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Floating aqueous droplets were formed at oil-air interface, and two stable configurations of

(i) non-coalescent droplet and (ii) cap/bead droplet were observed. General solutions for energy and

force analysis were obtained for both configurations and were shown to be in good agreement with

the experimental observations. The energy barrier obtained for transition from configuration (i) to

configuration (ii) was correlated to the droplet release height and the probability of non-coalescent

droplet formation. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804242]

The formation of floating aqueous droplets on the free

surface of immiscible liquids has application in droplet-

based microfluidic devices.1–3 The floating aqueous droplets

could be used as containers for encapsulating reagents in bio-

chemical reactions.4 They allow low consumption of the

reagents and give direct access to reaction products.4 The

non-coalescent (NC) droplets have been formed by surface

tension gradient due to a temperature difference between the

droplet and the pool liquid,3 vertical oscillation of base liq-

uid,5 and coating droplets with non-wetting hydrophobic

powder.6 NC droplets formation on a liquid interface in iso-

thermal condition has also been reported.7 Although the

floating droplet has been of interest, a general solution has

not been provided for the dual equilibrium states.3,7,8

Further, while the non-coalescence of a droplet on the free

surface of the same liquid is widely studied, the studies using

immiscible liquids are scarce. In this work, an oil phase

(FC-43, 3M) at 25 �C with a surface tension, coa, of 16 mN/m

and a density, qo, of 1860 kg/m3 was used as a base medium

for formation of floating droplets. A droplet of water at room

temperature (25 �C) with a density, qw, of 997 kg/m3 was

released on the free oil surface using a high precision needle

connected to a syringe pump. The water droplets are released

due to a gravity driven pinch-off from the tip of the needle.8

The stable configuration of the droplet at the air-oil interface

depends on the height from which the droplet is released and

the surface tension of the three phases. If the droplet is

released from within a range of height, it will not rupture the

free surface as it does not have sufficient momentum.7

Instead, it will rest on the stretched free surface which is

deformed by the weight of the NC droplet (Figs. 1(a) and

1(c)). Bond number (defined as gqw RD
2/coa) for a droplet

radius, RD, with an order of 1 mm is small (�0.1), and hence

a uniform pressure is assumed inside the droplet. The droplet

is assumed to be spherical from Laplace pressure equation.3

By increasing the droplet release height, HR, it gains more

energy to rupture the free surface and becomes submerged.

However the droplet is held up by the buoyancy force

(qo>qw) and becomes stable at the oil-air interface

(Figs. 1(b) and 1(d)). These water droplets have two parts of

cap in air and bead in oil (C/B droplet). A triple contact line

(TCL) is formed at the circular perimeter of the intersection

of the spherical cap and bead.

The probability of formation of NC droplets was studied

as a function of the droplet’s HR. Different gauge needles

(35 G–23 G) were used to release droplets of different sizes.

A hundred droplets were released from each needle and

weighed to calculate the equivalent RD for each needle.9 The

probability of formation of the NC droplets (percentage of

the observed NC droplets to the total droplets released) is

measured as a function of HR for different RD. Fig. 2 shows

the results as a function of Weber number which is the ratio

of the droplet kinetic energy to the base medium surface

energy (4qw g HR RD)/coa. It could be used to show whether

the released droplet from a specific HR has sufficient kinetic

momentum to overcome the liquid surface energy and break

up its free surface. As Weber number increases, breaking up

the free surface becomes easier for the droplets, and the

probability of formation of NC droplets becomes zero.

However, the complexity of NC droplet formation could not

be captured by We number only. Fig. 2 shows that for a simi-

lar Weber number the probability increases as RD decreases.

This is due to the fact that Weber number compares the drop-

let kinetic energy with the surface energy of the base me-

dium, which is not the only obstacle that a falling droplet

faces to break the surface. Other energy terms such as the

gravitational potential energy of the displaced base medium

and energy used for wave formation should be taken into

account as discussed in the next section. For each droplet

size there is a transition region, in which the probability of

forming NC droplets changes from 100% to 0% by increas-

ing HR (Fig. 2). This transition region is wider for higher RD

and becomes sharper as RD decreases. NC droplet formation

in transition region shows a statistical nature which is more

pronounced for larger droplets. This might be understood in

terms of wave energy dissipation and the time required for

damping the initial oscillation of droplet surface upon pinch-

ing off from the needle. While a small droplet quickly attains

its stable shape (spherical) the lager droplet may not have

enough time to dissipate the facial waves which may affect

the NC to C/B transition.
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Even the droplets that survive the first impact and stay

