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The outcomes of binary collisions of water droplets are investigated experimentally for the range of
parameters of a spray system used during a severe nuclear reactor accident. Droplets diameters
range from 220 to 450 �m with a diameter ratio between 0.5 and 1 and impact velocities between
3 and 10 m s−1. Values of the Weber number based on the small droplet size are between 20 and
280. For droplets with a Weber number up to 120, results in a map of impact parameters versus
Weber number show the various regimes, namely, stretching separation, coalescence and reflexive
separation. For a higher Weber number, between 120 and 280, the only observed outcomes are the
two separation regimes. It is shown that results obtained for unequal droplet sizes match on a single
map in terms of the impact parameter and of a new “symmetric” Weber number based on the sum
of kinetic energies in the frame of the center of mass and on the sum of surface energies of the two
droplets. Ashgriz and Poo �“Coalescence and separation in binary collisions of liquid drops,” J.
Fluid Mech. 221, 183 �1990�� models are in agreement with our results, within experimental error.
However, in this map, their representative curves depend on the diameter ratio. Simple formulas
independent of the diameter ratio are therefore proposed to describe the transitions between regions
representing outcomes of collisions. © 2010 American Institute of Physics.
�doi:10.1063/1.3392768�

I. INTRODUCTION

Spray systems are emergency systems designed for pre-
serving the containment integrity in case of a severe accident
in a pressurized water reactor. They are composed of over
500 interacting water droplet sprays generating droplets with
diameters between 100 to 1000 �m. These systems are used
to prevent overpressure, to cool down the enclosure atmo-
sphere, to remove fission products and to enhance the gas
mixing in case of presence of hydrogen in the reactor con-
tainment. Their efficiency depends on the heat and mass
transfers with the surrounding gas which in turn depend on
the evolution of the droplet size distribution in the contain-
ment, due to droplet collisions in the gravity field. Droplet
collision, which also occurs in warm rain formation, in coat-
ing processes and in motor fuel injection, is a relevant prob-
lem for fluid dynamics. Indeed, previous experimental �Refs.
1 and 2� and theoretical �Ref. 3� papers have shown that
droplet collisions may significantly modify the spray charac-
teristics �droplet sizes and velocities�. However, studying
droplet interactions in a whole spray or between several im-
pinging sprays is difficult �Refs. 4 and 5�. In order to sim-
plify this problem, binary droplet collisions were considered
by many authors �Refs. 6–9�. For a thorough description of
the process, two steps have to be considered: �1� the deter-
mination of boundaries between the different collision out-
comes in relation with the gas or liquid phase properties and

�2� the determination of the number of resulting droplets,
their size and velocity. Experimental investigations of binary
droplet collision were conducted using two techniques: the
first one consists in suspending a single droplet in a vertical
wind tunnel and providing a colliding droplet by a smaller
droplet injection �Ref. 10�, and the second one in bringing
into contact two falling drops �Ref. 11�. These results lead to
the classification of five different outcomes regimes: coales-
cence with minor deformation, bouncing, coalescence with
large deformation, reflexive separation, and stretching sepa-
ration. Brazier-Smith et al.1 were the first authors to propose
an expression that defines the boundary between the perma-
nent coalescence and stretching separation regimes. They
used a Weber number We, calculated with the small droplet
diameter ds and the dimensionless impact parameter I

We =
�dsur

2

�
, I =

2x

ds + dl
, �1�

where ur is the relative velocity between the droplets
�ur= �u�r� with u�r=v�s−v� l�, � and � are the density and the
surface tension of the liquid and dl is the large droplet diam-
eter. The dimensional impact parameter x is the distance
from the center of the large droplet to the relative velocity
vector originating from the center of the small droplet when
at contact �see Fig. 1�.

Collisions of water droplets of different sizes were also
considered in past studies, with diameter ranging from 300 to
1200 �m �Ref. 12� or around 1000 �m �Ref. 13�. Another
dimensionless parameter, the diameter ratio �=ds /dl, has
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then been introduced to describe the boundary curves. Ash-
griz and Poo6 provided some experimental results for a range
of Weber number up to 120 and validated their theoretical
models for the prediction of reflexive and stretching separa-
tion. The regimes appear as domains in a map in terms of
�We, I�. One map has to be drawn for each value of the
diameter ratio. Later, spray combustion applications using
hydrocarbon droplets involved the influence of liquid prop-
erties on collision outcomes �Refs. 8 and 14�. The effects of
the gas phase pressure and density were also analyzed ex-
perimentally, but not enough data was available to incorpo-
rate these effects in previous models. Finally, the production
of satellite droplets, when collision results in break-up, is a
recent subject of interest in the understanding of fundamental
mechanisms that control impact outcomes �Ref. 9�.

