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ABSTRACT

The coalescence dynamics of ethanol drops injected from a needle on the free-surface of an ethanol pool maintained at a higher temperature
than the drop is experimentally studied using a high-speed imaging system. The drop is always kept at 25 ○C, and the temperature of the
ethanol pool is varied using a heater. The coalescence behavior depends on the size of the drop, the height of the needle tip from the free-
surface, and the temperature of the ethanol pool. A parametric study is carried out by varying these parameters. The drop exhibits a residence
period at low impact velocity, when it floats on the free-surface before the coalescence begins. Subsequently, the complete coalescence and
partial coalescence dynamics are observed for different sets of parameters considered. It is found that increasing the temperature of the ethanol
pool reduces the residence time of the drop. This phenomenon is explained by analyzing the forces acting on the drop and the capillary waves
generated due to the temperature gradient between the drop and the ethanol pool. During partial coalescence, we also observed that the
diameter of the daughter droplet decreases as the size of the primary drop and pool temperature are increased. As expected, due to the gravity
effect, increasing the size of the drop also decreases the residence time. A regime map designating the complete coalescence and partial
coalescence dynamics is plotted in the pool temperature and drop impact height space.
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NOMENCLATURE

Symbol

A surface area of the curved surface
Dp diameter of the primary drop
Ds diameter of the daughter droplet
Fb buoyancy force
Fl surface tension force
h height of the bottom of the drop from the ethanol–air inter-

face
H height of the needle tip from the ethanol–air interface
Ma marangoni number
rc radius of the curved surface
tc time scale of thermal diffusion
tr residence time of the drop
Ts temperature at the free-surface of an ethanol pool

U impact velocity of the drop
W weight of the drop
α thermal diffusivity of ethanol
ΔT temperature difference between the drop and pool
μl dynamic viscosity of ethanol
ν kinematic viscosity of air
ρa density of air
ρl density of ethanol
σ surface tension
τ dimensionless time, t/tc
τr dimensionless residence time, tr/tc

I. INTRODUCTION

The impact of a drop on the solid or free-surface of a liq-
uid pool has fascinated researchers for many decades because of its
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importance in a wide range of applications, including microfluidics,
combustion, coatings, inkjet printing, soil erosion, or air trapping
on the sea surface, to name a few (see, for instance, Refs. 1–5). Drop
coalescence on a heated liquid pool can also be observed in several
practical applications, such as bioprinting, oil industry, production
of nanoparticles, and microfluidic technologies.6–9 As in the present
study, we focus on the dynamics of a drop slowly placed on the free-
surface of a liquid pool maintained at different temperatures, we
only review the literature concerned with the collision of the drop
with a liquid–air interface. A drop falling in a liquid pool undergoes
various regimes as the impact velocity increases, such as spreading,
partial coalescence, and splashing.10 Despite a large volume of work
conducted for the isothermal system (when the drop and the liq-
uid pool are at the same temperature; see, for instance, Refs. 11–18),
the non-isothermal system (when the drop and the liquid pool are
at different temperatures and thermocapillary stresses can play an
important role; see Ref. 19) has received far less attention in the
literature.

When a small liquid drop comes into contact with a free-surface
of a liquid pool in an isothermal environment, the drop undergoes
either spreading as it drains completely inside the pool or undergoes
partial coalescence dynamics as a satellite drop pinches off depend-
ing on its impacting velocity and size, as well as the fluid properties
of the liquids.20 At low impact velocity, the primary drop injected
from a needle floats on the free-surface while the trapped air between
the drop and the free-surface drains out. In reaction, the air film of
decreasing thickness generates a lubrication force that balances the
droplet weight. This period when drop floats on the surface is termed
the “residence time.”14,21,22 Subsequently, the drop comes in contact
with the free-surface at a point, and due to high capillary pressure, it
undergoes rapid spreading. This in turn generates upward moving
capillary waves that form a liquid column. At this stage, the sur-
face tension (σ) squeezed the bottom of the liquid column, which
experiences a competition between the vertical and horizontal col-
lapses due to upwardmoving capillary waves and the surface tension
force, respectively. Under certain conditions, the horizontal collapse
overcomes the vertical collapse, and the liquid column is detached
from free-surface as a daughter drop of diameter about half of the
primary drop.14,17 The daughter drops completely drain in the liq-
uid pool, under a coalescence cascading cycle. Originally, partial
coalescence was thought to be a result of an inviscid instability,11

