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Abstract—We have experimentally studied the interaction between water drops of various surface configura-
tions moving in a gas medium. Results of high-speed video monitoring provide a database on these collisions
(in coagulation, expansion, and fragmentation regimes) for particles of spherical, oblate, and elongated ellip-
soids. It is established that a determining role belongs to the surface configuration of drops (in addition to tra-
ditional notions about the influence of their dimensions, velocities, and angle of attack). The values of Weber
numbers have been calculated for description of the conditions of interaction between drops of various
shapes.
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Modern notions about the collisions of liquid drops
in a gas medium (as summarized in monographs [1–
3]) have been formulated based on the analysis of
results of experiments performed using two main
approaches. The first (phenomenological) approach
consists in monitoring of the interaction between two
drops of different dimensions moving with various
velocities (sometimes one drop is immobilized by sus-
pending it on a holder, while the other moves at a pre-
set velocity on a given trajectory) [4, 5]. In the second
(statistical) approach, an aerosol cloud is generated
and monitored, after which frame samples are used to
create a database on the number of collisions and vari-
ants of their outcome, and the corresponding frequen-
cies are calculated [6, 7]. The main attention in con-
ducting these experiments is devoted to monitoring
the dimensions, velocities, trajectories, and angles of
interaction between drops. Using dimensionless pro-
cessing of experimental results [4], it is possible to
determine typical intervals of variation of the Weber
numbers of colliding drops, which correspond to their
coagulation, expansion, and fragmentation. However,
according to the results of experiments [8], it can also
be concluded that liquid drops during f light exhibit
continuous deformation and take various forms (six to
eight variants) significantly different from spherical,
including drop-shaped, ellipsoidal, etc. Therefore, it
would be of interest to study the collisions between
drops having different surface configurations.

This Letter presents the results of our experiments
aimed at determining differences between the charac-
teristics of collisions between water drops of various
shapes moving in air. In contrast to experiments [6–

8], we used a scheme with generation of mutually ori-
ented, either copropagating or mutually perpendicular
polydisperse aerosol f lows. In addition, we have also
studied the conditions of collisions between drops in
mixing counterflows of aerosol and air. Different
directions of aerosol and air f lows provide a greater
number of possible variants of collision with broad
variation of dimensions, velocities, and angles of
attack of colliding drops. In this work, the intervals of
variation of the parameters of colliding drops were as
follows: dimensions (effective radii), 0.1–1 mm veloc-
ities, 0.1–10 m/s; angles of collision, 0–π/2.

The process of collision was monitored by a high-
speed video camera with a picture format of 1152 ×
864 pixels and a frame rate of up to 10000 fps. The
camera position relative to the region of f low mixing in
a series of experiment was varied so as to obtain 3D
patterns. Figure 1 shows typical frames with images of
mutually approaching and colliding drops with various
surface configurations, including sphere and elon-
gated or oblate ellipsoids. There is a large variety of
possible drop shapes and positions during f light. For
example, six to eight typical configurations were pre-
sented in [8, 9], but experiments in these works
showed that drops occurred in configurations of
sphere and elongated or oblate ellipsoids for about 70–
80% of the f light time.

Similarly to the experiments described in [6, 7], we
have selected samples of frames displaying the process
of mutual approach of colliding drops in the gaseous
medium. All collisions were subdivided into three
groups, each group representing one of three possible
dominant variants of collision consequences (out-
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Fig. 1. Frequencies of collision outcomes for drops of various shapes plotted versus Weber numbers for (We1) projectile,
(We2) target, (P1) coagulation, (P2) expansion, and (P3) fragmentation in three adopted schemes of interaction: sphere–sphere
(top row), sphere–elongated ellipsoid (middle row), and sphere–oblate ellipsoid (bottom row).
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comes): (i) coagulation (merging), (ii) expansion (col-
lision resulting in the formation of two drops with
dimensions corresponding to initial), and (iii) frag-
mentation (comminution). Then, the frequencies
(probabilities) of each particular type of consequences
were calculated for each particular variant of event at
identical parameters of collisions relative to the total
number of events: P1 (coagulation), P2 (expansion),
and P3 (fragmentation), the sum of P1, P2, and P3 was
TEC
equal to unity. The analysis of an experiment was per-
formed by processing no less than 100 interactions
between drops under identical conditions.

