio of the droplet diameter to the pore size/yarn diameter the same as in
experiments. The equilibrium solid–liquid contact angle in simulations is also set to
≈70◦ to be comparable to that in experiments.
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