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Abstract

This study reports an experimental investigation of the phenomena which occur when discrete, monodisperse droplets of a water±

ethanol±glycerol solution in the size and velocity ranges of 160 < D < 230 lm and 6 < U < 13 m/s, respectively, impinge upon a

spherical surface with diameter of the order of 1 mm. By altering the concentrations of the water, ethanol and glycerine, the surface

tension and viscosity were varied in the ranges 58 < r < 73 mN/m and 0.0010 < l < 0.0024 kg/ms, respectively. The boundary between

droplets that deposit and droplets that reatomise has been quanti®ed and an empirical correlation in terms of kinematic and liquid

properties is reported. The target surface diameter was varied in the range 800±1300 lm and compared with a plane surface of

equivalent non dimensional roughness; increasing surface curvature was seen to promote the onset of reatomisation. Stroboscopic

images of the impingement process showed that the impinged droplet formed a crown which was in¯uenced by both surface

roughness, varied in the range 35 nm±40 lm, and droplet kinematic and liquid properties. The similarity in the trajectories of

reatomised droplets produced from consecutive crowns implied that the reatomisation mechanism was repeatable and in¯uenced by

surface morphology. Ó 1999 Elsevier Science Inc. All rights reserved.

1. Introduction

The interaction of liquid sprays and their constituent
droplets with either liquid or solid surfaces is an area of ¯uid
mechanics with numerous applications and manifestations in
both engineering and nature. The present experimental study
has investigated the phenomena which occur when discrete

monodisperse droplets impinge upon a rigid, spherical surface
with curvature of similar order to that of the incident droplet.
Such a situation occurs, for example, in ¯uidised beds and
pharmaceutical manufacture when solid particles are brought
into contact with liquid droplets within the production plant in
order to promote agglomeration, or growth by layering of
solids upon the particle. Droplet impingement onto plane
surfaces is another situation of practical importance and oc-
curs, for instance, when petrol or diesel fuel is injected onto a
piston crown in an IC engine, or during the cleaning of sur-
faces by high pressure sprays.

After impingement onto a solid surface, this study observed
that a droplet generally forms a crown-like structure, the di-
mensions of which depend upon the surface and impingement
conditions: impinging velocity, droplet diameter, liquid prop-
erties and surface curvature and roughness. For impinging
droplets with signi®cantly lower velocity than those in the
present experiments, for instance with U of �2 m/s, it is re-
ported (Stow and Had®eld, 1981) that there is only a radial
¯ow out of the impinged droplet, with no visible crown for-
mation. However for the droplets employed in the present
study, a liquid crown was always observed to form during
impingement, leading to reatomisation and reatomised, or
secondary, droplet production for su�ciently large U or D, or
low l or r. Otherwise, all the liquid mass deposited upon the
surface, which may be desirable in, for example, the practical
application of particle production. Eq. (1) indicates the em-
pirically determined relationship between these parameters
which governs the limit between deposition and reatomisation.

Several works have been published concerning
impingement onto plane surfaces; the importance of surface
roughness Ra, droplet kinematic properties U and D, and
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Notation

a exponent in deposition/splashing boundary
equation

D impinging droplet diameter
K coe�cient identifying deposition/splashing

boundary
Oh Ohnesorge number de®ned as l/

p
(qrD)

Ra surface roughness
Re Reynolds number de®ned as qUD=l
U impinging droplet vertical velocity component
We Weber number de®ned as qDU2/r

Greek
d target sphere diameter
d� target sphere curvature de®ned as 1/d
l liquid absolute viscosity
q liquid density
r liquid surface tension
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liquid properties of l, q and r is described in Levin and Hobbs
(1971); Stow and Had®eld (1981) and Yarin and Weiss (1995).
For the case of spherical surfaces, one can add the target
sphere diameter, d, as a controlling in¯uence. As shown by the
energy balance approach of Mundo et al. (1995), these vari-
ables can be grouped together into dimensionless groups
known as the Reynolds number, Re, and the Ohnesorge
number, Oh. Another dimensionless group that is commonly
used in the study of atomisation and reatomisation is the
Weber number, We. The Weber number represents the ratio of
dynamic pressure to surface tension forces and the Reynolds
number represents the ratio of inertial forces to viscous forces.
The relationship between the three dimensionless groups is
such that Oh�pWe/Re. Throughout the remainder of this
paper, the Ohnesorge and Reynolds numbers, and not the
Weber number, are the dimensionless groups which are chosen
to be used. For plane surfaces, the boundary dividing depo-
sition from reatomisation can be empirically described (Mun-
do et al., 1995), (Stow and Had®eld, 1981) in the form

