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Image analyzing interferometry is used to study the details of the evolving shapes and coalescence of two
condensing drops of 2-propanol on a quartz surface. The measured thickness profiles give fundamental insights
into the transport processes within the drops before and after coalescence and the evolution of the coalesced
drop from asymmetric to symmetric shape. The results indicate that the constant value of the adsorbed film
thickness between the drops and profiles of the local thickness, slope angle, curvature, and curvature gradient
govern the pressure fields in the coalescing drops. The shape evolution after coalescence is found to be driven
by the capillary forces within the drop. Using the experimental data, we find that the calculations of the average
shear stress for the fluid flow between the drops, the decrease in the interfacial excess energy, and the positions
of the center of mass of the drops explain the physics of the coalescence phenomenon. However, the flow field
is found to be complex because the pressure field indicates that there are complicated flows within the drop.
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I. INTRODUCTION

The coalescence of drops is fundamental to the under-
standing of a wide range of applications such as ink jet print-
ing, emulsion formation, oil recovery, polymer blending,
phase change heat transfer in dropwise condensation, etc.
Previous studies of this subject have mainly analyzed the
dynamics and external flow fields during coalescence[1–3],
draining of the thin film between the drops and the role of
intermolecular interactions[4–9], and the kinetics of relax-
ation of the drop[1,2,10]. Andrieu et al. [1] experimentally
observed the coalescence of water drops on a silane-modified
glass surface and explained the observed relaxation time of
the drops using a model based on the phase change near the
contact line region. Menchaca-Rochaet al. [2] analyzed the
effect of surface tension on the coalescence of mercury drops
and compared their results with numerical calculations based
on the Navier-Stokes equation. The effects of London–van
der Waals forces, electrostatic interactions, and surface
forces on the thinning of the film between the coalescing
drops and on the coalescence time have been studied by Li
[5], Deshikan and Papadopoulos[6], and Ivanovet al. [8].
Herein, we study experimentally the effects of the thickness,
slope angle, curvature, apparent contact angle, and pressure
fields in the contact line region, during low rates of conden-
sation, on the shape evolution of condensing and coalescing
drops due to capillary flow.

In the experimental system[Fig. 1(a)], two drops of a
partially wetting fluid(2-propanol) grow on a quartz surface
during condensation and coalesce when they touch. A sche-
matic of a drop is sketched in Fig. 1(b). In a 1957 seminal
paper, Derjaguin and Zorin[11] demonstrated that a thin

adsorbed flat film ofn-propyl alcohol became unstable at the
saturation point at a film thickness of approximately 5.5 nm.
Above this thickness, they viewed “microdewdrops” on an
adsorbed layer. Therefore, the adsorption isotherm near the
saturation point is very complex for a polar fluid[11]. The
important process of dropwise condensation occurs in this
region of the adsorption isotherm. The macroscopic observa-
tions of the condensing drops and the associated adsorbed
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FIG. 1. (a) Schematic drawing of the experimental setup.(b)
Schematic drawing of the cross section of a drop.d is the film
thickness along the profile of the drop, andd0 is the thickness of the
flat adsorbed film adjacent to the drop.
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thin film reported herein are consistent with the work by
Derjaguin and Zorin[11].

We measure the microscopic details of the defining char-
acteristics(thickness profile and surrounding adsorbed film
thickness) of the condensing drops. We study the growth and
coalescence of these microdewdrops using high-resolution
microinterferometry and an improved data analysis tech-
nique. There is a lack of experimental data concerning these
details. An image analyzing technique based on the analysis
of the reflectivity profiles[12–14] is used to obtain the pro-
files of the thickness, slope, and curvature of these drops,
including the profiles in the contact line region. The results
indicate that the slope angle, curvature, and curvature gradi-
ent govern the pressure fields in the coalescing drops. Al-
though the contact line region was theoretically shown to
govern the spreading of drops previously[15–19], to the au-
thors’ knowledge, there is no previous experimental study of
the effects of the microscopic details of the shape profiles in
the contact line region on the coalescence of two drops.
Based on the experimental results, we calculate the driving
force and the decrease in the interfacial free energy, which
causes the coalescence process. The experimentally obtained
contact line velocity during spreading, the slope angle(a
measure of the apparent contact angle of the drop), and the
curvature profiles explain how the coalescence occurs. Using
the experimental data, we find that an average shear stress
for the fluid flow between the drops explains the physics of
the coalescence phenomenon. The resultant coalesced drop is
initially asymmetric, and it relaxes towards a symmetric
shape. The experimentally measured position of the center of
mass of the coalesced drop is found to be closer to that of the
larger drop, and the results agree with the theoretical calcu-
lations based on the two-dimensional analysis of drops by
Andrieu et al. [1]. The shape evolution after coalescence is
found to be driven by capillary forces within the drop. The
pressure field within the coalesced drop, calculated from the
curvature profile, the slope angle, and the intermolecular
forces, explains how and why the drop shape evolves after
coalescence.