The objectives of the present work are as follows: �i� to
provide an extensive database of experimental results for bi-
nary collisions of water droplets under ambient conditions;
�ii� to propose a description of collision outcomes in terms of
a new “symmetric” Weber number, taking into account the
energies of the small and large particles in a symmetric way,
which allows to collect all results for various diameter ratios
on a single map; �iii� to propose new simple models describ-
ing the various boundaries in this map.

The outline of the paper is as follows. Section II presents
the experimental setup and methodology. An automatic sys-
tem for pictures acquisition and data treatment makes it pos-
sible to process over 200 collisions for a given value of We,
thereby enhancing the accuracy of the impact parameter/
Weber number maps of collisions regimes. Experimental re-
sults and a comparison with earlier works are presented in
Sec. III. The new symmetric Weber number is introduced in
Sec. IV together with the map for all diameter ratios in terms
of this Weber number and of the impact parameter. The new

formulas for the transition curves between collision outcome
domains are proposed in Sec. V. Finally, the conclusion is in
Sec. VI.

II. EXPERIMENTAL SETUP AND METHODOLOGY

A. Experimental setup

A setup was built at the French Institut de Radioprotec-
tion et de Sûreté Nucléaire �IRSN�, using the experience of
previous experimental investigations such as Estrade.7 It is
sketched in Figs. 2 and 3.

Binary droplets collisions in a chosen vertical plane are
visualized by a shadowgraphic method. Periodic drop colli-
sions occur at the intersection of two monodispersed droplets
streams. Each stream of equally spaced and similarly sized
water droplets is produced by the disintegration of a liquid
jet excited by an appropriate mechanical perturbation which
grows in agreement with Rayleigh’s theory. The use of drop-
lets streams makes it easy to calculate the droplet velocities
associated to each droplet. Moreover, the separation distance
between droplets is then large enough so that the influence of

FIG. 1. Sketch of a small droplet �left� and large one �right� before collision
and when at contact. � is the collision angle, �a� and �c� are the distances
between the droplet centers before collision and the center of collision, and
b is the distance between the droplet centers before collision.

FIG. 2. �Color online� Schematic description of the IRSN experimental
setup for the investigation of droplets collisions.

FIG. 3. �Color online� System for recording periodic droplet collisions.
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the neighboring droplets, that might modify the evaporating
rate as well as the drag coefficient �Ref. 15�, is negligible.

The droplet generator developed at ITLR �Institute für
Thermodynamik der Luft und Raumfahrt, Stuttgart�, see,
e.g., Frohn and Roth,11 creates such a perturbation of the
liquid jet by varying the electrical frequency excitation of a
piezoelectric ceramic. The droplet diameter and velocity of
the produced monodisperse spray range, respectively, from
200 to 700 �m and from 1 to 6 m/s, depending on the di-
ameter of an exchangeable orifice �iridium plates with a hole
of 90, 150, 200, and 250 �m�, on the flow rate �0.2–1 kg/h�
and on the excitation frequency �2000–15 000 Hz�. The liq-
uid used for the experiments was de-ionized water. It is sup-
plied by an air pressurized water tank, through a 0.1 �m
particle filter before reaching the droplet generator, as shown
in Fig. 3. The liquid can thus be considered as very pure. The
flow rate is controlled with two Bronkhorst© mass flowme-
ters �with a delivering range up to 2 kg/h� connected to the
droplet generator. Since the droplet diameter depends also on
the excitation frequency, this one is modulated using two
Tektronix© arbitrary function generators producing a square
signal up to 30 kHz. This signal with an amplitude of 10 V is
amplified to 60 V with two NF© high-speed bipolar ampli-
fiers before exciting the piezoelectric ceramic. When experi-
mental parameters are established, collisions are recorded by
two charge coupled device cameras �with square pixels of
8 �m� with appropriate enlarging optical lenses in order to
observe only the area of interest. Both front and side views
are recorded at the same time using a High-Speed Photo-
System© stroboscopic light �with a very short flash duration
of 150 ns ensuring a “frozen” droplet motion�, as described
in Fig. 2. The first camera delivers the pictures to be ana-
lyzed and the second one is used to align the two droplets
streams in a same vertical plane. A transistor-transistor logic
�TTL� signal provided by the frequency generators and the
cameras is sent to the stroboscope through a synchronization
device, so that the flash is switched on when the camera
shutter is open. The positions and angles of the droplet
streams, mirrors and cameras are adjusted by a micrometric
x-y-z axis displacement system placed on an optical table in
order to avoid any vibration. This system also allows to
modify the collision angle and distance between the droplet
streams; thereby fixing the impact parameter and the impact
velocity in the range from 3 to 10 m s−1. Pictures recorded
in this way �typical examples are presented in Fig. 4� are
analyzed with a self-made JAVA program in order to deter-
mine the Weber number and impact parameter of the re-
corded collision.