K � Oh Rea; �1�
where a was found experimentally (Mundo et al., 1995) to be
1.25 and K is constant for a given surface and is dependent
upon its roughness. A similar empirical equation representing
this boundary for curved surfaces has been determined in the
present study and is reported in Section 3.3.

For impingement conditions which do lead to reatomi-
sation, it is important to visualise the mechanism by which
the smaller, reatomised droplets are produced. The behaviour
of reatomised droplets is of practical interest. For the ex-
ample case of particle production, the liquid contained within
these small droplets may evaporate on the heated air stream
in the plant to produce tiny solid `®nes' which can be en-
trained upon the bulk air ¯ow within the plant and exhausted
to the environment unless expensive steps are taken to ®lter
them at the exhaust. To qualitatively see how the reatomised
droplet sizes are a�ected by impingement conditions of U, D,
d and Ra, this study has visualised, with an imaging system
based around a CCD camera, the reatomisation mechanism
that acts upon a crown. Selected images showing character-
istic features of the reatomisation process, together with
proposed explanations of the phenomena which occur in each
image, are presented in Section 3.2. To understand at what
times during the impingement process the reatomised droplets
are produced, and what velocity vector they might be ex-
pected to have, temporal developments of the velocity of the
characteristic crown geometrical features of crown base and
crown rim have been made and are reported in Section 3.1.
These were obtained from a montage of stroboscopic CCD
camera images, each taken from a separate droplet to give a
synthesised history of the impingement event. Similar pho-
tographic records of the impingement of larger, millimetre
sized droplets onto dry plane surfaces can be found in Stow
and Had®eld (1981). Investigations which have used Phase
Doppler Anemometry (PDA) to quantify the reatomised
droplet sizes from impingement of sub-millimetre monodis-
perse droplets include Mundo et al. (1995), who used a dry
surface, and Ghielmetti et al. (1997), who used a surface
covered with a thin ®lm. For a dry surface, Mundo et al.
(1995) found the reatomised droplet sizes had an arithmetic
mean diameter of around 0.15 that of the impinging droplet.
However it appears, Ghielmetti et al. (1997), that a ®lm upon
the surface can produce reatomised droplets with an arith-
metic mean of around 0.4 times that of the impinging droplet,
and a fraction of reatomised droplets with a diameter ap-
proaching that of the impinging droplet. This indicates that
entrainment of the liquid ®lm upon the surface can signi®-
cantly increase reatomised droplet size.

The repeatability of the present reatomisation mechanism is
expected to be considerably higher than that which can be
measured at the exit of a typical pressure atomiser. A repeat-
able reatomisation mechanism implies a deterministic in¯uence
of the morphology of the surface upon the crown breakup, as
opposed to random breakup by aerodynamic instabilities. In
Section 3.4, the repeatability of the reatomisation mechanism
has been quanti®ed on the basis of similarity in the Cartesian
locations of the reatomised droplets produced from consecu-
tive impingements.