on the surface (NC droplets) will at some point coalesce with

the oil surface and sink down to C/B configuration.9,10 The

latter has a lower energy and thus is more stable while the

NC configuration is metastable. Several studies have focused

on the physical origin of NC droplets.3,5,6,9–12 A thin film of

air between the droplet and the free surface is believed to be

responsible for the formation of NC droplets by preventing

the two liquids to wet.9,11,13–15 The existence of such film

has been reported by observing the mirror-like reflection, an

infinite electrical resistance,16 and no occurrence of material

transfer9 between the droplet and the base medium. The air

layer thickness was reported to be about 10 lm,3,16 much

larger than the van der Waals attraction range (10 nm).9 The

air film’s slow drainage postpones droplet coalescence13 due

to the lift generated by the lubrication effect of the flowing

air film.5

Two different sets of parameters were defined to

describe the geometries of the two observed configurations

(Figs. 3(a) and 3(b)). The ratio of the radii of curvature of

the cap and bead (Rcap and Rbead, respectively) is propor-

tional to the ratio of surface tension of water in contact with

air and oil (cwa and cwo, respectively) due to uniform

Laplace pressure in the droplet.1 cwa and coa are known to be

72 mN/m and 16 mN/m, respectively, at 25 �C. The interfa-

cial tension between water and FC-43, cwo, was estimated to

be 56.5 6 0.5 mN/m using a method shown by Fox.17 The

three pairs of interfacial tension satisfy the Neumann’s

inequalities, which means none of the interfacial tension

between any pair of fluids exceed the sum of the other two.18

The radius of the cap’s circular base area, Rcap sin(ucap),

is equal to the radius of the bead’s base area, Rbead

sin(ubead), where ucap and ubead are defined in Fig. 3(b). The

droplet volume is constant and is equal to the sum of the cap

and the bead volumes. The net force per unit length of TCL

has to be zero in a stable configuration, and therefore know-

ing the three surface energies and using Neumann’s triangle

concept, three contact angles of ha, ho, and hw (defined inside

air, oil, and water, respectively) are found.

The total energy of both floating droplet configurations,

Enet, is the sum of the gravitational potential energies of (i)

the water droplet, UD, and (ii) the displaced liquid volume of

the base medium, UDL, and (iii) the total of the surface ener-

gies of the interfaces between each two phases, ES,

Enet ¼ UD þ UDL þ ES; (1)

The droplet separation angle, uD, is defined in Fig. 3(a)

(also see Fig. S1(a)).19 uD for the NC droplet and ucap for

the C/B droplet were changed as the independent variables.

The droplet vertical position varies as uD for NC droplet

(ucap for C/B droplet) changes. Assuming that the pool of

the base medium is large, the Young-Laplace equation for

an axisymmetric problem (in the cylindrical coordinates)

was used to describe the free surface profiles of the base

medium, in both configurations.3,8,18,20 The Young-Laplace

equation is a relation between the hydrostatic pressure dif-

ference across the oil-air interface and its local mean

curvature
FIG. 2. The probability of formation of NC droplets versus Weber number

obtained for different droplet radii, RD.

FIG. 3. Physical and geometrical parameters used in energy analysis of (a)

NC droplet and (b) C/B droplet configurations.

FIG. 1. Stable configurations of aqueous droplets at oil-air interface: (a) NC

droplet resting on a stretched and deformed free surface. (b) C/B droplet

with TCL. (c), (d) The effect of the droplet size on the deformation of the

free surfaces.
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qogy ¼ coaððd2y=dr2Þ=ð1þ ðdy=drÞ2Þ3=2

þ ðdy=drÞ=ðrð1þ ðdy=drÞ2Þ1=2ÞÞ; (2)

where y and r are the height and the radial distance of a point

on the free surface profile in cylindrical coordinates (Figs.

3(a) and 3(b)). The profile of the free surface, the area of the

deformed oil-air interface, the volume of the displaced base

medium, and finally Enet are calculated numerically (Figs.

S1(a) and S1(b)).19 The energy analysis predicted a mini-

mum of Enet (equilibrium state) for each configuration.

Using numerical values, three-dimensional images of a float-

ing droplet were generated at the oil-air interface in both

equilibrium configurations. These images depicted in Fig. 4

show good agreement with the pictures taken from floating

droplets with similar sizes, for both configurations in Fig. 1.