II. EXPERIMENTAL SETUP AND PROCEDURES

A schematic diagram of the experimental setup is shown
in Fig. 1(a). The experimental cell[13,14,20] consists of a
UV-grade quartz cuvette with inside dimensions of 3 mm
33 mm, outside dimensions 5.5 mm35.5 mm, and length
43 mm. The cuvette is cleaned with the working liquid(2-
propanol from Sigma-Aldrich, Inc., purity 99.8%), dried in
an oven at 150°C for 45 min and partially filled with liquid
inside a controlled environment of nitrogen. The quartz cell
is mounted axially on a copper plate, which is slightly heated
from the bottom by an insulated flexible heater(from Omega
Engineering, Inc.). Vapors of 2-propanol formed inside the
quartz cell condense on the upper surface inside the cell, as it
is at a slightly lower temperature. Since 2-propanol partially
wets the quartz surface above a critical thickness, we observe
dropwise condensation of 2-propanol and the mutual interac-
tion of the drops on the top surface inside the cuvette. The
entire setup is mounted on a microscope stage as shown in

Fig. 1(a). The spreading of the drop results from the com-
bined effects of liquid flow towards the contact line region
due to the pressure gradient within the drop and the phase
change(condensation) process occurring at the liquid-vapor
interface of the drop.

An imaging technique called image analyzing interferom-
etry (IAI ) [12–14,19,21] based on the measured reflectivity
of the liquid film at each pixel location along the entire drop
profile relative to that of the calibrated bare surface(which
corresponds to an adsorbed film thickness equal to zero) is
used to measure the drop shape. Monochromatic lightsl
=543.5 nmd from a Hg arc is used as the light source. Natu-
rally occurring interference fringes result due to the reflec-
tion of light at the liquid-vapor and solid-liquid interfaces as
demonstrated by the optical micrographs presented in Fig. 2.
A charge-coupled-device(CCD) camera is used to capture
the images of the reflectivity pattern of the drops. The cap-
tured images are digitized into 6403480 pixels and assigned
one of 256 possible gray values representing intensity from 0
(black) to 255 (white). We measure the liquid-vapor interfa-
cial profile changes from convex in the thicker portion of the
drop to concave in the thinner portion of the drop. The ex-
perimental technique also demonstrates the presence of a
thin, flat adsorbed film associated with the condensing drops.

Imaging techniques giving fewer details have been used
in the past to observe the interfacial phenomena in various
systems. For example, Wiegandet al. [21] studied the wet-
ting properties of micropatterned surfaces using this tech-
nique, but called it reflection contrast interferometry. Blake
[22] used double-wavelength interferometry to investigate
equilibrium wetting films of alkanes ona-alumina. Wayner
and co-workers[12,13,20,23–29] used ellipsometry and in-
terferometry techniques to study the liquid-vapor interfacial
phenomena during phase change processes in both wetting
and nonwetting systems. Chen and Wada[30] used laser in-
terferometry to investigate microlayer spreading phenomena.

III. DATA ANALYSIS TECHNIQUE

The image analysis technique is described in detail in a
related publication[14]. Only a brief description is given
herein. From each image of the drop, a plot of the pixel gray
value sGd versus pixel positionsxd is extracted. A computer
program scans the reflectivity pattern and calculates a rela-
tive gray value at each pixel position using

Ḡsxd =
Gsxd − Gminsxd

Gmaxsxd − Gminsxd
, s1d

whereGminsxd andGmaxsxd are the interpolatory envelopes to
the various order minima and maxima(constructive and de-
structive fringes). Using the measured gray value of the bare
surface of the cuvette(corresponding to zero film thickness)
for calibration, the thicknesssdd at each pixel location is
obtained from the relative gray value(RL) at that pixel lo-
cation [14] using

RLsxd = ḠsxdfRLmax− RLming + RLmin, s2d
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RL =
a + b cos 2ul

k + b cos 2ul
, s3d

where

ul =
2pnld

l
, a = r1

2 + r2
2, b = 2r1r2,

k = 1 + r1
2r2

2, r1 =
nl − nv

nl + nv
, r2 =

ns − nl

ns + nl
. s4d

Here,nv, ns, andnl are the refractive indices of vapor, solid,
and liquid phases, respectively, andl is the wavelength of
light.