2. Experimental arrangement and instrumentation

The test rig is shown schematically in Fig. 1. Monodisperse
droplets were produced by a custom made monodisperse
droplet generator. Liquid was supplied to the droplet genera-
tor from a 5 l reservoir pressurised by a regulated air supply,
typically at 80±150 kPa gauge pressure. It is then issued
through a 100 lm diameter ori®ce fastened onto the end of the
droplet generator body to form a laminar jet. The droplet
generator body was ®xed between two piezoelectric transduc-
ers which, when excited by an a.c. voltage from a signal gen-
erator, produced a dilational wave upon the jet. For
frequencies which were inherently unstable, the jet broke up
through the Rayleigh (McCarthy and Molloy, 1974) mecha-
nism to produce a stream of monodisperse droplets, the size of
which could be controlled, when using a 100 lm ori®ce di-
ameter, to be in the range of 160 < D < 230 lm. The upper and
lower bounds of these excitation frequencies were 10 and 32
kHz, respectively. Test solutions of water±ethanol±glycerine
combinations were used to vary liquid properties of surface
tension and viscosity in the ranges 58 < r < 73 mN/m and
0.0010 < l < 0.0024 kg/ms. The measurements of viscosity were
made with a Ostwald viscometer and those of surface tension
with an electronic tensometer. To ensure discrete impinge-
ments unin¯uenced by adjacent droplets, an electrostatic de-
¯ector system was built to charge, with charging electrodes
operating at around 50 V, typically 95% of the droplet stream
as the droplets broke o� from the earthed jet issuing from the
earthed body of the monodisperse droplet generator. These
charging electrodes were periodically discharged every 19th
droplet produced by the monodisperse droplet generator, for a
time equal to around 75% of the period of the a.c. piezo
electric transducer excitation signal, to produce 5% of the
droplets without charge. Synchronisation between droplet
generator and charging electrodes was achieved by controlling
them both from a master timer card inside a computer. Ap-
proximately 20 mm downstream of the charging electrodes
were two parallel de¯ector electrodes; one at around ÿ1.5 kV
and the other at earth potential. The electric ®eld between the
two de¯ector electrodes de¯ected the charged portion of the
droplet stream laterally by around 3 mm into a drain leaving
only the uncharged 5% to continue downwards and impinge
upon the test surface. Consequently the temporal interdroplet
spacing of the unde¯ected droplets, which were then able to
impinge on the test surface, was typically 1 ms. By both al-
tering the pressure of the air supply in the range 80±150 kPa
and adjusting the height of the droplet generator above the
impinging target in the range 30±200 mm, it was possible to
vary the impinging velocity between 6 < U < 13 m/s. The target
sphere upon which the droplets impinged was made from
stainless steel of Ra� 35 nm. Di�erent spheres of diameter, d,
800, 1020 and 1300 lm were used to investigate the e�ect of
surface curvature. The target sphere could be positioned with a
micrometer driven device directly under the impinging
droplets. The measuring volume of a 30 mW He±Ne laser
and Phase Doppler Anemometer (PDA) system was situated
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�1 mm above the target sphere. The resulting Doppler burst
not only gave information on the velocity and diameter of the
impinging droplet via the PDA signal processor, but was also
used to trigger an intensi®ed CCD camera and high intensity
LED illuminator, capable of producing temporal image, or
`shutter', widths of 500 ns, so `freezing' the details of the im-
pingement process. By introducing variable time delays of up
to 150 ls into the triggering circuit, stroboscopic images at
di�erent stages of the impingement process were obtained,
enabling a synthesised history to be constructed.

There was su�cient time, typically 1 ms, between successive
impingements to allow most of the liquid deposited on the
target sphere to drain away under the in¯uence of gravity.
Despite this, a thin ®lm inevitably remained upon the surface
but with thickness of only �2.5% of the impinging droplet
diameter. This was measured from CCD images of how the
apparent diameter of the sphere changed from the value ob-
served immediately at the end of an impingement to that 1 h
after the experiment was stopped and the residual ®lm had
drained and evaporated away. The e�ect of thin ®lm thickness
upon droplet impingement phenomena onto plane surfaces
was investigated by Cossali et al. (1997) who report that the
result of similarly small thickness is to increase K by only �1%.

3. Results and discussion

3.1. Formation and propagation of droplet crown

Fig. 2 shows a selection of typical images of crowns that
formed during the impingement processes reported within this
study; in all cases the test liquid was water but the velocities
and diameters of the droplets and the surface conditions have
been varied to illustrate a variety of phenomena which can