B. Measurement method

The measurement method consists in recording se-
quences of one hundred pictures of collisions for each value
of the Weber number. Then, images are grouped with regard
to their quality: the ones that suffer from various defects,
such as a lack of light or missing droplets, are rejected and
the other ones are checked with a program specially devel-
oped for that purpose using the IMAGEJ software.

A first step, which consists in calibrating the excitation

frequency, the picture scale and the particles detection con-
ditions �drops light level, size, and circularity range� in the
dedicated field, is done just before running the analysis. The
scale is determined with a calibrated reticule. Then, the pro-
gram calculates the Weber number, We and the nondimen-
sional impact parameter I in each picture. It first performs a
binary treatment process in order to detect each fluid particle
�using boundary detection conditions defined beforehand�
and evaluates its size and the coordinates of its center. After
sorting out to which stream the droplets belong �viz., the left
one or the right one�, it determines the droplets velocity,
multiplying the average distance between them by the exci-
tation frequency. The Weber number is then calculated from
these data. The calculation of the impact parameter starts by
an estimation of the coordinates of the intersection point of
the streams. Then, the distance from the last drop of each
stream to the intersection point is determined. Finally, Al-
Kashi’s relations �see Eq. �2� below� provide the expression
of the angle � between the sides a and b of the triangle
sketched in and the angle � between the relative velocity u�r

and the side a, so as to obtain the dimensionless impact
parameter

� = cos−1�a2 + b2 − c2

2ab
�, � = sin−1� �v� l�

�u�r�
sin �� ,

�2�

I =
2b sin�� − ��

dl + ds
,

where v� l is the velocity of the large droplet and � the angle
between the droplet velocities.

The largest measurement error came from the number of
pixels representing a droplet diameter, i.e., typically 25 pix-
els across a 220 �m droplet. Since one pixel could be
missed or added at each end of the diameter, this gave an
overestimate of 8% error. As a result, errors on We and I
were estimated to be 8% and 10%, respectively.

III. EXPERIMENTAL RESULTS FOR DIFFERENT SIZE
RATIOS �

In order to characterize the influence of the droplet size
dispersion on collision outcomes for sprays used in nuclear
containment, the effects of the diameter ratio � on transition
curves between regimes was explored by performing experi-

FIG. 4. Pictures of the three different binary water collision outcomes ob-
served on the experimental setup used in this study �from left to right:
stretching separation, coalescence, and reflexive separation�.
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ments for �=0.5 with droplets of 220 and 450 �m, and for
�=0.75 with droplets of 330 and 450 �m. Results are pre-
sented in Fig. 5.

It is observed that the boundary limits between coales-
cence and separation outcomes become wide apart as the
diameter ratio decreases �a� �=1, �b� �=0.75, and �c�
�=0.5� and, as a consequence, the coalescence regime is
enhanced. Indeed, when the diameter ratio decreases, the ki-
netic energy of the small droplet is not sufficient to overcome
the surface energy of the large one; thereby reducing the
possibility of occurrence of a stretching separation. Pre-
sented results are also in good agreement with Ashgriz and
Poo6 formulas, plotted as solid lines. These formulas have
been used in many earlier works to describe domains in the

impact parameter/Weber number map for collision outcomes.
It should be emphasized that Ashgriz and Poo’s formulas
were only partially verified until now, according to Orme.16

Now, since the obtained curves depend widely on the droplet
diameter ratio �, it appears appropriate to search for a more
general map that would encompass all cases. In this goal, we
revisit in Sec. IV the relevance of the Weber number, We,
which is usually used for such experiments.

IV. THE SYMMETRIC WEBER NUMBER

Many papers dealing with the subject of droplet collision
�Refs. 1 and 2� use the same expression of the Weber number
�We� for the description of the different outcomes. This num-
ber, expressed in Eq. �1�, depends on the small droplet diam-
eter ds and the relative velocity ur. It looks appropriate for
two equal droplets or for a droplet and a flat interface. How-
ever, for intermediate situations of unequal droplets, there is
no reason to omit properties of the large droplet altogether.
To avoid this restriction, Jiang et al.8 gave another expres-
sion of a Weber number using the average of the two diam-
eters and the relative velocity. Even so, this improvement
cannot clearly identify the incoming kinetic and surface en-
ergies responsible for the collision outcome.

