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This paper presents investigations on the partial coalescence of an aqueous drop with an organic-
aqueous interface with and without surfactants. The organic phase was different silicone oils and the
aqueous phase was a glycerol-water solution at different concentrations. It is found that when the
surfactant Span 80 is introduced into the organic phase, the partial coalescence region is reduced
in the Oh—Bo coalescence map. The range of the inertio-capillary regime reduces when surfactants
are present, while the drop size ratio decreases with increasing surfactant concentration. The veloc-
ity fields inside the aqueous drop were studied with high speed particle image velocimetry for the
first time. In the surfactant-free system, it was found that the inward motion of the fluids at the
upper part of the drop favours the generation of a liquid cylinder at the early stages of coales-
cence. The pressure gradient created by the downward stream at the bottom of the liquid cylinder
drives the pinch-off of the secondary drop. When surfactants are present, the rupture of the film
between the drop and the interface occurs at an off-axis location. The liquid cylinder formed in
this case is not symmetric and does not lead to pinch-off. It is also found that the vortices inside
the droplet have little impact on the partial coalescence. © 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http.//creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.4985997

I. INTRODUCTION

When a drop approaches the interface of a pool of the
same liquid with a layer of another immiscible liquid, it will
coalesce with the homophase once the film that initially forms
between the drop and the interface ruptures. In many occa-
sions, the drop does not merge completely with the homophase
but the top is pinched off and generates a daughter droplet. The
process can be repeated many times till the daughter droplet
coalesces completely. This phenomenon is called partial coa-
lescence; the dispersed secondary droplets that are produced
are important for many meteorological phenomena including
cloud drop growth'-? and formation of ocean mist carrying salt
particles. In industrial applications, the increase of the total
coalescence time and the formation of a range of drop sizes
caused by partial coalescence decrease the separation effi-
ciency in liquid-liquid coalescers.* On the other hand, the small
droplets created by partial coalescence can improve the per-
ception of fat-related sensory attributes in the food industry.’
The range of time and length scales involved in partial coa-
lescence makes the study of the phenomenon challenging and
difficult to capture experimentally. Following the first study on
partial coalescence by Mahajan,® subsequent researchers have
managed to describe the whole process and the mechanism.
Charles and Mason’ systematically investigated the partial
coalescence of droplets with liquid/liquid interfaces and sug-
gested that it resulted from a Rayleigh-Plateau instability.
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According to the theory, the daughter droplet is generated
through two stages: (1) the volume of the mother drop reduces
after the film rupture until it takes the shape of a cylinder;
(2) when the height, A, of this liquid cylinder becomes /& > 2r,
where r, is the radius of the cylinder, the top of the cylinder
pinches off due to the Rayleigh instability and a daughter drop
forms. However, Blanchette and Bigioni8 found from numer-
ical simulations of drops coalescing with interfaces with air
that the pinch-off did not result from the Rayleigh-Plateau
instability. To show this, they paused their simulation when
the cylinder was fully stretched and restarted it by setting all
velocities to zero. This procedure did not lead to pinch-off; it
should be noted, however, that the column length / in the simu-
lations did not reach & > 2r,. Instead, Blanchette and Bi gioni8
proposed that the pinch-off was controlled by the competition
between the horizontal collapse and vertical collapse of the
droplet surface induced by surface tension. From simulations
in liquid-liquid systems, Ray, Biswas, and Sharma® plotted the
u- and v-velocity contours around the drop surface for both
the dispersed and the continuous phases and reached the same
conclusion. As a result of large differences in properties, the
coalescence of a drop with a liquid-liquid interface can be dif-
ferent to that with an air/liquid interface,'%!? in terms of the
boundary between total and partial coalescence, the rest times
before the onset of coalescence, and the self-similarity limit
for partial coalescence. Consequently, the studies reviewed
here only refer to the coalescence of drops with liquid/liquid
interfaces unless otherwise indicated. Yue, Zhou, and Feng13
proposed a theory for partial coalescence based on energy

© Author(s) 2017
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barriers. They found from numerical simulations that the
surface area of the drop increased when the neck edges
approached each other during pinch-off. The additional inter-
facial energy associated with the increased drop surface area
presented an energy barrier that should be overcome for partial
coalescence to occur. Viscous dissipation in the liquids around
the interface determined whether the energy barrier could be
overcome. Zhang, Li, and Thoroddsen'* found that during par-
tial coalescence capillary waves carried momentum upwards
and at the same time they caused an inward motion of the neck.
The upward capillary waves and the drainage rate of the drop
liquid were both suppressed in highly viscous systems. They
showed, in addition, that pinch-off depended on the geometry
of the neck and in particular the relative values of the axial and
the azimuthal curvatures.

Apart from the mechanism, other characteristics of partial
coalescence, such as drop rest time, coalescence stages, and
pinch-off time, have also been investigated. Mar and Mason >
found that the coalescence of droplets with a liquid/liquid inter-
face had more stages than that with an air/liquid interface. The
experimental results of Nikolov, Wasan et al.'® indicated that
the stages of partial coalescence were reduced from six to
five when surfactant was present. Charles and Mason’ com-
pared the rest times of the droplets at different coalescence
stages. The results showed that the primary drop had the
longest rest time, while the rest time for the droplet in the
last stage was the shortest. In partial coalescence, the pinch-
off time of each stage, which refers to the time interval from
the onset of the film rupture to the occurrence of the pinch-off,
has been investigated more than the total coalescence time.
Zhang, Li, and Thoroddsen'# found that the pinch-off time for
drop-drop coalescence was longer than that for drop-interface
coalescence. For drop-drop coalescence, the pinch-off time in
the first stage was decreased as the diameter ratio of the two
mother droplets increased, while the pinch-off time of the sec-
ond stage was unaffected. In drop-interface coalescence, the
pinch-off time was independent of the drop size in the inertio-
capillary regime, but in both the gravity and viscous regimes,
it was decreased with increasing droplet size.!” Yue, Zhou,
and Feng'3 plotted the pinch-off time against the average Oh
number defined using viscosity equal to y = (ug + 5)/2 and a
specific Oh’ defined using u = Buy + us)/4 (as suggested by
Kinoshita, Teng, and Masutani).'® Here, s and y refer to the
viscosity of the droplet and the surrounding phase. The results
indicated that the viscosity of the droplet had more impact
on the pinch-off phenomena than that of the surrounding
liquid.