occur. Fig. 2a illustrates the early development of a crown 5 ls
after initial impingement of a droplet. Immediately after initial
contact between the apex of the droplet and the sphere, the
downward motion of the droplet trapped and compressed a
segment of liquid between the unyielding sphere and the con-
tact edge of the droplet (Bowden and Field, 1964). This seg-
ment contained an envelope of shock wavelets, each wavelet
having been generated at a point along the circumference of
the droplet as it meets the solid surface. At ®rst, the tangent to
the droplet circumference at the contact edge with the solid
surface was su�ciently horizontal that, in a small time incre-
ment dt, the contact edge could move an adequate distance
vertically downward in front of the expanding shock envelope
so as to continue trap the compressed liquid inside the droplet.
However as time increased and the droplet translated down
over the surface of the sphere, this tangent became progres-
sively orientated towards the vertical from the initial hori-
zontal angle of 0°. There was a critical time after initial
impingement when the contact edge could not move su�cient
distance downwards to continue to be in front of the envelope
of shock waves. Consequently, the compressed liquid segment
could then overtake the contact edge and cause release of the
high pressure liquid in the form of jetting at supersonic ve-
locity. The time at which this release occurred is a function of
U, (Bowden and Field, 1964), and can be estimated for the
present case to be of the order of nanoseconds. This is orders
of magnitude smaller than the timescales upon which the
crown can be seen to have developed macroscopically in Fig. 2.

The crown developed in the ®rst 10 ls with characteristic
velocities several times higher than U. This is evident in Fig. 3,
which shows the temporal development of the velocity of the
crown base in the radial direction, the crown base in the
vertical direction, and the crown rim relative to the base in the
vertical direction. The data for these plots came from

Fig. 1. Schematic of the test rig and associated instrumentation.
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calibrated measurements from a montage of images taken of
the crown formed from impingement of droplets with D of 220
lm and impingement U of 10.8 m/s onto a nominally smooth,
Ra� 35 nm, sphere with d of 1300 lm. Additionally, the law
described in Yarin and Weiss (1995) which speci®es the radial
displacement of an inviscid crown base as proportional to the
square root of time after initial impingement has been di�er-
entiated with respect to time and then plotted in Fig. 3 to
determine how well it applies to the impingement onto
spherical surface of d of 1300 lm. The coe�cient of propor-
tionality used in Fig. 3 has been chosen empirically to give the
best correspondence with the plotted experimental data. One

can see how the radial velocity of the crown base quickly de-
creased in the ®rst 10 ls, due to a combination of the retar-
dation e�ect of the liquid viscosity, conservation of radial
momentum, and the increasing orientation of the tangent to
the contact edge towards the vertical so changing the direction
of the velocity vector of the crown base. After 35±40 ls from
initial impingement, the crown rim velocity relative to the base
became negative, indicating the onset of collapse of the crown.
The in¯uence of gravity upon the crown can be estimated to
have been small, implying that the cause of the collapse was
due to surface tension driven recoil of the rim of the crown and
conservation of mass, given that the crown was continually

Fig. 2. Characteristic images of droplet impingement phenomena. Taken with water as the test liquid and with a 500 ns image `shutter speed'. The

impinging velocity and diameter, surface diameter and condition and time after initial impingement of each image is given. (a) Crown Formation.

D� 220 lm, U� 10.8 m/s, d� 800 lm , Ra� 35 nm, 5 ls. The scale of the image is 5.5 mm (upon the image) : 100 lm (in the experiment). (b) Low

Momentum Crown. D� 184 lm, U� 7.5m/s, d� 1300 lm, Ra� 35 nm, 45 ls. The scale is 7 mm : 100 lm. (c) Higher Momentum Crown. D� 218

lm, U� 9.5m/s, d� 1300 lm, Ra� 35 nm. 45 ls. The scale is 6.75 mm : 100 lm. (d) Crown Breakup and Finger Formation. D� 221 lm, U� 9.5m/s,

d� 1300 lm, Ra� 35 nm, 55 ls. The scale is 7.25 mm : 100 lm. (e) Cusps Upon Crown. D� 220 lm, U� 9.3 m/s, d� 800 lm, Ra� 35 nm, 20 ls. The

scale is 11 mm : 100 lm. (f) Rough Surface. D� 222 lm, U� 9.3 m/s, d� 1300 lm arti®cially roughened with 20 lm asperities. 60 ls. The scale is 5.25