Since the Weber number is the ratio of a kinetic energy
to a surface energy, starting from mechanical first principles
dictates appropriate choices for these energies as the sum of
kinetic energies of incoming droplets and the sum of their
surface energies

Wes =
1
2ms�u�s�2 + 1

2ml�u� l�2

��ds
2 + ��dl

2 , �3�

where ms and ml are the mass of the small and large droplet,
us and ul the velocities relative to the center of mass of the
incoming droplets; these velocities are the only relevant ones
for the collision. Using the momentum balance,

msv�s + mlv� l = �ms + ml�v�g, �4�

the velocity v�g of the center of mass is obtained and the
velocities relative to the center of mass are calculated as
u�s=v�s−v�g and u� l=v� l−v�g. Assuming that the droplets are
spherical and have the same uniform density, Eq. �4� gives

v�g =
ds

3v�s + dl
3v� l

ds
3 + dl

3 , �5�

and the definition �3� then writes

Wes =
�

12�

ds
3�u�s�2 + dl

3�u� l�2

ds
2 + dl

2 . �6�

Since it is symmetric in the properties of the large and small
droplets, we call it the “symmetric Weber number,” to dis-
tinguish it from the generally used We.

We calculated this symmetric Weber number Wes for
each of the collision points presented above, using droplet
parameters given by the image postprocessing. Results for
the collision outcomes in terms of this number are presented
in Fig. 6 for the three different diameter ratios �a� �=1, �b�
�=0.5, and �c� �=0.75�.

FIG. 5. �Color online� Experimental results for collision outcomes with
water droplets of different diameters. Solid lines represent Ashgriz and Poo
�Ref. 6� models for the boundaries between collision outcomes. �a�
d=450 �m, �=1, �b� d1=450 �m, d2=330 �m, �=0.75, and �c�
d1=450 �m, d2=225 �m, �=0.5.
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It is first noticed that values of Wes at the boundaries
between coalescence and separation �either reflexion of
stretching� are of order unity, corresponding thus to a better
description of the competition between surface tension and
inertial effects. Moreover, when using the symmetric Weber
number Wes, all boundaries between domains of collision
issues become independent of the diameter ratio �. That is,
the merging of experimental results directly provides critical
values of the impact parameter Ic, which define transition
curves between the various outcomes. The suppression of the
droplet diameter ratio as a required parameter for determin-
ing the collision issue is an important experimental result and
a guidance for theoretical models.

For a more precise account of this merging of curves, it
should be remarked that there is always some overlap be-
tween regimes due to experimental uncertainties. The bound-
aries between regimes were thus determined in a systematic
way as follows. For a small interval around a given Wes, the
number of collision issues belonging to each regime was
counted as a function of the impact parameter I. A distribu-
tion function was defined for each collision outcome regime
as the ratio of the number of points belonging to this regime
to the total number of points of both regimes. The critical Ic

was then defined as the impact parameter for which both
distribution functions were equal to 50%. This procedure is
justified since the density of experimental points is quite
large and estimated to be uniformly distributed among the
values of the impact parameter. This calculation was done
with a VISUAL BASIC program. The resulting values for Ic

were fitted with a curve. The standard deviation of the dif-
ferences between the curve and the experimental Ic was cal-
culated and found to be consistent with the error estimates of
Sec. II B. The three curves obtained in this way are repre-
sented in Fig. 6 together with an associated shaded domain
showing the 99.74% �	3 standard deviations� confidence

interval. These transitions curves give an accurate represen-
tation of the experimental transitions between the various
outcomes.

V. SEMIEMPIRICAL MODELING FOR TRANSITION
CURVES BETWEEN COLLISION OUTCOMES
IN TERMS OF THE SYMMETRIC WEBER NUMBER

A. Comparison with former models

First, it is useful to express the symmetric Weber number
in terms of We that is widely used in the literature. Rewriting
Eq. �6� in terms of the diameter ratio

Wes =
�ds

12�

�3�u�s�2 + �u� l�2

��1 + �2�
, �7�

and using �4�

	�u� l� =
�3

1 + �3 �u�r� ,

�u�s� =
1

1 + �3 �u�r� ,
 �8�

we obtain

Wes =
�ds�u�r�2

�

�2

12�1 + �3��1 + �2�

= We
�2

12�1 + �3��1 + �2�
. �9�

The new Weber number formulation is then introduced in the
Ashgriz and Poo formulas �see the Appendix�. For the tran-
sition between reflexive separation and coalescence, Eq.
�A1� is then transformed to

FIG. 6. �Color online� Experimental results of collision outcomes. Fitted curves delimiting the various regimes with their associated shaded domain �limited
by dashed lines� representing the 99.74% confidence interval �	3 standard deviations�.
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WesI = � �7�1 + �3�2/3 − 4�1 + �2���3�1 + �3�
4�
2 + �6
1��1 + �2� � , �10�

where the functions 
1, 
2 of �I ,�� are defined in the
Appendix.