Smaller droplets deform the surface to a less extent as

compared to larger ones (Figs. 4(c) and 4(d)). uD for NC

droplets and ucap for C/B droplets were measured for RD of

0.9 mm–1.4 mm (needle gauges of 35 G–23 G). A good

agreement between the experimental data and the values pre-

dicted by energy analysis were obtained (Fig. 4(e)). The

gravity contribution as compared to that of the surface ten-

sion force becomes negligible at small droplet size limit

(RD! 0), due to the scaling effect. Therefore the energy

analysis results in uD¼ 0 for a NC droplet but a non-zero

ucap for a C/B droplet (p-ha) when RD approaches zero.

To further confirm the results obtained by energy analy-

sis, force analysis was also conducted (Figs. S2(a) and

S2(b)).19,21,22 A perfect agreement was obtained between the

two methods, and similar values for equilibrium states were

found (uD of 35� for NC droplet and ucap of 30� for C/B

droplet for a RD of 1 mm in Figs. S3(a) and S3(b)).19

If the droplet kinetic energy is not enough to puncture

the oil surface, it will form the NC configuration.

Interestingly, the energy analysis could be utilized to esti-

mate the energy barrier that the droplet should overcome to

puncture the surface and reach the more stable C/B configu-

ration. Enet divided by droplet weight, wD, was plotted versus

the height of the center of the mass of the droplet from the

free surface, hc, for a RD of 1 mm (Fig. 5(a)). The energy ref-

erence point was chosen as state I in which the droplet is

right on top of the free surface without deforming the oil-air

interface. If the droplet has enough kinetic energy it will

pass the first equilibrium point (state II) and reach the largest

possible surface deflection (state III) where uD is 90� (sup-

porting surface tension force, FS, is vertical) (Fig. 5(b)).

After this point the droplet breaks the oil surface and sinks to

state IV in C/B configuration (Fig. 5(c)).

Finally by dissipating the extra energy in a damped os-

cillation between states IV and VI, it will settle down in the

more stable state V. Therefore the energy barrier to achieve

C/B configuration is the energy difference between state III

and state I. The highest release height for which the NC

droplets are formed with a probability of 100%, HR,1, should

be equal to Enet of state III divided by wD (Fig. 5(a)).

However, by correlating the calculated HR,1 with the meas-

ured HR,1 for different RD (Fig. 5(d)), it was found that

FIG. 4. Energy analysis simulation of both equilibrium states: (a) NC drop-

let and (b) C/B droplet. (c), (d) The effect of droplet size on the deformation

of the free surface. (e) uD for NC droplets and ucap for C/B droplets versus

droplet radius.

FIG. 5. The transition between the floating droplet’s stable equilibrium

states with a RD of 1 mm. (a) Enet divided by wD versus hc. (b) NC droplet in

states I–III. (c) C/B droplet in states IV–VI. (d) HR,1 versus RD.
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consistently a lower value is obtained as compared to the

experiment. Since the calculated value is the theoretical

upper limit, the higher value obtained in experiment shows

that other phenomena resulting in energy dissipation should

be considered.15 The formation of capillary waves at the oil

surface and also the longitudinal waves inside the base me-

dium created by the droplet impact could carry away part of

the droplet’s kinetic energy.11,16

Interestingly, it was found that the thickness of the oil

base medium affects HR,1 which not only confirms the crea-

tion of waves but also shows that the reflection from the bot-

tom of the container may affect HR,1. Therefore in this study

a thick layer of oil was used where the reflected wave has no

effect on the stability of the droplets.

Further the effect of the droplet size on its stability was

studied by calculating Enet for different RD of NC and C/B

droplets (Fig. S4).19 Based on the force and the energy equa-

tions two non-dimensional parameters of qo/qw and the

inverse of Bond number, Bo�1, were introduced. The non-

dimensional, hc/RD, is calculated by the energy analysis and

plotted versus the two non-dimensional groups of parameters

(Fig. 6). This parameter represents the deformation of the

free surface, which, as expected, is less for larger Bo�1 and

qo/qw (no deformation line in Fig. 6). The data represented

by non-dimensional groups of parameters could be used as a

guideline to design experiments to form various sizes of

floating droplets for the effective droplet manipulation.

This work was supported by NSF (ECCS 1102280),

USA and KOSEF (WCU R32-2008-000-10124-0), Korea.
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