mm: 100 lm.
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expanding in the radial direction. Notice that the absolute
vertical velocity of the crown rim was, after 35±40 ls, in a
downwards direction, i.e., in the same direction as the parent
droplet and the force of gravity. The majority of reatomised
droplets were seen to leave the crown after around 50 ls from
initial impingement. Since the reatomised droplets were pro-
duce at the rim of the crown, the vertical component of the
velocity of these droplets was also directed downwards. Fig. 3
implies that the absolute vertical component of their velocity at
this time was approximately 0.25 U. Additional measurements
with a PDA instrument, not reported in this paper, con®rmed
this value. This is in contrast to the results of Mundo et al.
(1995), where the vertical velocity component of the re-
atomised droplets was reported to be upwards from the plane
test surface, in a direction opposite to the force of gravity. The
theoretical relationship, derived from Yarin and Weiss (1995),
for the crown base radial velocity as being inversely propor-
tional to square root of time after initial impingement can be
seen to overestimate the radial velocity, particularly at the later
times during the impingement process. This is presumably due
to a combination of the neglection of viscous e�ects in the
theory and the curvature of the surface, which directed the
motion of the base of the crown towards the vertical direction,
particularly at later times during the impingement process
when the local surface slope experienced by the base of the
crown became less orientated towards the horizontal than its
initial value at the apex of the sphere.

3.2. E�ect of impingement conditions upon the crown

Fig. 2b and c illustrate the e�ect of impinging droplet
momentum on crown development. The former case is seen to
have resulted in benign deposition with a relatively low, thick
crown whereas the latter higher momentum impingement

produced a tall, thin crown which took signi®cantly longer to
decay: 70 ls as opposed to 50 ls. The in¯uence of surface
tension upon the upper edge of a crown produces a rim thicker
than the wall of the bulk of the crown. If the constant K, Eq.
(1), of the impinging droplet is su�ciently large, the resulting
crown can be thin enough and have su�cient velocity for in-
stabilities to grow and cause cusps, such as those shown in Fig.
2e, which appear as swallowings of the crown wall. As the cusp
amplitude increases, the rim on either side of a cusp can touch
together and merge and can be seen to result in ®nger-like
structures propagating outwards, Fig. 2d. A description of
how these ®ngers can be disrupted through the mechanism of
Rayleigh breakup (McCarthy and Molloy, 1974) to undergo
reatomisation and produce reatomised droplets is given by
Yarin and Weiss (1995). It was observed that the typical times
at which reatomised droplets were produced was around 50±70
ls after initial impingement, and that after a time of 40 ls,
crown collapse started to occur, as indicated on Fig. 3. Thus, it
is proposed that crown collapse has a destabilising e�ect upon
a crown and its cusps, promoting the rim merger and ®nger-
like structure generation that are necessary for reatomisation
to occur.

The surface roughness of the target sphere was varied de-
liberately and was seen by observation with the CCD camera
to in¯uence both the crown formation process and the nature
of its subsequent breakup. Asperities promote the disturbances
on a crown which grow to cause cusp formation, and in severe
cases can lead to disintegration of the wall beneath the rim
consisting of the bulk of the crown. Fig. 2f shows a sphere that
was arti®cially roughened by adding 20 lm diameter glass
beads on the surface. As well as reatomisation via the afore-
mentioned Rayleigh instability breakup mechanism, large-
scale destruction of the crown was observed, which produced a
greater ¯ux of reatomised liquid and wider range of sizes of

Fig. 3. Nondimensional characteristic crown velocities as a function of time after initial impingement of a water droplet with D� 220 lm, U� 10.8

m/s, d� 1300 lm, Ra� 35 nm.
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reatomised droplets than for a smooth surface. The time at
which the crown began to break up on the roughened surfaces
was around 20±30 ls after initial impingement. This is sooner
than the corresponding time for a smooth surface.