In the same way, for the transition between stretching
separation and coalescence, it is found from Eq. �A3� in the
Appendix

WesII =
�1 + �3��3�1 + ���1 − I���3�s + �l��1/2

3�1 + �2���1 + �3� − �1 − I2���s + �3�l��
, �11�

where the functions �s, �l of �I ,�� are defined in the
Appendix.

Formulas �10� and �11� are compared in Fig. 7 to experi-
ment, viz., to the fitting curves from Fig. 6 delimiting out-
comes domains. Equation �11� is represented in b �and its
relative error in d� and Eq. �10� in a �and its relative error in
b�. The formulas depend on the droplet diameter ratio �. It
appears in Fig. 7�b� that the interval of three standard devia-
tions is still not sufficient to include the Ashgriz and Poo
expression for all �’s. Indeed, it is remarked in Figs. 7�b�
and 7�d� that the difference with our experiments is small for
�=1 but increases for decreasing �. It is still small for
�=0.75 but increases widely for �=0.5. This behavior may
be understood when comparing the two Weber numbers. The
variation of the Wes/We ratio with the droplet diameter ratio
is plotted in Fig. 8. It clearly appears that this ratio is prac-

tically constant, within experimental error between �=1 and
�=0.75, but is quite lower for �=0.5. This shows why the
classical Weber number was so successful in despite of its ad
hoc definition: in the range of diameter ratios from 0.75 to 1,
it is practically proportional to the symmetric Weber number
which appears �Fig. 6� appropriate to describe various diam-
eter ratios. This is also a reason why Ashgriz and Poo6 mod-
els based on the classical Weber number are good approxi-
mations in this range between �=1 and �=0.75 but not so
good for smaller �.

Considering that experimental results were merged in
Fig. 6 in a map independent of �, it appears thus appropriate
to derive simple formulas expressing the boundaries of col-
lision outcomes in this map. Two expressions are proposed in
Secs. V B and V C for the determination of the boundaries
between the coalescence, stretching and reflexive separation
domains.

B. Model for transition curve between reflexive
separation and coalescence

According to photographs of reflexive separation ob-
tained using the experimental device presented above, it
clearly appears that for a fixed Weber number complete front
collisions �I
0� lead to a quicker droplet separation than
those with a small impact parameter �I�0�. When the im-
pact parameter I increases, the set of merged droplets is
stretched horizontally, provoking a parasite loss of energy.

FIG. 7. �Color online� Curves for outcomes transitions: ��a� and �c�� coalescence/stretching separation and ��b� and �d�� coalescence/reflexive separation. Left:
critical impact parameter, error bars represent 	3 standard deviations. Right: relative difference on Ic between the experimental results, and both Ashgriz and
Poo �Ref. 6� expressions ��=0.5;0.75;1� and the new proposed model.
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This phenomenon is countered by surface tension forces that
tend to minimize the liquid surface. Nevertheless, as a con-
sequence of this stretching, a part of the total kinetic energy
is still lost during the collision. A way to apply these obser-
vations in the modeling of the reflexion/coalescence transi-
tion curve is to consider the competition between the kinetic
energy based on the drop velocities projected on the line
joining their centers and the surface energy. This kinetic en-
ergy decreases when the impact parameter increases. Our
assumption here is that the transition from reflexive separa-
tion to coalescence is achieved when the surface energy be-
comes higher than this part of the kinetic energy.