but later it was found to be regulated mainly by gravity, viscosity,
and interfacial stress.12,14 Couder et al.23 have demonstrated that
with a silicone oil of kinematic viscosity 500 cSt, the critical accel-
eration of bouncing drop increases as the square of the frequency
of oscillation of the surface. We note a similarity with the inelas-
tic bouncing ball model since small drops deform the bath weakly.
All the above-mentioned studies are conducted in an isothermal
environment. Considering the Marangoni flow resulting from the
surfactant gradient, Haldar et al.24 reported that the number of coa-
lescence cascading cycles decreases as the surfactant concentration
increases.

In non-isothermal configuration, few researchers25–27 inves-
tigated experimentally the interaction of two drops maintained
at different temperatures and found that the drops exhibit non-
coalescence behavior due to the presence of thermally induced
Marangoni stresses above a critical temperature difference. This
finding was also later verified in Refs. 28 and 29 via numerical

simulations. Most relevant here are the previous studies in Refs. 19
and 30 on the coalescence of a drop on the free-surface of a pool
of the same liquid maintained at a higher temperature than the
drop. They observed that the drop floats longer by increasing the
temperature difference between the drop and pool (ΔT). Consider-
ing silicone oils with different viscosities as the working fluids, Geri
et al.19 demonstrated that the residence time (tr) scales asΔT

2/3. This
phenomenon can be explained as follows, since the increase in res-
idence time is due to the thermally induced Marangoni flow inside
the drop, which causes the air trapped between the drop and the pool
to move inward instead of draining outward.

The Marangoni number (Ma) is a dimensionless number that
characterizes the thermal convection owing to the surface tension
gradient,31–33

Ma ≙ ( dσ
dT
)ΔTDp

μlα
, (1)

where Dp is the diameter of the primary drop, μl is the dynamic vis-
cosity, and α is the thermal diffusivity of the liquid. Increasing ΔT
increases the Marangoni number, which enhances the internal cir-
culation in the upward direction inside the drop. In order to balance
this flow, the trapped air compressed inward, thereby maintain-
ing the air cushion between the drop and the pool. However, for
the Marangoni convection to develop, the residence time should be
higher than the time scale of thermal diffusion (tc ≙ Dp

2/α). This
is the basic difference between the present study and the previous
investigations,30,19 which provided significant time for the develop-
ment of Marangoni convection by anchoring the drop between the
needle and free-surface, and the Faraday instabilities that allow the
drop to float on the free-surface can also be observed. In contrast, in
our experiments, as we allow the drop to fall freely from the needle
onto the free-surface of the pool, the residence time is quite low as
compared to the diffusion time scale. Ethanol is used as a working
fluid. In addition, the size of the tank used in our study is sufficiently
large, so that the coalescence dynamics is free from the reflected
waves from the boundaries.

In the present study, we revisit the coalescence dynamics of
an ethanol drop (always at 25 ○C) slowly placed on the free-surface
of an ethanol pool maintained at different temperatures (Ts) by
conducting experiments using a high-speed camera. A parametric
study is carried out by varying the diameter of the primary drop
(Dp) released from a dispensing needle and the height of the nee-
dle tip from the ethanol–air interface (H) at different values of Ts.
We observe complete coalescence without the formation of daughter
droplet and partial coalescence depending on the parameters consid-
ered. A regimemap designating the complete coalescence and partial
coalescence dynamics is also plotted in the Ts − H space.

The rest of the paper is arranged as follows. The details of the
experimental setup and procedure followed are given in Sec. II. The
results obtained from our study are presented in Sec. III, and the
concluding remark is provided in Sec. IV.