The slopesdd /dxd of the thickness profile(local slope
angle) and the curvaturesKd are obtained at pixel numberp
by fitting a second-order polynomial(coefficient of regres-
sion greater than 0.99) to the thickness at pixel numbersp
−1, p, andp+1. The diameter of a pixel was 0.177mm. The
curvature is calculated using

K =

d2d

dx2

F1 +Sdd

dx
D2G3/2

+

dd

dx

xF1 +Sdd

dx
D2G1/2

. s5d

Thus, the technique successfully measures the film thickness
and evaluates the slope and curvature at every pixel position.
This technique captures the variations of these quantities as a
function of position. All the data of the condensing and coa-
lescing drops are analyzed using this technique. Validation of
the experimental technique is discussed in the Appendix.

The experimental technique presented here is limited to
the measurement of small contact angless,13°d. This also
limits the measurement of the maximum film thickness to
about 4mm. Also, to obtain the reflectivity images, the dif-
ference between the refractive indices of the solid and liquid
should be as high as possible. This is because the contrast of
the reflectivity images is a function of the refractive indices
of the solid and liquid[12].

IV. EXPERIMENTAL OBSERVATIONS

Figures 2(a)–2(d) show the experimentally obtained opti-
cal micrographs of the condensing drops during the coales-
cence process. Figures 2(a) and 2(b) show that the two drops
grow in size due to condensation and approach each other,
still keeping their symmetric shape intact. Figure 2(c) depicts
the merging of the two drops resulting in an elongated asym-
metric drop. The drop shape evolves and eventually becomes
symmetric[Fig. 2(d)].

A. Profiles of the drops before coalescence

Drops of 2-propanol grow symmetrically before coales-
cence. Figure 3 shows the data of the measured base radii
sRd of the two growing drops as a function of time. The data
fit to a straight line with a high degree of accuracy as shown
in Fig. 3. This indicates that the drops grow with constant
spreading velocities before they merge. The spreading ve-
locities of the larger and smaller drops calculated based on
the data presented in Fig. 3 are 0.14 and 0.12mm/s, respec-
tively. Assuming that the drops have a spherical cap shape
before coalescence, Eq.(6) shows that the surface heat flux
sqsurface9 d is proportional to the rate of change of the radius of
the drop:

FIG. 2. Optical micrographs of the condensing drops during the
coalescence process as a function of time.
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qsurface9 ~
volume change rate

surface area
=

2pR2SdR

dt
D

2pR2 =
dR

dt
. s6d

Hence, the surface heat flux for the larger drop is larger
compared to the smaller drop. The difference between the
surface heat fluxes of the smaller and larger drops is related
to the differences in their contact angles and curvatures,
which is discussed below.

The experimentally measured thickness profiles of the
two drops[shown in Fig. 2(b)] before merging are shown in
Fig. 4(a). The profiles are similar on all the sides of the
individual drops, as the drops spread symmetrically before
merging. There is a thin flat film adsorbed between the con-
densing drops. The measured value of the adsorbed film
thickness isd0=5.4±1 nm and is found to be the same for
both the drops. It remains constant as the drops grow and
spread during condensation. The corresponding slope angle
profiles (a measure of the slope of the profile) are shown in
Fig. 4(b). The slope angle(“microscopic varying contact
angle”) is zero in the adsorbed film region for both drops.
The slope angle increases with an increase in the thickness
along the drop profile until it passes through a maximum in
the contact line region and it is zero at the apex of the drop.
If the liquid-vapor interface has constant curvature, the con-
tact angle of a drop can be calculated by fitting the profile of
the drop(before coalescence) with a sphere[31] and calcu-
lating the slope angle by extrapolating the sphere. However,
as is shown from the profiles of the drops in Figs. 4(a) and
4(b), the drop shape is not perfectly spherical. Near the con-
tact line region, the liquid-vapor interface of the drop is con-
cave, and in the thicker portion of the drop, the interface is
convex. Thus, the slope angle of the liquid-vapor interface
continuously changes as the interface merges with the thin
adsorbed flat film on the surface. It has been shown by vari-
ous researchers[32–37] that the apparent contact angle for a
meniscus during phase change cannot be obtained by ex-
trapolation using a constant-curvature model for the inter-
face. For such a case, the “apparent contact angle” is a func-
tion of the film thickness. We also observe this phenomenon
in the case of the condensing drops of 2-propanol on a quartz
surface. Hence we have to define an apparent contact angle
at a specific film thickness[35–37] instead of using an ex-
trapolation technique based on the spherical cap model. For