By referring to the definitions of the impact parameter I
and angle 
 described in

sin 
 = I . �12�

Then the droplets velocities along their line of centers are, in
the frame of the center of mass �Fig. 9�

vlx
2 = vl

2 cos2 
 = vl
2�1 − I2� , �13�

vsx
2 = vs

2 cos2 
 = vs
2�1 − I2� . �14�

The total kinetic energy corresponding to these velocities,
Ekin x, may be expressed in term of the total kinetic energy
Ekin, as

Ekin x = Ekin�1 − I2� . �15�

Let the efficient kinetic energy responsible for possible re-
flexion, Eeff, be the difference between Ekin x and an energy
dissipated by viscous effects. This dissipation is a fraction of
the total kinetic energy, since it depends on liquid move-
ments taking place into the drop formed just after the colli-
sion. The efficient kinetic energy is

Eeff = Ekin x − kEkin. �16�

In the expression proposed here, k is assumed to be a con-
stant for simplicity. The transition between coalescence and
reflexive separation is related to values of the ratio of this
efficient kinetic energy Eeff to the surface energy. By analogy
to a Weber number, it is denoted here Weeff

Weeff =
Eeff

Esur
=

Ekin�1 − I2� − kEkin

Esur
. �17�

That is, in term of the symmetric Weber number

Weeff = Wes�1 − I2 − k� . �18�

For a zero value of the impact parameter I, our experimental
results indicate that the transition between the two outcomes
appears for a Weber number Were of around 0.45. We there-
fore derive the value

k = 1 −
Weeff

Were
. �19�

From the previous expression, the critical impact parameter
Ic for transition is

Ic =�Weeff

Were
�1 −

Were

Wes
. �20�

Moreover, when the Weber number becomes large, experi-
mental measurements give a critical impact parameter Ic

=0.28 for the boundary of the two regimes. We then derive
from Were=0.45 the value Weeff=0.035 and consequently
k=0.92. The final expression for the transition between the
reflexive separation and coalescence is then given as follows:

Ic = 3.59�1 −
0.45

Wes
, �21�

and presented as the “new model” in Fig. 7�b�. The formula
captures the essential experimental features in despite of its
simplicity. The error for intermediate Weber numbers, Fig.
7�d� may originate from our rough approximation for the
dissipation.

Expressing the dissipation in terms of a single constant
coefficient k is possible here due to the low viscous dissipa-
tion in water. For a more viscous liquid, it is known that the
boundaries between regimes depend on fluid viscosity, as
shown by Gotaas et al.17 Thus, changes are expected in the
charts in terms of the new symmetric Weber number. It is
clear that the k coefficient introduced here to represent vis-

FIG. 8. Ratio of the symmetric Weber number Wes to the Weber number We.
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cous dissipation would increase for a more viscous liquid.
However, the way in which it would increase is not clear and
further studies are needed.

C. Model for transition curve between coalescence
and stretching separation

It clearly appeared on experimental photographs that a
larger impact parameter I enhances the stretching of the
droplet set formed after collision. It was also observed that,
for a given value of the Weber number, separation occurs
earlier for a higher impact parameter. It may be thus assumed
that the collision outcome depends on the competition be-
tween the kinetic energy of this stretching motion and the
surface energy. That is, when this stretching kinetic energy
decreases, at low impact parameter, the coalescence outcome
appears. The main assumption of this model amounts to take
into account only the component of droplets velocities that
contribute to the stretching phenomenon in the evaluation
of the kinetic energy. These components, see Fig. 10, are
obtained by projecting drops velocities in the frame of the
mass center on the perpendicular to the line joining the cen-
ters. Considering the 
 angle and the impact parameter, these
velocity components are

vly
2 = vl

2 sin2 
 = vl
2I2, �22�

vsy
2 = vs

2 sin2 
 = vs
2I2. �23�

The stretching kinetic energy is then

Ekin y = EkinI
2. �24�

The surface energy which opposes kinetic effects is repre-
sented by the parts of droplets that interact during the colli-
sion. It is assumed that the surfaces of interaction Ss and Sl of
the small and large droplet, respectively, depend on a pen-
etration length Y �see Fig. 10� defined as

Y = �rs + rl��1 − I� . �25�

They are defined as

Sl = 2�rlY , �26�

Ss = 2�rsY . �27�

Thus, the total interacting surface energy is given by

Esur y = 2���rs + rl�2�1 − I� = Esur
�rs + rl�2

2�rs
2 + rl

2�
�1 − I� , �28�

with Esur corresponding to the sum of surface energies of the
initial droplets.