II. EXPERIMENTAL SETUP AND PROCEDURE

We investigate experimentally the coalescence dynamics of
ethanol drops that are slowly placed on the ethanol–air interface in
a container (inner size 48 × 48 × 48 mm3) filled with pure ethanol
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up to 15 mm. The ethanol in the container is maintained at different
temperatures using a heater. Figure 1 depicts the schematic diagram
of the experimental setup used in the present study. It consists of
three main components, namely, (i) an acrylic container with an alu-
minummetallic base placed on a heater, (ii) a droplet generation and
dispensing system, and (iii) a high-speed imaging and illumination
system. The side walls of the container are made up of an acrylic
sheet (of a thickness 4 mm) in order to provide optical access to the
high-speed imaging system. Due to the high heat conductivity, an
aluminum plate (of a thickness of 12 mm) is used as the base of the
container, which helps to maintain the ethanol in the container at
various elevated temperatures. A sufficiently large container size is
used so that the reflected waves from the walls have negligible effects
on the coalescence dynamics.

The temperature of the heater is varied, and six values of the
temperature of the ethanol–air interface in the pool (Ts), namely,
25 ○C, 30 ○C, 35 ○C, 40 ○C, 45 ○C, and 50 ○C, are considered. Figure 2
shows the temperature variation inside the liquid pool. Here, y = 0
and y = 15mm represent the top of the aluminum plate placed on the
heater and the ethanol–air interface of the ethanol pool, respectively.
The heater temperature is fixed at a slightly higher value, Ts + 3 ○C,
to keep the ethanol–air interface temperature at a particular value of
Ts. The ethanol inside the container placed in the heater is stirred
during the heating process to obtain the desired homogeneous tem-
perature. After the desired interface temperature is reached, we stop
stirring and measure the temperatures inside the ethanol pool at
different heights (namely, y = 0 mm, 4 mm, 8 mm, 12 mm, and
15 mm) using the K-type thermocouples. Figure 2 presents the tem-
perature variations in the vertical direction for different values of Ts.
It is observed that temperature measurement uncertainty is about
±1.5 ○C that is associated with the thermocouple calibration error.
The fluid properties of ethanol at different temperatures are listed in
Table I.

The droplet generation and dispensing system consists of a
syringe pump (SP-810) fitted with different grades of blunt edge nee-
dles, namely, 12 G, 14 G, 16 G, 18 G, and 20 G. This system is also

FIG. 1. Schematic of the experimental setup. It consists of a high-speed cam-
era, a dispensing needle, a heater, an acrylic container with an aluminum metallic
base, a diffuser sheet, and a light source. The inner dimension of the container is
48 × 48 × 48 mm3. The thickness of the acrylic side walls of the container is 4 mm,
and the thickness of the aluminum metallic base is 12 mm. The height of ethanol
in the container is 15 mm.

FIG. 2. The temperature profiles in the ethanol pool for different values of ethanol–
air interface temperature, Ts.

facilitated by means of a traversing mechanism to anchor the nee-
dle height from the ethanol–air interface of the pool. By changing
the ethanol volumetric flow rate and using different needles, we cre-
ate different sizes of ethanol droplets at 25 ○C. The drops released
from the needles come into contact with the ethanol pool kept at
various temperatures. In our experiments, at the time of release, the
distance between the bottom of the drops and the free-surface of the
ethanol pool (h) is kept constant at 0.4 ± 0.05 mm, except when we
examine the effect of the height the dispensing needle tip from the
free-surface (H) on the coalescence dynamics.

A high-speed imaging and lighting system (shadowgraphy)
consists of a Photron camera (model: Fastcam SA1.1) along with a
Nikon lens of 50 mm focal length is used to record the coalescence
dynamics. The camera is kept at an angle of 7○ to the horizontal, as
shown in Fig. 1, to visualize the droplet coalescence at the horizontal
ethanol–air interface. A diffused backlit Light Emitting Diode (LED)
illumination system (model 900 445 lm, 12 000lm, Visual Instru-
mentation Corporation) is used to illuminate the test section of the
transparent wall container. Images at a resolution of 320 × 240 pix-
els are recorded at a frame rate of 10 000 fps with an exposure time
of 10 μs. The recorded images are analyzed using the Matlab soft-
ware. For each value of Ts, experiments are repeated five times to

TABLE I. The values of surface tension (σ), dynamic viscosity (μl ), and density (ρl )

of ethanol at different temperatures.34–36

Temperature (○C) σ (mN/m) μl (mPa s) ρl (kg/m
3)

25 21.93 1.20 783.92
30 21.48 1.01 778.91
35 21.04 0.87 773.85
40 20.64 0.87 768.74
45 20.22 0.73 763.57
50 19.83 0.71 758.34
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TABLE II. Comparison of the thermal diffusion time scale (tc ≙ Dp
2/α) and residence

time (tr ) for different sizes of ethanol drop. The thermal diffusivity (α) of ethanol is
0.0827 mm2/s.