convenience and consistency herein, the slope angle atd
=0.098mm (zeroth-order interference fringe) is considered
to be the apparent contact angle for the drops[13,20]. The
apparent contact angles for the smaller and the larger drop
are nearly equal(5.3° and 5.6°, respectively). However, the
slope angle at the point of inflection, which signifies the start
of the contact line region, is lower for the smaller drop
s6.6°d than that for the larger drops8.3°d. As demonstrated
in previous models, an apparent contact angle is a function of
the film thickness[16–18,22,32–34] and needs to be care-
fully defined. The current results, which give the measured
angle as a function of thickness, will aid this definition. In
[13] it was found that a higher contact angle gives a higher
spreading velocity. The data presented in Fig. 3 agree with
this hypothesis.

The curvature profiles calculated using the experimental
data and Eq.(5) for the two drops are shown in Fig. 4(c). The
curvature is zero in the adsorbed thin-film region. In the

FIG. 3. Base radii of the condensing drops before
coalescence.

FIG. 4. Film thickness, slope angle, and curvature profiles of the
condensing drops[shown in Fig. 2(b)] before coalescence.
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contact line region, it is positive(concave thickness profile)
and it increases with an increase in the thickness. It passes
through a maximum positive value atd=dmax, and in the
thicker portion of the drop, the curvature is negative(convex
thickness profile). Thus, the profile of the drop changes from
a thin flat film to concavesK.0d and then to a convex
sK,0d profile. The inflection point(maximum positive cur-
vature) represents the interplay between the concave and
convex profiles of the drop. The variation in the curvature in
the contact line region leads to local capillary flow
[16–18,32,36,38]. The curvature atd=0.098mm for the
smaller dropsK=6.843104 m−1d is lower than that for the
larger dropsK=7.973104 m−1d. Thus, even though the ap-
parent contact angle atd=0.098mm is nearly the same for
both the drops, their curvatures(and hence the interfacial
pressure fields for fluid flow) are different. However, the
maximum in curvature for the smaller drop is higher than
that for the larger drop as can be seen from Fig. 4(c). For the
smaller drop, the maximum in curvature occurs at a lower
film thickness compared to the larger drop. Also, the magni-
tude of the negative curvature at the apex is more for the
smaller drops−2.853104 m−1d than that for the larger drop
s−2.223104 m−1d. From Fig. 4(c), at the apex,

Ksmaller drop

Klarger drop
= 1.28, s7d

and from Fig. 3 and Eq.(6),

qsurface, larger drop9

qsurface, smaller drop9
=

SdR

dt
D

larger drop

SdR

dt
D

smaller drop

= 1.17. s8d

Equations(7) and(8) show that the ratio of the curvatures
of the two drops at the apex matches closely with the ratio of
their average surface heat fluxes. Thus, the difference in the
average(negative) curvatures of the drops is related to the
difference in the spreading velocities and the surface heat
fluxes of the two drops. The change in vapor pressure caus-
ing condensation is a function of the change in liquid pres-
sure and temperature at the interface: a decrease in vapor
pressure at the drop interface due to a decrease in the relative
interfacial temperature is partially offset by an increase in
vapor pressure due to curvature at the apex
[12,13,32,37,39–41]. As the magnitude of the negative cur-
vature at the apex of the smaller drop is more than that of the
larger drop, the increase in the interfacial vapor pressure is
more for the smaller drop. Thus, the rate of condensation of
the larger drop is more than that of the smaller drop. Thus,
the experimental technique correctly captures the effect of
curvature on surface heat flux and shows the presence of a
curvature gradient(pressure gradient) for flow within the
condensing drops.

The position of the maximum curvature along the drop
identifies a region in the vicinity of the contact line. For the
two drops before coalescence, the film thickness at which the
maximum curvature occurssdmaxd and the position of the
maximum curvature relative to the center of the dropsymaxd

are plotted in Figs. 5(a) and 5(b), respectively, as a function
of time. Figure 5(a) shows thatdmax for the smaller drop
decreases while that for the larger drop increases as the drops
approach each other. Also, from Fig. 5(b), we see that the
distance of the location of the maximum curvature from the
center of the drop increases for the smaller drop and it de-
creases for the larger drop during condensation as the two
drops approach each other. Thus, the length of the concave
region of the smaller drop decreases, while that for the larger
drop increases as the drops grow due to condensation before
coalescence. These data indicate that the “contact line” of the
smaller drop moves towards that of the larger drop. This is
also shown by the calculations of the free energy change in
the system in a following discussion(Sec. V A). The experi-
mentally obtained profiles of the thickness, slope, and curva-
ture and the presence of the thin adsorbed film and the con-
tact line region in the condensing drops are consistent with
previous modeling results[12,15–18,32].