The transition between partial and total coalescence is
often plotted in maps with the Oh and Bo numbers as coordi-
nates.®!7-! Mohamed-Kassim and Longmire?’ proposed that
partial coalescence will occur when BoOh < 0.02-0.03, where
Oh was defined using the arithmetic average of the viscosities
of the two phases. Gilet et al.'” suggested that partial coa-
lescence would take place when Ohy + 0.0570h < 0.02 for
Bo < 0.1 to account for the influence of the viscosities of both
phases.

The ratio of the daughter droplet to mother drop diameter,
¢ =d/D (d and D are the diameters of the daughter and the
mother drop), is often used to characterise the degree of partial
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coalescence. Charles and Mason’ studied experimentally the
effect of fluid viscosities on the drop size ratio and found that
it varied with the viscosity ratio A = 4/, where p, and pg are
the viscosities of the drop (aqueous phase) and of the surround-
ing liquid (organic phase), respectively. There was no partial
coalescence when A < 0.2 or A > 11, while for A = 1, the drop
ratio reached a maximum value. However, Yue, Zhou, and
Feng!3 found numerically that the drop ratio increased with
A increasing from 0.1 to 10. The drop ratio depends also on
the coalescence regime. In the inertio-capillary regime, the
drop ratio is independent of the drop size, and it decreases as
the drop size increases in the gravity regime; it also decreases
before reducing rapidly to zero in the viscous regime.!” The
effect of Bo and Oh on the drop ratio £ was separately analysed
by Yue, Zhou, and Feng'? and was found to be independent of
Bo when Bo < 0.1. Also, ¢ remained constant for Oh < 0.01
when Bo was negligible. To predict the drop ratio, Charles
and Mason’ considered the Rayleigh-Plateau instability and
assumed that the volume of the daughter droplet is the same
to the volume of the liquid cylinder formed in the previous

step. The ratio was found to be equal to & = (223/ 3) ! /3, where
Z is a non-dimensional parameter which represents the ratio
of the wavelength of disturbance to the diameter of the liquid
column.?! Recently, Kavehpour?? suggested that & = (1 — 3
(Oh + (OW? + 4)V2)/8)!/3 by fitting a large number of
experimental data with good accuracy.

As shown above, partial coalescence has been widely stud-
ied. The conditions under which partial coalescence will occur,
as well as the approximate size of the drops formed, are well
documented for systems without surfactants. Even though in
various industrial applications surfactants are present in liquid-
liquid systems either naturally or artificially, only a few studies
on the partial coalescence with surfactants have been con-
ducted. A number of studies have focused on film thinning and
showed that the transport and distribution of the surfactants
at the interfaces produce complex phenomena which delay
film drainage.>>~>® Blanchette, Messio, and Bush'? studied
the influence of surface tension gradients on the partial coa-
lescence of a droplet with a liquid/air interface and estimated
that the surfactants would concentrate at the neck at the early
stages of coalescence. The results agreed with recent numeri-
cal studies>*’ which showed that surfactants accumulate at the
edges as the neck grows after the film rupture, increasing sig-
nificantly their concentration locally. Martin and Blanchette?
found numerically that pinch-off and partial coalescence are
inhibited in the presence of surfactants. Their results were
validated by Pucci, Harris, and Bush!' who studied experi-
mentally the partial coalescence of bubbles with soap films
when surfactants were present.

The few studies available only report qualitative results
on the effect of surfactants on partial coalescence. There is no
quantitative information, however, on the changes of the partial
coalescence boundary or the ratio of drop sizes when surfac-
tants are added in two-phase systems. In addition, the effects
of surfactants on the drop velocity fields during partial coales-
cence have not been investigated. To address these questions,
the current paper investigates the partial coalescence between
a drop and a liquid-liquid interface in the presence of surfac-
tants experimentally. High speed shadowgraphy was used to
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observe the evolution of the interfaces and the drop size ratios
in partial coalescence for a wide range of Oh and Bo numbers.
The velocity profiles and the vorticity structures in the coa-
lescing drops for certain liquid pairs were studied with high
speed particle image velocimetry (PIV).

Il. EXPERIMENTAL METHODOLOGY

The experimental setup and the techniques used to study
partial coalescence of drops with liquid-liquid flat interfaces
are described in this section. The experiments were conducted
in a transparent acrylic vessel with 5 cm? base width and
15 cm height (Fig. 1). The bottom of the vessel was filled
with the aqueous phase, and the organic phase was added on
top, forming a liquid/liquid interface. The aqueous droplets
were generated through stainless steel nozzles located at
1 cm above the interface. The sizes of the droplets were var-
ied by using nozzles with different internal diameters equal to
0.5 mm, 1 mm, and 2 mm. The nozzles were connected to a
syringe mounted on an Aladdin® syringe pump that was oper-
ated at a constant flow rate of 0.2 ml/min. Two techniques,
shadowgraphy and particle image velocimetry, were used to
study the evolution of partial coalescence and of the flow fields
inside the coalescing drops, and these are described in detail
below.