Dp (mm) tc (s) tr (s)

1.71 35.3 0.063
1.83 40.5 0.043
2.05 50.8 0.030
2.10 53.3 0.025

ensure repeatability. The reported uncertainty is estimated based on
the standard deviation obtained from the five repetitions.

A droplet of ethanol placed slowly on the free-surface of the
ethanol pool floats on the free-surface for some time (residence
time, tr), which depends on pool temperature (Ts) and the impact
height (H) and the size of the primary droplet (Dp), before draining
inside the ethanol pool. The comparison of the residence time and
the thermal diffusion time scale is provided in Table II at Ts = 25 ○C
(isothermal condition). It can be seen that, in our experiment, the
residence time is much shorter than the time scale associated with
thermal diffusion. In all our experiments, it is observed that the coa-
lescence phenomenon occurs very quickly; the time taken for this
process is always less than 75 ms. Thus, a freely falling drop does not
get enough time to develop the Marangoni flow. This point has also
been discussed in the introduction section. At later times, we also
observe a partial coalescence behavior for some set of parameters. In
Sec. III, the coalescence dynamics of an ethanol drop observed for
different sets of parameters is analyzed.

III. RESULTS AND DISCUSSION

The primary objective of this study is to investigate the coa-
lescence dynamics of an ethanol drop that is slowly placed on an
ethanol–air interface in an ethanol pool maintained at different ele-
vated temperatures (Ts). We also carried out a parametric study by
varying the diameter of the primary drop (Dp) released from a dis-
pensing needle and the height of the needle tip from the ethanol–air
interface (H) at different values of Ts.

We begin the presentation of our results by analyzing the tem-
poral evolutions of the coalescence dynamics of an ethanol drop of
Dp = 1.83 mm at Ts = 25 ○C, 35 ○C, and 45 ○C in Fig. 3 (Multime-
dia view). This figure demonstrates the topological changes that the
drop exhibits during the coalescence process when it is gently placed
on the ethanol–air interface of the ethanol pool. The impact velocity
(U) of the drop that is calculated using two consecutive frames of
the drop just before it touches the interface is found to be very small
(≈0.03m/s). Note that, in order to calculate the terminal velocity, the
coordinates of the center of gravity of the drop in different instants
are obtained, and then the velocity (U) of the drop is calculated as
U = Δy/Δt. Here, Δy = yn − yn−m, wherein yn is the y-coordinate of
the drop’s center of gravity just before the it touches the free surface
(say at frame “n”) and yn−m is the location of the drop’s center of
gravity at n − m frame; Δt represents the time difference between
these frames. We use m = 20, which corresponds to Δt = 0.002s as
the acquisition of the images is performed at 10 000 fps, and Δy is
the distance travel by the drop in Δt. Figure 3(a) (Multimedia view)
demonstrates the coalescence dynamics of an ethanol drop in an
isothermal condition, i.e., when the drop and ethanol pool are at the
same temperature (25 ○C). Figures 3(b) and 3(c) show the coales-
cence dynamics of an ethanol drop in non-isothermal conditions,

FIG. 3. The temporal evolutions of the coalescence dynamics of an ethanol drop of diameter Dp = 1.83 mm for different values of ethanol–air interface temperature in the
pool, Ts. The dimensionless time, τ = t/tc , is written at the top of each image, such that τ = 0 represents the instant when the drop starts draining in the liquid pool. The
dynamics at Ts = 25 ○C [panel (a)], Ts = 45 ○C [panel (b)], and Ts = 55 ○C [panel (c)] are demonstrated, respectively. Multimedia views: https://doi.org/10.1063/5.0007402.1;
https://doi.org/10.1063/5.0007402.2; and https://doi.org/10.1063/5.0007402.3
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wherein the drop is at 25 ○C and the ethanol pool is at 35 ○C and
45 ○C, respectively (see Figs. 3(b) and 3(c) (Multimedia view)]. The
first column in panels (a)–(c) is associated with the instant at which
the drop just touches the ethanol–air interface of the pool. The sec-
ond column corresponds to the onset of the coalescence/draining
of the drop inside the pool. The number written at the top of each
image represents the dimensionless time, τ = t/tc. The time, t, is cal-
culated in such a way that dimensionless time, τ is zero at the onset of
the coalescence, and the negative and positive values of τ represent
the periods before and after the onset of coalescence, respectively.
The temporal evolution of the drop dynamics is presented in the
subsequent columns in Fig. 3 (Multimedia view). The first pinch-
off of the daughter droplet (partial coalescence dynamics) is shown
in the last panel for each value of Ts.