Since the contact angle of the drop before coalescence
depends on the velocity of the contact line, we can calculate
the line drag coefficientswd from the experimental data[42].
The physical reason for the line drag force is that, during the
motion of the contact line, there is a dissipation of kinetic
energy in the contact line region. We note that the equivalent
drag force in our case is not only the effect of viscous flow in
the contact line region, as is described in[42], but it is a
combined effect of spreading and phase change(condensa-
tion) phenomena.

To calculate the line drag coefficient, we define a dynamic
balance of forces per unit length of the contact line. When

FIG. 5. (a) Film thickness at the location of the maximum cur-
vature for the drops before coalescence as a function of time and(b)
positions of maximum curvaturesymaxd from the center of the two
condensing drops before coalescence as a function of time.
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there is no equivalent drag force, the force balance on a drop
at equilibrium is given by

slv cosu0 + sls = ssv. s9d

Here u0 represents the contact angle of the drop in the ab-
sence of any drag force.slv is the surface tension of the
liquid. Due to an equivalent drag forcesvdd, the force bal-
ance is modified as

slvcosu0 + sls + vd = ssv. s10d

The equivalent drag force is expected to be proportional
to the velocity of the contact line[42] and is defined as

vd = w
dR

dt
. s11d

Here, w is the line drag coefficient. Since the contact line
velocity is positive during condensation, the equivalent drag
force is also positive. From Eqs.(9)–(11),

dR

dt
= −

1

w
slvscosu − cosu0d. s12d

Thus, we can calculate the line drag coefficient from a
plot of the contact line velocity against the contact angle of
the drop. The value of the line drag coefficient calculated
based on the experimental data(before coalescence) is
4025.92 Pa s. Based on this value, the drag forcesvdd is
0.483 mJ/m2. The value of the drag force is two orders of
magnitude less than that of the surface tension force
sslv cosud.

B. Coalesced drop: Initial asymmetry of the shape

The instant the two drops touch each other, the smaller
drop merges into the larger drop because of the difference in
their pressure fields and the resultant drop is asymmetric on
its two sides as shown in Fig. 2(c). We note the higher pres-
sure inside the smaller drop at the apex. The experimentally
obtained thickness profiles on the two sides of the asymmet-
ric drop are shown in Fig. 6(a). The value of the adsorbed
film thickness in the thin-film region of the drop is the same
(d0=5.4 nm as before) on both the sides. Figure 6(b) shows
that the apparent contact angle(at d=0.098mm) is the same
on the two sides of the drop. In Fig. 6(b), this location cor-
responds to the relative distances of 3.7mm for the left edge
and 31.8mm for the right edge of the coalesced drop, respec-
tively. But the maximum in the slope angle is lower at the
receding front(left side) of the drop than that at the station-
ary front (right side). Also from Fig. 6(c), the curvature at
d=0.098mm and in the contact line region(the inflection
point) is lower on the receding front of the drop than that on
the stationary front. The curvature profiles represent the cap-
illary pressure within the liquid drop as modeled by the aug-
mented Young-Laplace equation(e.g., [12–14,16]). The dif-
ference between the capillary pressures on the receding and
the stationary fronts of the coalesced asymmetric drop is the
driving force for the shape evolution towards a symmetric
shape. This is discussed in Sec. V C.

C. Symmetric drop shape

The capillary assisted flow from the receding to the sta-
tionary front of the asymmetric drop continues until the drop
becomes symmetric in shape as shown in Fig. 2(d). The pro-
files of the thickness, the slope angle, and the curvature on
two sides of the symmetric drop are shown in Figs. 7(a),
7(b), and 7(c), respectively. The values of the apparent con-
tact angle, the curvature atd=0.098mm, and also the slope
angle and curvature in the contact line region(inflection
point) become equal on both the sides of the drop. Thus, the
experimental results are consistent with the physical under-
standing of the completion of the evolution process.

D. Drop size and contact angle during shape evolution

Figures 8 and 9 respectively show the experimentally ob-
tained data of the base radius and the contact angle of the

FIG. 6. Film thickness, slope angle, and curvature profiles of the
initially asymmetric coalesced drop[shown in Fig. 2(c)] on two
sides.