A “stretching Weber number” which would be of order
unity at the transition between stretching separation and coa-
lescence is then expressed by

Westretch =
Ekin y

Esur y
= Wes

2I2

�1 − I�
rs

2 + rl
2

�rs + rl�2 . �29�

Moreover, since 0���1, it is remarked that

1

2
�

rs
2 + rl

2

�rs + rl�2 =
1 + �2

�1 + ��2 � 1. �30�

That is, this ratio stays of order unity. Thus, a simple ap-
proximation for the stretching Weber number is

Westretch 
 Wes
2I2

�1 − I�
. �31�

Solving for I provides an expression for the critical impact
parameter at the transition between stretching separation and
coalescence

Ic =
�Westretch

2 + 8WestretchWes − Westretch

4Wes
. �32�

From our experimental results, this expression gives a cor-
rect representation of the boundary curve between the two
regimes for Westretch=0.53. Indeed, the comparison shown in
Fig. 7�a� �see the new model� is excellent, as detailed by the
error plotted in Fig. 7�c�. It has to be noticed that this new
model does not take into account the viscous dissipation ef-
fects that should be less important than for reflexive separa-
tion because of a minor liquid volume engaged in the stretch-
ing regime. This is probably why, without any approximation
on the dissipation, this criterion is more precise than the one
in Sec. V B.

FIG. 9. �Color online� Droplets velocities projected onto the line joining
their centers in the mass center reference frame.

FIG. 10. �Color online� Droplet velocities are projected on the perpendicular
to the line joining the center in the mass center reference frame. Y denotes
the penetration length.
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D. Discussion

Summarizing the results plotted in Fig. 6, it appears that
the simple models presented above are sufficient to describe
the transition curves between regimes, regardless of the di-
ameter ratio, within the approximation of experimental un-
certainty �with the exception of a We of order unity in Fig.
7�c�, where the error is a little larger�. They may thus be used
instead of the Ashgriz and Poo6 expressions which, when
transformed in terms of the symmetric Weber number, still
rely on the diameter ratio. The new models are plotted for
comparison with the experimental boundaries between re-
gimes in Fig. 11.

In any particular case, a choice of formulas may be dic-
tated by Figs. 7�c� and 7�d�.

E. Collision outcomes at higher values
of the Weber number

There is presently, to our knowledge, no experiment in
the literature describing collision outcomes for a symmetric
Weber number higher than 2.5 �that is for values of the clas-
sical Weber higher than 120�. To complete this gap at high
Weber numbers, pictures of collisions occurring with droplet
velocities up to 10 m s−1 were obtained and analyzed using
the experimental setup presented above. In spite of the large
domain of symmetric Weber number under consideration
�2.5–6, corresponding to 120–280 in terms of We�, no coa-
lescence outcome was observed. As shown in Fig. 11, in the
range of Wes�2.5, there are only separation regimes,
namely, reflexion and stretching. Furthermore, the boundary
limit between the two regimes appears to be for a quasicon-
stant critical impact parameter Ic of around 0.28. There is
neither, to our knowledge, any available model in the litera-
ture to characterize the transition between these two separa-
tion outcomes for high Weber number. A simple approach is
therefore proposed here.

The basic hypothesis of this model arises from the inca-
pacity of the surface tension forces to overpass the stretching
and reflexive forces due to the high kinetic energy. That is,
only kinetic energy is of importance for the determination of
outcomes at high Weber number. Then, the competition be-
tween parts that contribute to reflexive or stretching separa-
tion has to be considered. To describe this competition, a
dimensionless number is proposed as the ratio of the reflex-
ive kinetic energy Eeff �defined in Sec. V B� and the stretch-
ing kinetic energy Ekin y �defined in Sec. V C�

Rref/stret =
Ekin x − kEkin

EkinI
2 =

1 − I2 − k

I2 . �33�

It is expected that the transition occurs when this number is
of order unity. Solving for I, the criterion is

I =� 1 − k

1 + Rref/stret
. �34�

According to the value of the viscous dissipation coefficient
k=0.92 �see Sec. V B and the dimensionless number
Rref/stret=0.25, determined by our experimental results, a con-
stant value of I is obtained for the boundary curve between
reflexive and stretching separation. The low value of Rref/stret

may be explained by the importance of viscous dissipation
during the collision for low impact parameter values.

As observed in Fig. 11, the new proposed model is in
good agreement with experimental measurements that char-
acterize the transition between reflexive and stretching sepa-
ration for Wes�2.5.

FIG. 11. �Color online� Comparison between the experimental boundaries �error bars standing for three standard deviations� and the new proposed models.
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VI. CONCLUSION

Phenomena following droplet collisions in sprays have
been investigated, in a range of parameters appropriate to
systems used in a nuclear reactor containment in case of a
hypothetical severe accident, that is for water droplet diam-
eters between 220 and 450 �m and velocities between 3 and
10 m s−1. This work has been carried out with an experi-
mental setup built for this purpose at IRSN. Using a specially
developed automatic postprocessing system, an extensive
collection of collision pictures has been obtained and ana-
lyzed in order to determine their outcomes, for various val-
ues of the Weber number and impact parameter. Due to the
large number of data and a precise assessment of measure-
ments uncertainties �which is often missing in the literature
on this topic�, boundaries between domains are defined in a
precise way. Results for different droplet sizes are shown to
be different as the coalescence outcome domain increases for
low values of the droplet diameter ratio.