In the isothermal condition (Ts = 25 ○C), it can be seen in
Fig. 3(a) (Multimedia view) that the dimensionless residence time of
the drop is 2.01. During this period, the drop floats on the ethanol–
air interface in the pool until the air trapped between the drop and
the free-surface is drained out. At τ = 0, the drop starts to drain
inside the pool, and a neck is formed at the contact point of the
drop and the free-surface, which expands rapidly due to high capil-
lary pressure near the contact region (at τ = 0.42; third column). Due
to this, upward moving capillary waves are generated, thereby form-
ing a liquid column (at τ = 0.85; fourth column). This is followed by
a necking process near the contact region (at τ = 1.14; fifth column).
Subsequently, the diameter of the neck is reduced due to the inward
pull of the surface tension, and a daughter droplet is detached (at τ
= 1.42; sixth column). This pinch-off of the daughter droplet occurs
when the vertical collapse rate decreases due to the upward pull
exerted by the capillary waves, and thereby the horizontal collapse
succeeds in merging the neck and producing a daughter droplet. The
coalescence dynamics of a drop in the isothermal condition has been
studied by several researchers (see, for instance, Refs. 11, 13, 14, 16,
17, 37, and 38 as discussed in the introduction section).

A qualitatively similar coalescence dynamics is also observed in
the non-isothermal cases presented in Figs. 3(b) and 3(c) (Multime-
dia view) for Ts = 35 ○C and 45 ○C, respectively. However, inspection
of the dimensionless residence time and pinch-off time (defined as
the difference between the instants at which the first pinch-off occurs
and the onset of coalescence) decreases as the temperature of the
ethanol pool increases. The dimensionless residence times of the
drop for Ts = 35 ○C and 45 ○C are 1.11 and 0.51, respectively. It is
to be noted that increasing the temperature decreases the surface
tension, viscosity, and density of ethanol.34–36 As the ethanol drop
at 25 ○C comes in contact with a hotter ethanol free-surface in the
pool, the Marangoni convection starts to develop due to the gradi-
ent of surface tension resulting from the temperature gradient along
the ethanol–air interface. Increasing the temperature of the ethanol
pool increases this Marangoni convection. However, unlike Geri
et al.,19 in our case, due to the low residence time, the drop did not
get sufficient time to develop the fully developed Marangoni con-
vection. The mechanism of the coalescence dynamics observed in
our non-isothermal cases is discussed next.

In Fig. 4, we analyzed the forces acting on the drop when it
floats at the free-surface of the ethanol pool to explain the decrease
in the residence time with the increase in pool temperature. The
weight of the drop creates a depression on the free-surface with an
air film trapped in between the drop and ethanol–air interface in

FIG. 4. A sketch of different forces acting on a drop that is gently placed on
the free-surface of a liquid pool. The various forces experienced by the drop are
the weight of the drop (W ), buoyancy force (Fb), surface tension force acting along
the curved free-surface in the pool (F l ), and lift force due to the squeezed air (Fs).

the pool. The various forces experienced by the drop during this
time are the weight of the drop acting in the downward direction
(W), upward buoyancy force (Fb), surface tension force acting along
the curved free-surface in the pool (Fl = 2πrcσ), and lift force due
to the squeezed air which drains outward (Fs = ρav