A. Setup for shadowgraphy measurements

In shadowgraphy, the observation area was lit by a back-
light located behind the vessel, as shown in Fig. 1. The images
of drop coalescence were captured by a high-speed camera set
in front of the vessel, which was equipped with a mono-zoom
Nikon lens giving a field of view of 9 x 9 mm?. The camera
was inclined downwards to view the drop bottom. As the aim
of the shadowgraph experiments was to investigate whether
the coalescence was partial or total and the drop diameter ratio
at each coalescence stage, a low frame rate of 1000 fps was
used for the high-speed camera. Typical shadowgraphy images
that show the cascade of partial coalescence are presented in
Fig. 2(a).

Experiments were carried out both without and with sur-
factants. The organic phase was 5 cSt silicone oil and the
aqueous phase was a glycerol-water solution with different

Syringe pump

Back light

y / Coalescence box

Continuous laser

High-speed camera

FIG. 1. Schematic of the experimental setup for the coalescence experiments.
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FIG. 2. Raw images obtained from (a) shadowgraph and (b) PIV.

volume concentrations, . For the experiments with surfac-
tants, oil soluble Span 80 was added in the oil at mass ratios,
o, of surfactant to oil equal to 0,2 x 107, 5 x 107, 1 x 1074,
and 2 x 107*. Span 80 (HLB = 4.3, Mw = 428.61 g/mol) is a
non-ionic surfactant that is commonly used in the formulation
of stable emulsions. A detailed description of the properties
of Span 80 under similar conditions can be found elsewhere”®
and are only briefly summarized here. The properties of the
liquids are shown in Table I, where SO refers to silicone oil
and S80 refers to Span 80. The interfacial tension under each
concentration was measured with the Du Nouy ring method.

B. Setup for PIV measurements

The velocity fields inside the drops during partial coales-
cence were studied with Particle Image Velocimetry (PIV).
The PIV setup was similar to that of the shadowgraphy. The
difference was that the backlight was removed and the observa-
tion area was illuminated by a Laserglow® continuous diode
laser (300 mW) with a wavelength of 532 nm and 4 mm beam
size (Fig. 1). A cylindrical lens was mounted in front of the
laser creating a laser sheet of approximately 1 mm thickness.
To remove optical distortion and improve the quality of the
PIV images close to the interface, the refractive indices of
the organic and the aqueous phases were matched. The results
from the shadowgraphy experiments showed that 0.65 cSt sili-
cone oil and a water-glycerol mixture gave partial coalescence.
It was found that 33% of glycerol in water (ryugy = 1.372
at room temperature) matched the refractive index of the 0.65
cst silicone oil (rggs5¢r = 1.372, 20 °C) within 0.01%. The
refractive indices were measured with an Abbe 5 refractometer
(BS).

For the PIV experiments, the initial mother droplet was
seeded with 1 ym Rhodamine coated particles. Since the two
phases have a matching refractive index, the interface can-
not be seen in the images and a thin layer of Rhodamine 6G
was added at the interface to make it visible. Measurements
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TABLE I. Fluid properties.

Phys. Fluids 29, 102101 (2017)

Fluids
Aqueous phase Organic phase Pd (kg/m3) Ps (kg/m3) Mg (mPa s) Hs (mPas) o (mN/m)
100%W 1000 1.00 39.7
75%W + 25%G . . 1059 1.97 323
65%W + 35%G 5 ¢St silicone oil 1085 914 285 4.57 307
57.5%W + 42.5%G 1105 3.99 30.0
-5
Shadowgraph observation 2:8 * i % 13_5 2:8 ;Z:
+5x .
100%W 5SO+ 1 x 10-* S80 1000 914 1.00 4.57 214
580 +2 x 107* $S80 15.5
580 +2 x 107> S80 27.8
75%W + 25%G 580 +5 x 1073 S80 1059 914 1.97 4.57 24.2
580 + 1 x 107* S80 19.2
0.65 cSt silicone oil 20.20
PIV tests 67%W + 33%G 0.65S0 + 1.3 x 1079 S80 1080 761 2.599 0.49 11.88
0.65S0 + 1.3 x 107+ 580 1.97

showed that the presence of Rhodamine 6G or the tracer parti-
cles in the aqueous phase did not affect the interfacial tension
values and the drop ratio, ¢ (variation of less than 5% for
both cases). A typical PIV raw image of a drop immersed
in a pool of liquid is shown in Fig. 2(b). For these exper-
iments, two surfactant concentrations, ¢ = 1.3 X 107° and
¢ = 1.3 x 107*, were used. The frame rate of the high-speed
camera was set at 5400 fps for all the PIV studies. Each
set of experiments was repeated over 20 times. After each
experiment, the tracer particles in the bulk liquid, which were
mainly found close to the interface, were removed with a suc-
tion pump to avoid their accumulation in this region. The
images obtained from the camera were treated by the open
source freeware JPIV where an adaptive correlation tracking
of the full image was applied with a final interrogation win-
dow of 32 x 32 pixels. A 50% window overlap was used for a
final resolution of 16 X 16 pixels, corresponding to an area of
0.14 x 0.14 mm?.