3.3. Boundary between deposition and reatomisation

As Fig. 2b and c show, it is possible to classify an im-
pingement event as either leading to benign deposition, or to
reatomisation and formation of reatomised droplets. It is im-
portant to quantify the boundary between the two regimes in
terms of droplet kinematic and liquid properties. For droplets
with properties in the ranges 160 < D < 230 lm, 58 < r < 73
mN/m, and 0.0010 < l < 0.0024 kg/ms, the velocity of im-
pingement was altered to get pairs of conditions which could
be seen, by visual observation with the imaging system, to
straddle the boundary. These conditions are plotted in Fig. 4 in
terms of the Re and Oh numbers of the impinging droplets,
which were varied in the ranges 800 < Re < 1750 and
0.008 < Oh < 0.020, respectively. The uncertainties in the Re
and Oh numbers are expected to have been around 1.6% and
1.5%, respectively. Results are presented for smooth spherical
target surfaces of Ra� 35 nm and d of 800 and 1300 lm, and
for two arti®cially roughened spherical targets of d of 1300 lm
and mean asperity height 20 and 40 lm, respectively. For
comparison with plane surfaces, the results of Mundo et al.
(1995) have been included in Fig. 4, having ®rst been modi®ed
for the e�ect of di�ering surface roughness between the two
experiments, in accordance with Cossali et al. (1997), to give
the coe�cients in Eq. (1) as K� 90 and a� 1.25. The e�ect of
increasing target sphere curvature is seen to promote splash-
ing; for the smooth target sphere of d of 1300 lm, K� 69 and
a� 1.22 whilst for d of 800 lm, K� 48 and a� 1.18. The un-

certainties in Re and Oh are estimated to have led to an un-
certainty in K of 2.5%. One may illustrate the values of these
dimensionless numbers in terms of the critical U required for
the onset of reatomisation for a water droplet of D of 200 lm;
the critical U for a plane surface (Mundo et al., 1995) is 8.3 m/
s, whilst for the smooth target sphere with d of 800 lm it is
lower at 7.6 m/s. To further illustrate the observation that
increasing target sphere curvature promotes splashing, an ad-
ditional, intermediate set of measurements for d of 1020 lm
are included in Fig. 5, which shows how K varies with surface
curvature, d*. A parabolic curve ®t, albeit based tentatively on
only four data points, has been superimposed and is seen to ®t
well the available data within the range 0 < d� < 0.00125 lmÿ1.
If one assumes an overall value for a valid for all the target
spheres that is the mean of a� 1.18 and a� 1.22, then the
relationship between deposition and splashing on curved sur-
faces can be expressed in the form

K � g�d��Oh Rea; �2�
where g(d�) is the parabolic function of Fig. 5 and has been
found empirically to be

g�d�� � 90ÿ 30� 106�d��2: �3�
In Mundo et al. (1995) the form of the reatomisation

boundary for a plane surface was theoretically predicted by
performing an energy balance on the droplet before and at the
end of impingement. It was assumed that the impinged droplet
would spread radially over the solid surface, and that if the
deposited liquid had a non zero kinetic energy at the maximum
radius of spreading, then this energy would be manifested as a
crown from which reatomisation was implicitly assumed to
occur. For the present case a qualitative estimate, based on a
similar approach to Mundo et al. (1995), of the e�ect of

Fig. 4. The boundary between deposition and reatomisation.
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spherical target curvature on the post impingement energy
terms reveals the post radial spreading kinetic energy to be
lower, primarily because of greater work done against viscous
forces, and greater surface energy of the deposited liquid ge-
ometry. This is because the distance travelled over the surface
of the sphere by the liquid in the impinged droplet until it
reaches its maximum radius of spreading will be greater since
the liquid moves not only radially outwards, but also vertically
downwards over the sphere. However Fig. 2b shows that in the
present series of experiments, even for the deposition regime, a
crown formed, albeit su�ciently short and thick that it never
formed the disrupting ®nger-like structures seen in Fig. 2c from
which reatomisation occurred. Thus crown formation is seen to
be a necessary but not su�cient condition for reatomisation to
occur. It appears that an additional important condition for
reatomisation is that the cusps upon a crown be allowed to
grow in amplitude to allow adjacent sides of the rim to merge
and so produce the ®nger-like structures; as previously dis-
cussed this appears to happen when the collapse of the crown
destabilises the crown and the cusps. This event is dependent
not only on su�ciently high crown height and su�ciently thin
crown thickness, but also upon crown diameter. As crown di-
ameter decreases, the acute angle between the two sides of the
rim on adjacent sides of a cusp will also decrease, increasing the
ease with which the sides can touch together and merge and
produce the necessary ®nger-like structures for reatomisation.
Since the motion of the base of the crown follows the surface of
the spherical target, decreased target sphere diameter decreases
the crown diameter and thus promotes reatomisation.