Processing of the results of experiments yielded the
dependences of P1, P2, and P3 values on drop sizes Rd,
velocities of motion Ud, and collision angles αd (anal-
ogous to those reported in [6, 7]). These depen-
dences were used to calculate the Weber numbers of
HNICAL PHYSICS LETTERS  Vol. 45  No. 3  2019
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drops approaching each other prior to collision
with allowance for the relative velocity of their motion
Ud = (|Ud1|2 + |Ud2|2 –2|Ud1||Ud2|cos(ad))0.5: We1 =
2ρRd1|Ud|2/σ, We2 = 2ρRd2|Ud|2/σ. The values of
parameters Ud1, Ud2, Rd1, and Rd2 were determined
from the corresponding video records. The experi-
mental techniques and error of measurements corre-
sponded to those described in [6, 7]. The images of
observed drops were classified with respect to their
shapes through comparison to adopted standard con-
figurations. Deviations from average dimensions were
only allowed within 5%. The properties of water were
set in correspondence with previous experiments at
20°C [4–7]: density ρ = 103 kg/m3 and surface tension
σ = 72.88 × 10‒3 kg/s2. 

Figure 1 presents the values of P1, P2, and P3 deter-
mined from experimental data obtained in a broad
range of collision angles αd = 0–π/2 (analogous to
those used in [4–6]). These P1, P2, and P3 values cor-
respond to the variation of We1 and We2 for colliding
drops of various shapes (in all cases, the projectile
drop shape was close to spherical, while the target drop
had configurations of sphere and elongated or oblate
ellipsoid). In case of collisions of the sphere–sphere
type, dominating P1 values corresponded to high fre-
quency of the coagulation outcome (see Fig. 1). In the
interaction scheme of sphere–oblate ellipsoid, domi-
nating outcome was expansion (P2) and quite large
values were also observed for fragmentation (P3).
Video records showed stable dependence of P2 and P3
values on the conditions of collision in the scheme of
sphere–oblate ellipsoid. In particular, the effect of a
spherical drop in the central part of oblate ellipsoid led
to the expansion of drops with retained initial dimen-
sions. The effect of a spherical drop on the side part of
oblate ellipsoid led to almost complete disintegration
(with the formation of a polydisperse aerosol). Colli-
sions of drops in the scheme of sphere–oblate ellipsoid
exhibited dominating P2 and, especially, P3 values cor-
responding to the conditions of intense fragmentation
of colliding drops. A decrease in the velocity or size of
the projectile drop led to increasing P2, while P1 values
were small in the entire range of We1 and We2.

The values of P1, P2, and P3 exhibit several-fold dif-
ferences in the sphere–sphere, sphere–elongated
ellipsoid, and sphere–oblate ellipsoid for identical
We1 and We2 values (see Fig. 1). Even more pro-
nounced distinctions were observed for drop interac-
tions in the ellipsoid–ellipsoid scheme. The condi-
tions of interaction between oblate ellipsoids were most
significantly different from all other cases (Fig. 1). This
was related to instability of the surfaces of drops in this
configuration [8] and variety of the possible collision
outcomes. In particular, experiments showed that
oblate ellipsoids were strongly decelerated in airf low
(whereby their velocities decreased several times) as
compared to spheres and elongated ellipsoids. This
TECHNICAL PHYSICS LETTERS  Vol. 45  No. 3  201
behavior was caused by high values of aerodynamic
drag coefficients cd (on average, 1.2–1.6 times greater
than those for spheres and 1.5–2.1 times greater than
for elongated ellipsoids [8—10]). As a result, the aero-
dynamic forces acting upon oblate ellipsoids were sub-
stantially stronger [10]. Another significant factor was
related to differences between positions of the centers
of mass in drops of various configurations. Only max-
imum sizes and small velocities of oblate ellipsoids
demonstrated occasional cases of coagulation out-
come (see Fig. 1). Therefore, for intensification of the
fragmentation of drops, it is important to manage
transformation of their surface by means of rotation,
pulsed supply, vibrations, and other effects as
described in [8–10].