To check the repeatability of the PIV results, the average
circulation level,>*=3! T',,, inside a coalescing droplet, over 10

400 |
e Lﬁ\}
00/ - ir—i—i\
N St
&
52000 |
S
100} / =0
/ e p=13le6
0 n 1 n 1 n 1 n 1 n 1 n 1
0 10 20 30 40 50 60

Time (ms)

FIG. 3. Variation of circulation level I';, against coalescence time.

tests, was plotted for ¢ =0and ¢ = 1.3 X 107, The circulation,
I',,, was estimated from Eq. (1) where the integral was carried
out over the area, A,,, which corresponds to a vorticity level
w, >10s71,

~ Ja, lw:|dA,,
= A )
The film rupture point is close to the central axis when there is
no surfactant, while it is away from the centre in the presence
of surfactants; in the latter case, the two vortices generated at
the bottom of the droplet after the film rupture might travel
over different path lengths. As the evolution of circulation
levels I',, depends on the paths that the vortices follow, the
vortices along the longer paths were considered. As shown in
Fig. 3, I',, for different coalescence events under the same
conditions evolve in a similar trajectory. The errors in T,
are acceptable except for few points in the high surfactant
concentration. A large number of runs were carried out for
a given case and relative errors below 15% were considered
acceptable.

T ey

lll. RESULTS AND DISCUSSIONS
A. Boundary between partial and total coalescence

The partial coalescence involves 7 independent parame-
ters, namely, the viscosities of the aqueous and the organic
phases, uy and g, respectively, the densities of the aqueous
and the organic phases, p; and py, respectively, the diame-
ter of the mother droplet D, the interfacial tension o, and the
gravitational acceleration g. Four dimensionless groups are
thus formed, the Bond number Bo = pgD2/0', the Ohnesorge
number Oh = u/+/po D, the viscosity ratio A = uz/u,, and the
density ratio n = pg/ps.

To account for both gravity and buoyancy, the Bond num-
ber is written as Bo = ApgD?/o-, where Ap is the density
difference between the aqueous and the organic phases and
D is the initial horizontal diameter of the mother drop. The
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occurrence of partial coalescence is closely related to the
pinch-off phenomenon at the upper part of the drop, which
depends on the competition between the liquid draining from
the drop to the homophase and the speed that the neck contracts
at pinch-off. When Bo is large, gravity dominates the coales-
cence process and the drop liquid drains much faster than the
contracting speed of the neck. As a result, the drop ratio ¢ is
monotonically decreasing with Bo, and a critical Bond number
Bo, exists above which there is no partial coalescence.'” When
Bo is small, mainly the viscous forces resist the surface tension
forces and the Oh number is used instead to describe partial
coalescence. For large Oh, the viscosity forces become signif-
icant and dampen the capillary waves thus allowing more time
for the liquid in the drop to drain out before pinch-off gener-
ates a secondary drop.'”-3? Above a critical O, number, there
is no partial coalescence. In the literature, there is no general
consensus on whether the viscosity of the drop or of the sur-
rounding liquid is more important for partial coalescence and
different forms of the Oh number have been suggested. Inves-
tigators have used the higher of the two viscosities,?” or the
viscosity of the drop phase only,®!%!7 to calculate the Oh num-
ber, or have considered more than one Oh numbers based on
the drop liquid Ok, and on the surrounding liquid Oh,.%!
According to Kinoshita, Teng, and Masutani,!® the viscosity
of the droplet is more important in partial coalescence, and this
will be used subsequently for the estimation of the Oh num-
ber. In addition, the density is taken equal to the arithmetic
mean of the densities of the two phases, p,, = (pg + ps)/2. The
Oh number is then calculated as follows: Oh = uy/\ oo D.
Based on the above, a coalescence map with the boundary
between partial and total coalescence is plotted with Bo and
Oh as coordinates.

The coalescence map for the non-surfactant systems is
shown in Fig. 4. The values of the Bo and the Oh numbers
were changed by varying the glycerol concentration { in water
(0%, 25%, 35%, and 42.5%) and the size of the mother drops.
As shown in Fig. 4, there exists a critical Oh, number when

0.1
*
Total coalescence
¥ *
Ky *
SR S
* ’,—" @ B¢
X [e} Wﬁ*%ﬁ
'g 0.01 L * o a ‘*\6“
£=0 o fa
o (=25% °%
& §=35% Partial Cal
v C=42.5% artial coalescence |
*  Total \
0.001 ! ) ) ) W
1E-4  0.001 0.01 0.1 1 10
Bo

FIG. 4. Oh—Bo map for coalescence in surfactant-free systems. The open
symbols represent the partial coalescence data with glycerol concentrations
in the aqueous phase ranging from ¢ = 0% to ¢ = 42.5%, the asterisks
show the total coalescence data for all glycerol concentrations. The stars
refer to the conditions investigated with PIV. The dashed line is for refer-

ence only and shows the boundary between the partial and total coalescence
regions.
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Bo < 1, which increases slightly as the glycerol concentra-
tion increases from 0% to 35%. A similar increase was also
observed by Chen, Mandre, and Feng.17 According to Yue,
Zhou, and Feng'?® and Zhang et al.,’® increasing the viscosity
of the liquid in the drop delays its drainage and favours partial
coalescence. For > 35%, where the corresponding Bo num-
ber is large, the effect of viscosity is diminished and the Oh,
number does not continue to increase.
The Oh, number in the current experiments increases from
0.01 to 0.02, while it increased from 0.02 to 0.03 in the experi-
ment by Chen, Mandre, and Feng!” for similar aqueous phases.
In the experiments by Chen, Mandre, and Feng,'” the organic
surrounding phase was decane with 1 mPa s viscosity, which is
about 1/5 of the viscosity of the silicone oil in this work. As the
viscosity of the surrounding liquid increases, the contracting
speed of the neck is inhibited and the transition to total coa-
lescence happens at a reduced droplet based Oh,. The effect
of the viscosity ratio A = uy/u; on the critical Oh, number was
discussed by Yue, Zhou, and Feng.13 The results show that the
critical Oh, number increases linearly with the viscosity ratio
when Bo is very small. For 0.22 < A < 0.88, which is the range
of the current experiments, Oh, increases from 0.01 to 0.02.
When A varies from 1 to 3.4, as in the experiments by Chen,
Mandre, and Feng,17 the Oh, number is larger and varies from
0.02 to 0.03.