GOKHALE et al. PHYSICAL REVIEW E 70, 051610(2004)

051610-6



coalesced drop as a function of time during shape evolution
of the drop. Figure 8 show the lengths of the major and
minor axes of the drop as a function of time, and it show that
the coalesced drop is initially asymmetric. As the shape
evolves due to fluid flow from the receding to the stationary
edge, the length of the major axis decreases, while that of the

minor axis increases. Ultimately the two values become con-
stant as the drop becomes more symmetric in shape. The
corresponding data of the apparent contact angle in Fig. 9
shows that, just after coalescence, the apparent contact angle
at the(receding) left edge is lower than that at the stationary
(right) edge. As the drop shape evolves toward a symmetric
shape due to the capillary flow, the contact angle at the re-
ceding edge increases, while that at the stationary edge de-
creases. Ultimately, the apparent contact angles at both the
edges of the coalesced drop become equal. Thus, the experi-
mental technique provides new details of the dynamics of
various parameters during the drop coalescence process.

V. RESULTS AND DISCUSSIONS

A. Driving force for coalescence: Control volume model

The experimental results can be used to obtain a shape-
dependent interfacial force field potential for flow. We define
a control volume to start at the location of the zeroth dark
fringe sd=0.098mmd of the smaller drop and end at the ze-
roth dark fringe of the larger drop. Based on the force bal-
ance model of Kim and Wayner[36] with negligible disjoin-
ing pressure, the measured interfacial force per unit interline
length of the control volumesFd for liquid flow from the
smaller drop towards the larger drop is given by

F = slvscosu2 − cosu1d + slvdsK2 − K1d. s13d

Here, the subscripts 1 and 2 represent the smaller and larger
drops, respectively,slv is the surface tension of the liquid
sslv=20.93310−3 J/m2d, and u is the apparent contact
angle. The thicknessd is the thickness of the film at the ends
of the control volume whereK and u are measured at the
same values ofd=d1=d2. At d=0.098mm, where disjoining
pressure is negligible, we getF=1.2769310−5 N/m just be-
fore the drops coalesce[for the drops shown in Fig. 2(b)].
The driving force is directed from the smaller drop towards
the larger drop, and it is positive for the experimental data of
the apparent contact angles and the curvatures of the two
drops. This shows the decrease in the interfacial free energy
(per unit area) causing the merger of the smaller drop to-
wards the larger drop. Figure 10 shows the driving force of
coalescence per unit lengthsFd as a function of time as the
two drops coalesce. The change inF before t=33.1 s is
caused by condensation. The data in Fig. 10 show that the
driving force per unit length increases as the drops grow. The

FIG. 7. Film thickness, slope angle, and curvature profiles of the
symmetric coalesced drop[shown in Fig. 2(d)] on two sides.

FIG. 8. Base radius of the coalesced drop during shape evolu-
tion as a function of time.

FIG. 9. Contact angle relaxation of the coalesced drop during
shape evolution as a function of time.
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rate of increase of the driving force for coalescence is higher
when the separation between the drops is the largest, and the
rate decreases as the two drops approach each other and the
separation between them decreases. After the drops coalesce
(t=33.1 s in Fig. 10), the driving force decreases and ulti-
mately it goes to zero as the coalesced drop evolves from an
asymmetric shape into a symmetric shape.

B. Shear stress calculations within each drop just before
coalescence: Control volume model

Kim and Wayner[36], Zhenget al. [43], and Pancham-
gamet al. [44] developed mathematical models to calculate
the average shear stress over a control volume between a
meniscus and a thin, flat adsorbed film for a completely wet-
ting system during evaporation. Using the analysis presented
in Refs.[36,43,44], we calculate the average shear stress due
to fluid flow within a drop for each of the coalescing drops.
We define a control volume of lengthL0r, which can be
varied, to start at the location of the adsorbed thin film thick-
nessd0 and end at a reference film thicknessdr along a drop
for each drop. The average shear stressst0d over this control
volume for an individual drop(just before merging occurs) is
defined using the equation

t0 =
slvscosur + Krdr − 1d + Prdr − P0d0

L0r
. s14d

Here, ur and Kr are the values of the slope angle and
curvature, respectively, at the reference film thicknessdr. In
this equation, the average shear stress exerted by the solid on
the liquid within the drop is assumed to be positive if flow is
away from the adsorbed thin film.