2A/2). Here,
ρa is the density of air, v is the velocity of squeezed out air, and
A and rc are the surface area and the radius of the curved sur-
face, respectively. When the drop floats on the free-surface of the
pool, the normal components of these forces acting on the drop bal-
ance each other. The surface tension delays coalescence by making
the free-surface curve to accommodate the drop. Increasing tem-
perature decreases the surface tension, which in turn decreases the
free-surface depression. This is evident in Fig. 3 (Multimedia view)
(second column), where it can be seen that, at the onset of coales-
cence (τ = 0), the radius of the curved free-surface in the isother-
mal case (Ts = 25 ○C) is significantly large (almost the same as the
radius of the drop). It can be seen that the free-surface depression
decreases with increasing the temperature of ethanol in the pool. At
Ts = 45 ○C, the free-surface is almost flat at the onset of the coales-
cence. The decrease in the free-surface depression results in faster
coalescence, i.e., decreases the residence time, tr , of the drop. At the
later stage (τ ≥ 0), the drop touches the free-surface after draining
the air cushion. The Marangoni convection from hotter to colder
regions (i.e., in the upward direction) builds up once the drop
touched the ethanol–air interface in the pool. Increasing the tem-
perature gradient between the drop and ethanol pool increases the
surface tension gradient, which in turn enhances the upward mov-
ing capillary waves due toMarangoni convection. As a consequence,
increasing temperature reduces the rate of vertical collapse, resulting
in faster daughter droplet formation [see Fig. 3 (Multimedia view)]
due to the more dominant horizontal collapse.

To gain more insight, in Fig. 5, we compare the temporal evo-
lutions of drop profiles during the coalescence process at Ts = 25 ○C
(isothermal case) and 45 ○C (non-isothermal case). In both cases, the
drop diameter, Dp, is kept constant at 1.71 mm. It can be seen that
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FIG. 5. Temporal evolutions of drop profile at Ts = 25 ○C and 45 ○C. In both the
cases, the diameter of the primary drop, Dp = 1.71 mm. The value of Δτ between
two consecutive profiles after the drop touches the free-surface in the pool is 0.046
× 10−3.

the drop is almost spherical in both cases when it is sufficiently away
from the free-surface of the pool. Note that as the drop approaches
the free-surface, it becomes difficult to obtain the distinct interfaces
of the drop and free-surface from the image processing. It can be
seen that for τ < 0, the drop undergoes vertical oscillations, which is
more in the isothermal case as compared to the non-isothermal case.
These vertical oscillations in the drop try to regain the air cushion
between the drop and the free-surface in the pool before the coales-
cence starts at τ = 0. It can be seen in both cases that as the drop
starts to drain inside the pool, the neck between the drop and the
free-surface expands rapidly due to high capillary pressure near the
contact region. In the isothermal case, due to the resultant upward

moving capillary waves, a vertical liquid column is created. As it
grows, the horizontal collapse due to the inward pull of the surface
tension shrinks the neck region and a daughter droplet is created at τ
= 1.79 × 10−3. In Fig. 5, it can be seen at τ = 1.79 × 10−3 and τ = 1.21
× 10−3 for Ts = 25 ○C and 45 ○C that the interface of the drop and the
pool form a sharp cone angle, after which blunting of this cone angle
and capillary waves creeping on the droplet surface are observed.
This is the instant at which a daughter droplet is formed. The coa-
lescence time is defined as the difference between the moment the
capillary waves begin to ascend on the droplet surface due to the
effect of Marangoni and the detachment of the daughter droplet.
In contrast to the isothermal case, for Ts = 45 ○C, the drop spreads
more on the free-surface in the pool during the draining stage. A
significantly flat drop summit is observed at Ts = 45 ○C. In this case,
the intensity of the upward moving capillary waves produced due
to the expansion of the neck region between the drop and the free-
surface are enhanced by the resultant Marangoni convection due to
the temperature gradient. This is evident after τ = 0.14 × 10−3 for
Ts = 45 ○C. This in turn prevents the column to drain into the pool,
and the neck region becomes thinner and detached from the free-
surface of the pool due to the horizontal collapse at τ = 1.21 × 10−3.
Thus, the temperature gradient promotes the partial coalescence
phenomenon.

Next, we investigate the effect of the height of the needle tip
from the free-surface of the pool (H) on the coalescence dynam-
ics of a drop of Dp = 1.71 mm, as shown in Fig. 6 (Multime-
dia view). Figures 6(a) and 6(b) (Multimedia view) present the
dynamics for H = 3.66 mm and H = 7.83 mm, respectively. The
dynamics for H = 3.66 mm and H = 7.83 mm are also presented
as Figs. 6(a) and 6(b) (Multimedia view), respectively. The first
and second columns in each panel represent the frames when the
drop touches the free-surface and starts to coalesce in the pool,
respectively. The columns that follow demonstrate the dynamics as
the time progresses. Increasing H increases the potential energy of
the drop, which is converted into kinetic energy, thereby increas-
ing the impact velocity of the drop falling into the ethanol pool.