From comparative analysis of the results presented
in Fig. 1 and known data on the limiting values of
Weber numbers for various outcomes of interactions—
in particular, for collisions of two drops [4, 5] or parti-
cles in aerosol [6, 7]—it can be concluded that satis-
factory correspondence was only established for inter-
actions in the sphere–sphere scheme. In this scheme,
the differences between the transition values of We1
and We2 (between different interaction regimes) did
not exceed 10–20%. For example, results of experi-
ments [4–7] indicated that the interaction of drops at
0 < We < 0.5 resulted in the merging of drops under the
action of surface tension forces, condition 0.5 < We <
1.5 led to a rebound (due to a gas interlayer between
drops), interval 15 < We < 50 corresponded to the
expansion of drops, 50 < We < 100 combined expan-
sion and fragmentation depending on the arrangement
of the centers-of-mass in colliding drops, and We >
100 resulted in stable fragmentation. Our experiments
established that ellipsoids have significantly smaller
limiting values of We1 and We2 corresponding to
expansion and fragmentation (see Fig. 1). Only the
Weber numbers for coagulation were close in various
schemes of collisions at small velocities and sizes of
drops.

The significance of the experiments described
above consists in establishing differences of We1 and
We2 values corresponding to most typical surface con-
figurations of drops. The limiting values of Weber
numbers corresponding to the transition from coagu-
lation to expansion of spherical drops amounted to
15–25. In the scheme of a sphere–elongated ellipsoid,
these values decrease to 10–18, while in the case of a
sphere–oblate ellipsoid they fall within 7–11. Taking
into account that values of the aerodynamic drag coef-
ficients cd for drops of various shapes can change from
0.24 to 0.56 [8–10], there is a clear relationship
between cd and the values of P1, P2, and P3. It will be
worthwhile to describe this relationship mathemati-
cally with allowance for various possible configura-
tions of colliding drops in future investigations. It will
also be of benefit to perform experiments with liquids
and gases significantly different from water and air
9
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with respect to properties such as viscosity, density,
and surface tension. This will probably yield a correc-
tion coefficient for transition Weber numbers between
the coagulation, expansion, and fragmentation out-
comes with allowance for the aerodynamic drag.

This investigation summarizes the results of exper-
iments with drops colliding in air without heating, in
contrast to the case studied in [6, 7], where dropwise
aerosol was injected into a counterpropagating f low of
high-temperature (up to 1000°C) combustion prod-
ucts and the main outcome was the coagulation of col-
liding drops. Taking into account the results obtained
in the present work, it is possible to formulate addi-
tional comments explaining the high values of P1 fre-
quency observed in [6, 7]. First, the counterflow of
combustion products significantly retarded drops of
aerosol. Second, high temperature intensified the
evaporation and favored decrease in the size of drops
and their approaching spherical shapes. Third, turbu-
lent pulsations of combustion products chaotically
displaced and rotated drops. As a result, the probabil-
ity of collisions between counterpropagating drops at
high relative velocity was small. For these reasons, in
experiments with aerosol [6, 7] the values of P2 and,
even more so, of P3 were significantly lower than P1.
Nevertheless, the role of drop shapes was important
even at small We1 and We2 values (see Fig. 1). In
experiments with two drops [4, 5] and with aerosol [6,
7], proper allowance for the shape factor will lead to
significant changes in the P1, P2, and P3 values as func-
tions of We1 and We2.

In concluding, the results of experiments showed
incomplete correspondence of the existing theory of
interaction between liquid drops moving in a gas
medium [1–3, 6–10] to real collision processes. This
discrepancy is related to the fact that theoretical
notions [1–3, 6–10] take into account three main fac-
tors (sizes, velocities, and angle of interaction) but

ignore the possible influence of drop shapes. At close
values of the Weber numbers, various outcomes of col-
lisions between drops are possible depending on their
surface configurations (see Fig. 1). It is important to
take this circumstance into account in gas–vapor–
drop media applications [10] for correctly tuning spray
systems.
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