Using the experimental data of the film thickness, curva-
ture, and slope contact angle at every pixel location along the
drops, we calculate the average shear stress over a lengthL0r.
We vary the length of the control volumesL0rd by taking
different pixel locations along the drop profile. Figure 11
shows the calculated data of the average shear stress as a
function of the reference film thicknesssdrd along the indi-
vidual drops just before the coalescence occurs. The results
in Fig. 11 show that for film thicknessdø30 nm, the aver-
age shear stress on the liquid is negative(directed away from
the thin film) and equal for both the smaller and larger drops

because in this region,t0 is mainly dependent on the disjoin-
ing pressure term and the contributions from the curvature
and contact angle terms are negligible. Therefore, flow is
towards the adsorbed thin film in the regiondø30 nm. As
the length of the control volume(or dr) increases,t0 goes
through a maximum positive value(at about 60 nm for the
smaller drop and 155 nm for the larger drop) and then it goes
to a constant negative value for higher values ofdr (constant
convex curvature region). The average stress is positive(di-
rected toward the thin film showing flow away from the ad-
sorbed thin film) for 30 nmødø0.24mm for the smaller
drop and for 30 nmødø0.38mm for the larger drop. The
change in the sign of the average shear stress in this region
indicates that there is a complex flow pattern within the drop
near the contact line region as the drops spread during con-
densation.

A higher value ofdr represents a control volume that en-
compasses a region from the thin adsorbed film to the center
of the drop. The average shear stress for higher values ofdr
is negative, which indicates a net flow away from the center
of the drop as is expected for a spreading drop. From Fig. 11
we see thatt0 for a higher value ofdr is more negative for
the smaller drop compared to the larger drop. This indicates
that there is a potential for net fluid flow from the smaller
drop towards the larger drop before coalescence, which is not
obvious. This flow is governed by the slope angle, curvature,
and disjoining pressure of the two coalescing drops. Thus,
the calculation of the average shear stress gives an enhanced
physical understanding of the spreading and coalescence of
the drops.

C. Driving force for shape evolution

After the drops coalesce, the initial drop is asymmetric in
shape as shown above in the experimental results of Sec.
IV B. We demonstrate that the drop evolves into a symmetric
shape due to capillary flow within the drop. The asymmetry
of the coalesced drop and the kinetics of relaxation of the
drop towards a symmetric shape were studied by Andrieuet
al. [1] and Nikolayev and Beysens[4]. Here, we explain the
observed asymmetry of the coalesced drop and its relaxation
using the curvature gradient and the resulting capillary flow
within the drop as the left side of the coalesced drop recedes
towards the right front.

The curvature profiles represent the capillary pressure
within the liquid drop as modeled by the augmented Young-
Laplace equation(e.g.,[12–14,16])

FIG. 10. Driving force for coalescence per unit lengthsFd as a
function of time. The vertical line represents the time of coales-
cencest=33.1 sd.

FIG. 11. Average shear stressst0d as a function of the reference
film thicknesssdrd along the coalescing drops.
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Pv − Pl = Kslv −
A

6pd3 , s15d

wherePv is the vapor pressure,Pl is the liquid pressure, and
A is the nonretarded Hamaker constant. The value of the
Hamaker constant is calculated to be −5.57310−21 J [14]
based on the refractive indices and the dielectric constants of
the three phases involved. The first term on the right-hand
side of Eq.(15) represents the capillary force while the sec-
ond term represents the dispersion force due to a van der
Waals interaction, which becomes negligibly small for
d.100 nm. Thus, near the inflection point, the main contri-
bution to the liquid pressure within the drop is from the
capillary force. The lower(positive) value of the concave
curvature[shown in Fig. 6(c)] near the contact line region of
the receding front of the drop signifies a higher liquid pres-
sure sPld compared to the stationary front. Thus, there is a
capillary flow of the liquid from the receding front to the
stationary front within the coalesced drop. The driving force
for the shape evolution of the coalesced drop, which is the
difference between the liquid pressures at the left(receding
front) and right edges(stationary front) of the coalesced
drop, calculated using Eq.(15) at the inflection point, is
shown in Fig. 12 as a function of time. The data in Fig. 12
show that the difference in the liquid pressures is maximum
just after the drops coalesce and the shape of the drop is
asymmetric. As the shape of the drop evolves toward a sym-
metric shape, the difference in the liquid pressures, which
causes the shape evolution, decreases. Thus, the driving
force for the liquid flow from the receding front toward the
stationary front decreases as the asymmetry in the shape of
the coalesced drop decreases. Ultimately the liquid pressures
on both the sides of the coalesced drop become equal when
the coalesced drop evolves into a symmetric shape. Thus, the
evaluated pressure field is consistent with the shape evolu-
tion of the coalesced drop.