Figure 5 shows the partial and total coalescence regions
when surfactant is introduced into the oil at concentrations
varying from ¢ =2 X 1075 w/w to ¢ = 2 x 107 w/w. As can
be seen, the partial coalescence region is largely reduced when
surfactant is present. According to Martin and Blanchette,” the
decrease of critical Oh. can be attributed to the uneven distri-
bution of surfactants along the interface. Just after the film
breakage, the edges of the meniscus between the drop and the
bulk homophase retract outwards rapidly, with speed higher
than the rate of surfactant redistribution at the interface.>*
Therefore, the surfactant accumulates at the neck. Initially

% Boundary line for *
¥ non-surfactant system
S5 g

o X Tk

001 ""77" %’i """"" ~— |

vé @ (=0%,p=2e-5 % % \

\

A =0%p=5¢-5 N

\

Y (=0%p=lc4 Vo

F v

(& c-0%p=2e4 "?',‘ v

O ¢=25%p=2¢-5 b

S \

B ped5%pSe-5 Boundary line for ! \
§ . Vs, \
X Total surfactant system ' \

'
' \
IE-3 Lm0 v v i i i
1E-3 0.01 0.1 1 10
Bo

FIG. 5. Oh—Bo map for coalescence in surfactant-laden systems. The closed
symbols represent the partial coalescence data with different surfactant con-
centrations for ¢ = 0%, the open symbols represent the partial coalescence
data with different surfactant concentrations for £ = 25%. The asterisks show
the total coalescence data for all cases. The stars refer to the conditions investi-
gated with PIV. The dashed lines are only for reference and show the boundary
between the partial and the total coalescence regions for both surfactant-free
and surfactant-laden systems.
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capillary waves move upwards to the top of the drop. The top
surface is stretched by the momentum of the capillary waves
while the increase in area decreases the local concentration of
the surfactants in this region. As a result, a surface tension gra-
dient builds between the top and the bottom of the drop, which
creates large tangential forces that promote the contraction of
the interface and drive the liquid out of the drop. The surfactant
concentration remains high locally at the neck, even at the later
stages which resists the contraction of the neck edges and the
pinch-off. In addition, the sharp curvature at the neck creates
a large Laplace pressure that also resists pinch-off. The com-
bined action of the two effects prevents pinch-off and partial
coalescence.

It was also observed that for pure water, the critical
Oh, number for the partial coalescence slightly decreases
when the surfactant concentration increases from ¢ = 0 to
¢ =2 x 107*. While for the glycerol solution with ¢ = 25%,
the critical Oh, number reduces significantly even with a small
amount of surfactant. The trend agrees well with the numerical
data of Martin and Blanchette? which reveal that the critical
Oh, number decreases fast with the addition of surfactant for
highly viscous drop liquids. An increased viscosity not only
dampens the motion of the capillary waves but also resists the
movement of the surfactant molecules along the interface and
favours total coalescence. For pure water, it is relatively easy
for the surfactant molecules to relocate along the interface. In
the 25% glycerol solution, which has viscosity two times larger
than that of pure water, it is more difficult for the surfactant
molecules to spread.

B. The effect of surfactants on the drop ratio

In this section, the effect of the surfactants on the drop
size ratio & is analysed. Thoroddsen and Takehara®” identi-
fied a narrow regime for a drop coalescing with an air-liquid
interface where both the viscous and gravitational forces are
negligible and a constant drop ratio & = 0.5 is found for all
steps of partial coalescence. Chen, Mandre, and Feng!” stated
that partial coalescence can be extended to all three regimes,
i.e., the gravity, the inertio-capillary regime, and the viscous
regime. The drop ratio in each regime is plotted for different
surfactant concentrations in Fig. 6, with the data taken from all
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FIG. 6. Daughter to mother drop size ratio in different regimes for the systems
with surfactants.
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stages of the partial coalescence cascade. The solid lines are
drawn to show the trends in the drop ratio at different concen-
trations. The drop size ratio data were plotted in the gravity
regime against the Bo number, which indicates the relative
importance of the gravitational and the surface tension forces
while in both the inertio-capillary and the viscous regimes it
was plotted against the Oh number. As discussed by Chen,
Mandre, and Feng,17 Bo = 0.1 can be taken as the bound-
ary between the gravity and the inertio-capillary regimes. In
the gravity regime, the drop ratio for all the surfactant con-
centrations studied, ¢ =0, ¢ =2 x 107, ¢ =5 x 107>, and
¢ =1 x 107*, does not change significantly. This is expected
since the addition of the surfactants only slightly affects the
density of the aqueous phase which is important in this regime.
Chen, Mandre, and Feng'” also found that in this regime, the
drop ratios were around 0.25 for Bo = 1. The variations in &
are attributed to daughter drops that may form displaced from
the focus plane.

Conversely, the presence of surfactants has a great effect
on the drop size ratio in the inertio-capillary and the viscous
regimes. For ¢ = 0, the drop size ratio at each coalescence
stage is almost constant and around 0.5 in the inertio-capillary
regime between Oh = 0.005 and Oh =~ 0.012. The drop size
ratio decreases rapidly to zero when Oh increases further.
This trend is in agreement with the results by Chen, Mandre,
and Feng!” and the boundary between the inertio-capillary
and the viscous regimes is set at Oh = 0.01 for the non-
surfactant system (see Fig. 6). When surfactants are present,
the drop size ratio in the inertio-capillary regime decreases. For
©=2x 107 and ¢ =5 x 1077, the value of & decreases to
around 0.45 and 0.35, respectively, at the boundary with the
gravity regime, while for ¢ = 1 x 107, the ratio becomes as
low as ~0.22, which is less than half of the value for ¢ = 0. Sur-
factants also reduce the range of Oh for the inertio-capillary
regime, while the transition to the viscous regime becomes less
clear. This is attributed to the decrease of the interfacial ten-
sion caused by the surfactants. Interestingly, in the presence
of surfactants, in the inertia-capillary regime the drop ratio
does not remain constant any more but decreases with increas-
ing Oh. It should be noted that when surfactants are present,
the drop ratio is not constant in each step of a partial coa-
lescence sequence. According to Martin and Blanchette,” the
concentration of surfactants along the surface of the daugh-
ter droplet is higher than that of the previous mother drop.
Therefore, the drop ratio will decrease in every coalescence
step, as a result of the corresponding lower interfacial ten-
sion. However, the distribution of the surfactants along the
surface of the droplets in every stage needs to be confirmed
experimentally.