FIG. 6. The effect of the height of the needle tip from the free-surface of the pool, H, on the coalescence dynamics of an ethanol drop of primary diameter, Dp = 1.71 mm at
Ts = 30 ○C. (a) H = 3.66 mm and (b) H = 7.83 mm. The value of the dimensionless time, τ, is shown at the top of each panel. τ = 0 represents the instant at the onset of
coalescence. The dynamics at H = 3.66 mm [panel (a)] and H = 7.83 mm [panel (b)] are demonstrated, respectively. Multimedia views: https://doi.org/10.1063/5.0007402.4;
https://doi.org/10.1063/5.0007402.5
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The value of the impact velocities of the drop for H = 3.66 mm and
H = 7.83 mm are 0.12 m/s and 0.32 m/s, respectively. It can be seen
that the drop floats on the free-surface for a longer time (τ = 1.73) for
H = 3.66 mm, as compared to H = 7.83 mm. The drop also
demonstrates the partial coalescence phenomenon at τ = 0.79 for
H = 3.66mm, whereas this behavior does not occur forH = 7.83mm,
and the drop completely coalesce inside the pool creating a much
bigger depression on the free-surface at the same dimensionless
time. Close inspection of Figs. 6(a) and 6(b) (Multimedia view) also
reveals that increasing the impact velocity decreases with the width
of the crater developed at the interface. It indicates that, in the case
of a drop with a high impact velocity, the upward force to support
the drop becomes insignificant as compared to a gently placed drop
with a negligible impact velocity. Increasing the impact velocity of
the drop significantly decreases the vertical component of the sur-
face tension force and also decreases the buoyant force as the swept
volume is displaced farther away. Complete coalescence is observed
in the case of a high impact velocity drop. Thus, as expected, it can
be inferred that, in addition to the fluid properties, the needle height
also plays an important role in the coalescence dynamics.

In Fig. 7, we present the regimes associated with the partial coa-
lescence (black circles) and complete coalescence without the for-
mation of a daughter droplet (red squares) in the Ts–H space for a
primary drop of size, Dp = 1.71 mm. To ensure repeatability, experi-
ments are performed five times for each set of values of Ts and H.
It can be seen that, in the isothermal condition (Ts = 25 ○C), the
partial coalescence phenomenon is observed for all H values con-
sidered in the present study. For Ts ≥ 30 ○C, the partial coalescence
phenomenon is only observed for low values of H. This is due to
the competition between the upwardmoving capillary waves and the
impact velocity of the drop. In other words, increasing the momen-
tum force generated by a falling droplet (i.e., increasing the height
of the nozzle) decreases the intensity of the upward moving capil-
lary waves, which allows the drop to penetrate into the pool leading
to complete coalescence. It can be seen that the critical value of H
at which the drop changes its behavior from partial coalescence to

FIG. 7. Regime map showing the partial coalescence and complete coalescence
without forming a daughter droplet in the Ts–H space. Here, the diameter of the
primary drop, Dp = 1.71.

FIG. 8. Variations in the diameter of the first daughter droplet (Ds in mm) with the
diameter of the primary drop (Dp in mm) for different values of Ts.

complete coalescence decreases with an increase in the temperature
of the ethanol pool.

Then, we conduct a parametric study by varying the diame-
ter of the primary drop injected from the needle (Dp) and ethanol
pool temperature, Ts. The height of the bottom of the drop from
the free-surface is fixed at h = 0.4 ± 0.05 mm. The parameters are
chosen in such a way that the drop exhibits partial coalescence for
all values of Ts. In Fig. 8, we present the variations in the diame-
ter of the daughter droplet (Ds) obtained for different sizes of the
primary drop (Dp) at different values of Ts. Five primary drop sizes
(i.e., Dp = 1.71 mm, 1.83 mm, 1.96 mm, 2.05 mm, and 2.10 mm)
and four values of Ts (i.e., Ts = 25 ○C, 30 ○C, 40 ○C, and 45 ○C) have
been considered to generate this plot. It can be seen that increas-
ing temperature decreases the size of the daughter droplet for all
sizes of the primary drop considered. This is because, as discussed
above, increasing temperature promotes the drainage of the primary
drop, thereby leaving a smaller volume of ethanol in the column for
the daughter droplet creation. It can be observed that increasing Dp