For a unification of results, a new formulation of the
Weber number, called here the symmetric Weber number is
defined from first principles. This number involves sym-
metrically the energies of both droplets which are relevant in
a collision. It is demonstrated that using only this number
together with the impact parameter allows a unification of all
our experimental results obtained for droplet collisions with
different diameter ratios. In other words, the unpleasant per-
spective of having to consider three-dimensional representa-
tions �Weber number, impact parameter, droplet diameter
ratio� is here eliminated.

Ashgriz and Poo6 models describing the transition from
coalescence to separation are in agreement with our data,
within experimental uncertainty. However, it appears that
Ashgriz and Poo6 formulas when translated in terms of the
new symmetric Weber number still depend on the droplets
diameter ratio.

We therefore propose two new simple models to de-
scribe the boundaries between the coalescence and separa-
tion regimes in terms of the symmetric Weber number. Their
formulations are associated with a physical description of the
parts of kinetic and surface energy associated to each specific
collision outcome. The low viscous dissipation in water is
simply accounted for by a single constant coefficient. These
new models provide formulas independent of the droplets
diameter ratio. These formulas are much simpler than
Ashgriz and Poo’s6 ones and yet capture the essential of the
physics �see Fig. 11�.

To explore a higher range of Weber number values, ex-
periments of droplet collisions were also performed with
higher droplet velocities. They show only two possible sepa-
ration outcomes, namely, the reflexive and stretching separa-
tion. A new model is proposed to characterize the transition
between these two regimes, on the basis of the relevant parts
of kinetic energies defined for our other models. By con-
struction, this new model is consistent with the above ones
and is in good agreement with experiment �see Fig. 11�.

It is intended to use the models proposed in this paper in
a numerical calculation of the evolution of a cloud of water
droplets undergoing collisions.

APPENDIX: ASHGRIZ AND POO DROPLET
COLLISION MODELS

Ashgriz and Poo6 used the We and I parameters to obtain
a map of the different collision outcomes from which they
fitted their model. They considered water droplets colliding
at low velocities �10�We�100�. They showed that the pre-
vious model of Brazier-Smith et al.1 did not provide a good
prediction of the boundary curves between stretching sepa-
ration and coalescence for a diameter ratio �=0.5. On the
basis of their experiments, they constructed models for drops
separating with the “reflexive separation” and “stretching
separation” mechanisms. In this way they developed expres-
sions for the transition curves between the various outcomes.

1. Head-on collision

For head-on or nearly head-on collisions, they proposed
to define the coalescence/reflexive separation boundary in
terms of an energy balance: the reflexive separation is sup-
posed to appear when the effective kinetic energy of com-
bined mass exceeds 75% of the final drop surface energy
�this specific value was fitted according to their experimental
results�. Their expression for the transitional curve between
coalescence and reflexive separation then is

WeI = �3�7�1 + �3�2/3 − 4�1 + �2����1 + �3�2

�
2 + �6
1� � , �A1�

where 
1=2�1−��2�1−�2�1/2−1, 
2=2��−��2��2−�2�1/2

−�3, and �= �1 /2�I�1+��.

2. Off center collision

Considering the stretching separation which occurs at a
higher impact parameter, Ashgriz and Poo6 assume that only
a part of the fluid volume of each droplet interacts during
collision.

This volume Vi is defined as a fraction � of the initial
droplets volumes V

�s = 	1 −
1

4�3 �2� − ��2�� + �� for h �
1

2
ds,

�2

4�3 �3� − �� for h �
1

2
ds,
 and

�A2�

�l = 	1 −
1

4
�2 − ��2�1 + �� for h �

1

2
dl,

�2

4
�3 − �� for h �

1

2
dl,


where �= �1− I��1+�� and h= �1 /2��dl+ds��1− I� represents
the height of the interacting volumes.

The kinetic stretching energy of the noninteracting parts
of the droplets is compared to the surface energy of a cylin-
der, which provides a good representation of the ligament
formed during the collision. The ratio of these quantities pro-
vides an expression of the transitional Weber number be-
tween coalescence and stretching separation
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WeII =
4�1 + �3�2�3�1 + ���1 − I���3�s + �l��1/2

�2��1 + �3� − �1 − I2���s + �3�l��
. �A3�
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