C. Evolution of the drop surface during coalescence

The effects of surfactants on the evolution of the drop
surface in both partial and total coalescence are analysed in
this section. The raw PIV images for indicative partial, bound-
ary, and total coalescence cases are present in Fig. 7. From
these images, the drop surface profiles at different time steps
under each condition were extracted manually by detecting
the boundary between the particle area and non-particle area
and are shown in Fig. 8. The continuous blue lines at the upper
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(a)Partial coalescence, ¢=0

1 mm

(b)Boundary coalescence,p=1.3x1076

1 mm

(c)Total coalescence,p=1.3x10"%

FIG. 7. Enhanced raw PIV images obtained for (a) partial, (b) boundary, and
(c) total coalescence.

part of the drop indicate the real drop surface, while the dashed
red lines at the bottom part distinguish the fluid with particles,
originating from the drop, from the bulk liquid at the lower part
of the tank. In Fig. 8, the profile of the drop and the dashed line
were plotted in the plane of x—y, and then the figures at different
time steps were allocated along the ¢ axis. The time inter-
val is scaled with the capillary time ¢, = (p,,R*/0")!/?. Here,
R refers to the radius of the drop. In Fig. 8(a), the shape evolu-
tion is shown for partial coalescence with 0.65 cst silicone oil
and 33% glycerol/water mixture. The droplet has horizontal
diameter equal to D = 3.33 mm. It can be observed that the
droplet rests at the interface and deforms it significantly prior
to the film rupture. Once rupture occurs, the sudden retraction
of the film creates capillary waves at the bottom of the droplet.
At the initial stages, the capillary waves are clearly observed
climbing upwards the drop surface. In a short time, the waves
reach the summit of the drop where they converge and distort
it. From ¢t = 0.1 to t = 0.95¢, the drop top surface is squeezed
upwards, which causes a small amount of liquid to rise higher
than the level of the initial top of the drop. Blanchette and
Bigioni® found that in air-water systems, the liquid could rise
above the initial drop top level by as high as 30% of the initial
drop diameter. In the current experiments, the rise was about
4%—-10% of the initial drop diameter. The viscosity of the sur-
rounding organic phase seems to reduce this increase in drop
height. After about 7 = 0.95¢,, the height of the top of the drop
starts to decrease, while the sides of the drop move inwards
until a cylinder is formed at ¢ = 1.13¢,-. The height to diameter
ratio of the cylinder for all experiments was found to be much
smaller than &, which means that the Raleigh-Plateau instabil-
ity is not activated.” After ¢ = 1.13¢,,, the bottom part of the
liquid cylinder continues to contract and is finally pinched off
att = 1.37t,. The liquid cylinder breaks away and a daughter
droplet is formed. As the surface curvature at the bottom of
the daughter droplet is much higher than at the top, the droplet
tends to recover its spherical shape because of the Laplace
pressure. This reduces the downward speed of the droplet,
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FIG. 8. Drop surface evolution for (a) partial, (b) boundary, and (c) total
coalescence. The visualization of the drop surface is stereoscopic. The drop
profile at each time step is plotted in the x—y plane first, and then the figures
are presented along the ¢ axis.

which becomes less than that of the interface. The bulk inter-
face under the inertia of the draining drop moves downwards
and reaches a minimum height at r = 1.54¢,. Accordingly,
the separation between the droplet and the interface increases
between ¢ = 1.37¢, and ¢ = 1.54¢,. Once the droplet becomes
almost spherical, it starts moving downwards and contacts the
rising interface at t = 2.05¢,. The droplet and the interface
finally move to the quiescent level at ¢ = 4.80¢.

The droplet surface evolutions for the same fluids and
two different surfactant concentrations are shown in Figs. 8(b)
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and 8(c) for ¢ = 1.3 x 107% and ¢ = 1.3 x 107, respec-
tively. The corresponding drop sizes are D = 3.29 mm and
D =2.99 mm. Itis clearly observed that the initial deformation
of the interface is increased with the surfactant concentration.
The increase of the surfactant concentration also shifts the rup-
ture points off-axis.”’ For ¢ = 0, the rupture points are close
to the center axis of the drop and the average horizontal dis-
tance between the rupture point and the central axis over 15
coalescence events is (0.24 = 0.06)D. This distance increases
to (0.36 + 0.03)D for ¢ = 1.3 x 107%. At the low surfactant
concentration at ¢ = 0.44¢, the oil film takes longer to retract
outwards on the right-hand side of the rupture point, while on
the left-hand side, the film drainage has already finished. A
cylinder is again formed from the shrinking coalescing drop
but the left bottom side of the cylinder is much lower than the
right one as shown at ¢ = 1.32¢,. Under the inertia of the lig-
uids, the left edge of the neck continues to move downwards to
the right, while the right edge of the neck is dragged upwards
by the Laplace force. Thus the cylinder is leaning to the left and
continues to reduce in size until the interface becomes smooth
under the action of surface tension at 1.99¢,-. Pinch-off in this
case has failed. This type of coalescence was assigned at the
boundary between coalescence regimes. When the surfactant
concentration increases to ¢ =1.3 X 1074, the interface deforms
significantly and nearly half of the drop is under the initial flat
interface height. On this occasion, the rupture occurs close to
the periphery of the drop, even further away from the on-axis
location than for ¢ = 1.3 X 107%. At ¢t = 0.08¢.-, the film has
already drained on the right while on the left there is still film
with a large curvature. The left edge of the neck reaches the
flat interface at # = 1.05¢, while most of the liquid in the drop
has already mixed with the bulk homophase. In this case, no
cylinder is formed. The drop surface approaches the final flat
interface position for total coalescence, which is similar to pre-
vious observations by Mohamed-Kassim and Longmire?® and
Weheliye, Dong, and Angeli.?’