3.4. Repeatability of the reatomisation process

The repeatability of the reatomisation phenomena in the
present experiment was high in comparison to the stochastic
breakup behaviour usually exhibited at the exit of pressurised

atomiser sprays. Fig. 6 shows the Cartesian co-ordinate loca-
tion of typical reatomised droplets produced from a small
portion of the crowns from 50 separate impingements. Each
location was measured from images taken 100 � 2.5 ls after the
arrival of droplets of diameter 221 lm and velocity 9.3 m/s
impinging at a rate of 550 Hz. These values of velocity and
diameter were chosen to give Re and Oh in the middle of the
range of values that could be obtained in the present series of
experiments when using water as the test liquid. Due to the
relatively slow 25 Hz frame rate of the imaging system, suc-
cessive images do not represent adjacent impingements, but
given the repeatability of the experiment this does not a�ect the
observations. The mean and standard deviation of the locations
of the reatomised droplets are: in the horizontal, x, direction,
603 and 18 lm, respectively; and in the vertical, y, direction
ÿ325 and 20 lm, respectively. The close grouping of droplet
positions suggests a deterministic reatomisation process and
thus a laminar ¯ow within the crown. Since the reatomised
droplet production resulted from breakup of ®nger-like struc-
tures preceded by cusp formation, one can infer that those
features of the crown also exhibited high repeatability. Cusp
formation results from growth of initial disturbances upon the
crown. Thus, in the spectrum of disturbances to which a crown
is exposed, those due to the predictable surface morphology of
the target sphere must then dominate those of a purely random
aerodynamic and hydrodynamic nature. This implies that
computational modelling of the crown requires accurate rep-
resentation of the surface of the target sphere with resolutions
similar to those of the topographical features of the surface.

4. Conclusions

The phenomena occurring when monodisperse droplets
of varying Reynolds and Ohnesorge number, in the ranges

Fig. 5. The variation of parameter K with sphere curvature d�.
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800±1750 and 0.008±0.020, respectively, impinge upon a
spherical target, of diameter in the range 800±1300 lm, have
been experimentally investigated. An imaging system based
around a CCD camera and triggered by the impinging
droplets allowed stroboscopic images at variable times within
the impingement process to be obtained. Analysis of these
images has led to the following conclusions about the
impingement phenomena:
1. A critical parameter K, as a function of Reynolds and Oh-

nesorge number of the impinging droplet, was found to
identify the boundary between droplets which deposit and
those which reatomise and is de®ned in Eq. (1). For a plane
surface of similar nondimensional roughness to the smooth
spheres used in this experiment, K is 90. For a sphere of di-
ameter 800 lm, K decreases to 49.

2. For impinging K above the critical value, reatomisation
from the crown produced by an impinging droplet will oc-
cur through the merger of the rim on either side of cusps
growing upon the crown, producing ®nger-like structures
which subsequently disrupt into reatomised droplets. The
e�ect of increased surface curvature has been found to pro-
mote the onset of reatomisation since the crown diameter
decreases with decreasing surface diameter, allowing rim
merger at the cusps to occur for lower critical K.

3. By analysing the velocity history of the crown rim, the re-
atomised droplets were seen to leave the rim with a vertical
velocity component in the same direction as, and with mag-

nitude approximately 25% of U, the velocity of the imping-
ing droplet. The radial velocity of the crown at the times at
which the reatomised droplets were produced was around
40% of U.

4. The reatomisation process from impingement onto smooth
spheres has been shown to exhibit a high level of repeatabil-
ity, implying deterministic ¯ow within the crown. It is be-
lieved that the initial disturbances that lead to cusp
formation and in¯uence the eventual breakup are governed
by the surface morphology of the target sphere. This was
supported by experiments with spheres with surface asperi-
ties of size 20 and 40 lm, which were seen to cause the
crown to start to breakup around 20 ls earlier than for
the smooth surface.
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Fig. 6. The repeatability of the reatomisation process. Reatomised droplet positions 100 ms after initial impingement for 50 separate events are

shown relative to the outline of the target sphere. Two such images are illustrated below the graph, separated in time by 40 ms.
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