FIG. 9. The variations of Ds/Dp with Ts for different values of primary diameter of
the ethanol drop, Dp.
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FIG. 10. Variations of dimensionless res-
idence time, τr = tr /tc , with the tempera-
ture at the free-surface the ethanol pool,
Ts, for different values of (a) the diame-
ter of the primary drop, Dp, when the tip
of the drop is at 0.4 ± 0.05 mm from the
free-surface, and (b) height of the nee-
dle tip from the ethanol–air interface, H,
for Dp = 1.83 mm.

decreases the size of the daughter droplet to an asymptotic value.
Inspection of this figure also reveals that Ds/Dp is about 0.5 for
Dp = 1.71 mm in the isothermal condition, which is similar to the

value observed in the previous studies.14,17

Figure 9 shows the variations inDs/Dp with Ts for different val-
ues of Dp. It can be seen that increasing the pool temperature, Ts,
decreased the value of Ds/Dp for all sizes of the primary drop. In
all the cases, the value of Ds/Dp is less than 0.5. Close inspection of
Figs. 8 and 9 also reveals that increasing the size of the primary drop
decreases the values of Ds/Dp for all values of Ts considered. In an

isothermal system, Chen et al.14 also showed that the drop goes from
the inertio-capillary regime to the gravity regime, thereby decreasing
the value of Ds/Dp as we increase the size of the primary drop.

Finally, the variations of the dimensionless residence time, τr ,
with the free-surface temperature of the pool, Ts, are presented
for different values of Dp and H in Figs. 10(a) and 10(b), respec-
tively. It can be seen in Fig. 10(a) that increasing the temperature
of the ethanol pool decreases the residence time for all values of Dp.
Increasing Dp increased the weight of the drop, which promotes the
draining of the trapped air in between the drop and the free-surface
of the pool. Increasing the temperature of the pool decreases the
surface tension, and thus the free-surface could not become curved
to hold the drop and coalescence starts. Thus, increasing tempera-
ture decreases the residence time of the drop [see Fig. 10(b)]. It can
also be seen in Fig. 10(b) that increasing height increases the impact
velocity of the drop, which drains the trapped air easily and reduces
the residence time.

IV. CONCLUDING REMARKS

In this study, we revisit the coalescence dynamics of a drop
(at 25 ○C) slowly placed on the free-surface of a pool maintained at
different temperatures (Ts) by conducting experiments. The exper-
imental setup consists of a high-speed camera, a dispensing needle,
a heater, an acrylic container of inner dimension 48 × 48 × 48 mm3

with an aluminum metallic base, a diffuser sheet, and a light source.
The container is filled with ethanol to a height of up to 15 mm. It
is observed that the ethanol drop exhibits a residence phase, when
it floats on the free-surface before the coalescence begins. Subse-
quently, the complete coalescence and partial coalescence dynam-
ics are observed for different sets of parameters considered. In our

experiments, as we considered the coalescence of a freely falling
drop, the residence time is much shorter than the time scale asso-
ciated with thermal diffusion. Thus, the drop does not get enough
time to develop the Marangoni flow during the residence phase,
which was found to play a key role in delaying the coalescence in
the previous studies.19,30

We carried out a parametric study by varying the diameter of
the primary drop (Dp) released from a dispensing needle and the
height of the needle tip from the ethanol–air interface (H) at dif-
ferent values of Ts. It is found that increasing the temperature of
the ethanol pool reduces the residence time of the drop. This phe-
nomenon is explained by analyzing the forces acting on the drop
and the capillary waves generated due to the temperature gradient
between the drop and the ethanol pool. As expected, due to the grav-
ity effect, increasing the size of the primary drop also decreases the
residence time. The partial coalescence phenomenon is observed for
low impact height, and it is found that the diameter of the daughter
droplet decreases as the size of the primary drop and pool temper-
ature are increased. A regime map designating the complete coa-
lescence and partial coalescence dynamics is plotted in the Ts − H
space.
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