D. Velocity fields inside the droplet during coalescence

In this section, the 2D time-resolved velocity fields inside
the droplet during partial coalescence as well as in the bound-
ary case are discussed. The results presented here are from
a single case unless otherwise stated. Indicative results are
shown in Fig. 9, with the vertical velocity (v-velocity) fields
in the left column and the horizontal velocity (u-velocity)
fields in the right column. The solid line in each figure
shows the interface of the bulk and of the drop, while the
dashed line shows the area with tracer particles after the
film rupture. The time steps are similar to those plotted in
Fig. 8. The velocity field evolution for partial coalescence
without surfactant is presented in Fig. 9. In the beginning
(t = 0.10¢), the top part of the drop is not moving and only
the liquid at the bottom starts to flow downwards with a rel-
atively low speed. At the same time, an outflow of the liquid
near the bottom interface is generated by the retracting thin
film (along the dashed line). In the area near the interface just
above the neck, the curved drop surface induces a Laplace
pressure that pushes the liquid inwards. Thus, a pair of hor-
izontal velocity components with opposite directions forms
near the neck (region A). Similar horizontal velocity pairs
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FIG. 9. The vertical and horizontal velocity profiles inside the droplet at
different time steps for ¢ = 0.

were also observed in the numerical simulations by Blanchette
and Bigioni® of a drop coalescing with an air/liquid interface.
They reported that the velocity pairs were coupled with the
upward capillary waves on the drop upper surface. However,
this is not seen here, probably because the interfacial capil-
lary waves are suppressed by the viscosity of the surrounding
liquid.

At t = 0.83¢,, the u-velocity (right column) contour plot
shows a large area of the liquid which approaches the middle
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of the drop with an average velocity of around 0.04 m/s (region
B). Meanwhile, in the middle of the drop, there is also a
large area of gravity-driven downstream flow (v-velocity). At
t=0.95¢, the inward horizontal velocities cause the liquid col-
umn to shrink. At longer times, ¢ = 0.95¢,-1.37¢., the radius
of the neck decreases and the outward Laplace forces increase
which resist the pinch-off; as a result the u-velocities decrease.
However, the edges of the neck continue to approach driven
by the inertia of the liquid. When the liquid cylinder is formed
att = 1.13¢., the fluid at the bottom of the cylinder has higher
v-velocity and accordingly lower pressure compared to the sur-
rounding area (region C). This low-pressure area has also been
reported in the numerical studies by Ding e al.*> and Martin
and Blanchette.” The reduced pressure drives the edges of the
neck to contact with each other and causes the pinch-off at
t=1.37t,.

When surfactant is present at ¢ = 1.3 x 107°, the film
drainage is not symmetrical and the film rupture occurs at an
off-axis location (Fig. 10). The liquid at the bottom of the drop
has a distinct u-velocity at ¢ = 0.17¢,-0.44¢ . At the left side,
the retracting film carries the fluid outwards and causes the
collapse of the drop left surface. At =0.17¢,, the liquid near
the left surface has a small velocity towards the right driven
by the collapsing surface (region D); a similar velocity is not
observed at the right side. At a later stage (r = 0.44¢, ), most
of the liquid inside the drop starts to move downwards. How-
ever, the average v-velocity is about 0.05 m/s, which is much
lower than that at ¢ = 0 (0.15 m/s). The drop surface on the
right-hand side also begins to collapse, and the liquid near
the upper right surface starts to move towards the left driven
by the collapsing surface. At t = 0.44¢., the horizontal nega-
tive streams from the top-right and the bottom-left parts of the
drop join and occupy a large area. Because of the flow asym-
metry, at t = 0.75¢,-, the horizontal velocity on the right side
has a high value and occupies a large area, which drives the
interface on the right to a concave shape while the left is flat
(region E). Similar to the case of ¢ = 0, the downward stream
at the bottom of the liquid cylinder reduces the pressure at this
region and helps the pinch-off of the interface at t = 1.01z,.
As the velocity difference for ¢ = 1.3 x 107° is lower com-
pared to ¢ = 0, the corresponding pressure gradient that drives
the pinch-off is less. In addition, the flow asymmetry makes
the liquid cylinder inclined to the left when the pinch-off is
about to happen which increases the local curvature of the
interface (¢ = 1.62¢,,). As Zhang, Li, and Thoroddsen'* dis-
cussed, the pinch-off is prevented because of the local large
curvature of the neck. The interface finally becomes flat under
the effect of the Laplace force and no secondary drop forms.
When the surfactant concentration increases to ¢ = 1.3 x 1074,
a typical total coalescence is observed which was discussed
previously.?’

E. Vorticity fields inside the droplet
during coalescence

As reported for total coalescence,””” two counter-
rotating vortices are created near the bottom of the droplet
just after the film breaks up, which then expand inside
the droplet during coalescence. In partial coalescence,
Gilet et al.'® reported that the evolution of the vortices inside
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FIG. 10. The vertical and horizontal velocity profiles inside the droplet at
different time steps for ¢ = 1.3 x 107°.

the drop may help the interface pinch-off and the formation of
a secondary droplet. The contour plots of the vorticity w,(s~!)
are presented in Figs. 11 and 12 for eight different time steps
after the film rupture. As before, the solid lines represent the
drop and bulk fluid interface while the dashed lines at the bot-
tom delineate the area of the tracer particles. The evolution of
the vortices inside the droplet for ¢ = 0 is presented in Fig. 11.
Two counter-rotating vortices are observed at the bottom of the
drop immediately after the film rupture, with intensities that
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FIG. 11. Time-resolved streamlines and contour plots of vorticity w, for
@ =0.

are similar in magnitude and absolute vorticity levels varying
in the range lw,| = 0-750 s7!.

Until ¢ = 0.83¢,-, the cores of the vortices move outwards
and upwards along with the edges of the neck in a symmetri-
cal way. As the edges continue to retract, the top of the drop
acquires a conical shape and the peak value of lw,| decreases
to 450 s~ ! at t = 0.83¢,. At the same time, the vortical struc-
tures acquire a tadpole shape. Two tail areas with high lw,|
are observed connected to the cores of the vortices. As the
flow changes from a horizontal to a downward direction in the
tail area, the vorticity reaches a value of lw.| = 550 s™!, larger
than that in the core of the vortices (lw,l = 330 s~ 1. From
t = 0.83t, to t = 1.37t,, the edges of the neck converge
and lead to pinch-off, the high vorticity tail areas are pushed
downwards and the cores of the vortices continue to move
outwards in the bulk phase. w, of the tail area is decreased to
350 s~! at t = 1.37t,,. After the pinch-off, the highly curved
interface tends to return to the flat level under the effect of
surface tension, while the liquid beneath the interface contin-
ues to move downwards due to inertial effects. Symmetrical
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FIG. 12. Time-resolved streamlines and contour plots of vorticity w, for
@=13x107°.

vortices form beneath the interface from ¢ = 1.54¢, to
t=2.05¢, . Eventually the vortices move towards the centre and
their strength diminishes. In partial coalescence, the vortices
do not enter the liquid cylinder region and just remain below
the interface. It can therefore be assumed that the vortices do
not affect both the formation of the liquid cylinder and the
pinch-off.

The evolution of vorticity for ¢ = 1.3 x 107° is presented
in Fig. 12. Atthe early stages, two counter-rotating vortices are
created at the bottom of the droplet near the edges of the neck
with absolute values of lw.| up to 700 s~!. At ¢ = 0.17¢,,, the
core of the left vortex has moved above the edge of the neck
while the core of the right vortex is still below the edge. The
intensity of the right vortex has slightly increased driven by
the draining film. The downward motion in the central part of
the drop increases the area occupied by the vortices and elon-
gates them. Two long tails with high w, are created as a result
of the changing flow direction from horizontal to vertical at
t = 0.75¢,. Contrary to ¢ = 0, the vorticity tails are able to
reach the top part of the droplet in this case. The core of
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the left vortex is below the neck edge and its tail becomes
suppressed when the interface moves inwards at t = 1.01¢.
At the same time, the tail of the right vortex is also dampened
by the inward motion of the drop surface on the right side. A
liquid cylinder is formed at f = 1.32¢, and two asymmetric vor-
tical areas are observed below the cylinder. From ¢ = 1.32¢, to
t=1.99¢,, the locations of the two cores are less affected by the
irregular motion of the interface and they do not change loca-
tion until the interface becomes smooth. When the surfactant
concentration increases to ¢ = 1.3 X 1074, total coalescence is
observed and the evolution of the vortices was discussed in a
previous study by Weheliye, Dong, and Angeli.?’

IV. CONCLUSIONS

The partial coalescence of an aqueous drop with an
organic-aqueous interface and the effect of surfactants were
studied experimentally. The evolution of the interface shape
and the velocity fields inside the drop were investigated with
shadowgraphy and with high speed PIV, respectively. A crit-
ical Oh, number is found for the partial coalescence for
small Bo. When surfactants are introduced into the organic
phase, the partial coalescence region in the Oh—-Bo map
is found to reduce. In addition, the drop size ratio, &, of
the daughter to mother drop size, decreased in the inertio-
capillary regime with increasing surfactant concentration. As
the daughter droplet is considered to have higher concentra-
tion of surfactants on its surface than the mother droplet,”
the drop ratio reduces at the later stages of the partial
coalescence.

While the rupture of the film, which separates the drop
from the interface, occurs close to the central vertical axis
when there are no surfactants, in the presence of surfactants,
the rupture occurs off-axis. After rupture and at the early stages
of coalescence, the inward movement of the liquid in the upper
part of the drop creates a liquid cylinder. The strong downward
flow of the fluid inside the droplet creates a low-pressure area at
the bottom of the liquid cylinder in the subsequent stages. In a
system without surfactants, this low pressure aids the pinch-off
of a daughter drop and leads to partial coalescence. However, in
the presence of surfactants, the liquid cylinder is not symmetric
and does not pinch off. It is also found that vortices developing
inside the droplet do not have a significant effect on partial
coalescence.

Partial coalescence may be affected by the size and the
structure of the surfactants. Further studies of the veloc-
ity fields during coalescence with different types of surfac-
tants are therefore needed. These should be complemented
by investigation of the changes in pressure inside the drop
to further elucidate the partial coalescence mechanism. In
addition, the distribution of surfactants along the interface
during drop coalescence has only been obtained from numer-
ical simulations. Experimental work in this area is therefore
needed.
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