D. Center-of-mass calculations

The experimental data is also used to analyze the posi-
tions of the center of mass of the drops during the coales-
cence process. The positions of the center of mass of the two
drops before coalescence are calculated based on the experi-
mental data of the contact area of the drops. The centers of

mass of the two drops do not move before coalescence. For
the coalesced drop, the position of the center of masssX3,Y3d
is calculated using Eqs.(16) and(17), which are based on the
two-dimensional formulation of Andrieuet al. [1]:

X3 =
X1R1

3 + X2R2
3

R1
3 + R2

3 , s16d

Y3 =
Y1R1

3 + Y2R2
3

R1
3 + R2

3 , s17d

whereX, Y, andR are the coordinates and radii of the smaller
drop (subscript 1) and the larger(subscript 2) drop.

Figures 13(a) and 13(b) show the positions ofX and Y
coordinates of the center of mass of the two drops before
coalescence and also those of the coalesced drop as a func-
tion of time. The points in Fig. 13 show the experimentally
obtained positions of the center of mass, and the lines show
the positions calculated based on Eqs.(16) and (17). Figure
13 shows that the experimental data closely agree with the
calculations based on Eqs.(16) and (17). Also, the position
of the center of mass of the coalesced drop is closer to that of

FIG. 12. Difference between the liquid pressures on the two
sides of the coalesced drop during shape evolution as a function of
time.

FIG. 13. (a) Pixel position of theX coordinate of the center of
mass. The straight line shows the value calculated using Eq.(16).
The pixel position of 0 corresponds to the position of theX coordi-
nate of the smaller drop.(b) Pixel position of theY coordinate of
the center of mass. The straight line shows the value calculated
using Eq.(17). The pixel position of 0 corresponds to the position
of the Y coordinate of the smaller drop.
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the larger drop. This is consistent with the experimental ob-
servation that the smaller drop merges toward the larger
drop. This was also shown by the force balance calculations
[Eq. (13)] based on the experimentally obtained interfacial
parameters, which showed that the liquid from the smaller
drop flows toward the larger drop.

E. Generality of the mechanisms

The coalescence phenomena and the dynamics of various
parameters(thickness profile, slope angle, curvature profile,
and positions of the center of mass) during coalescence, re-
ported here, are applicable to small contact angle systems.
Also, the results reported in the paper are for a pure liquid,
2-propanol. Following are some of the factors, which would
alter the spreading and coalescence mechanisms.

(a) The presence of a surfactant(or another component in
the liquid) would create a surface tension gradient, and the
results would be different. In the case of surfactant drops, the
contact angle would not remain constant during the growth
of the drops. This work is currently in progress.

(b) If the surface has defects, the contact line is pinned in
a metastable state. Therefore, relaxation of drops is more
rapid than that on an ideally clean surface[4].

(c) (For drops having higher contact angles, the relax-
ation time would be shorter. In general, as the contact angle
increases, the relaxation time of the coalesced drop decreases
[1,4]. This is because the driving force for relaxation in-
creases with an increase in the contact angle.

(d) The coalescence phenomena and coalescence time are
functions of thepH of the liquid. The presence of the elec-
trostatic double-layer forces alters the van der Waals forces
on the thin film between the drops and hence the coalescence
time [5,6]. But this is not an issue for a pure organic liquid
(2-propanol) studied here.

(e) The coalescence time and the relaxation time of the
coalesced drop depend on the initial kinetic energy given to
the drop [45]. This depends on the manner in which the
drops are made to coalesce. For example, syringe deposition
of drops induces oscillations of the drops. In[45], the coa-
lescence between two drops deposited close to each other
occurs when a small drop is deposited on the top of one of

the drops. Strong oscillations of the liquid-vapor interface of
the composite drop occur due to the impact with the newly
added drop. Due to the oscillations, the drop surface pulls the
contact line, which accelerates its motion. However, the drop
oscillations are not observed for the case of coalescence dur-
ing condensation[45]. This is also the case in our experi-
ments, as the drops coalesce due to spreading induced by
condensation.

VI. CONCLUSIONS

The details of the growth and coalescence of two con-
densing drops of 2-propanol are obtained experimentally by
measuring the evolution of the thickness profiles. The results
show the presence of a thin flat film adjacent to the condens-
ing drops, and the adsorbed film thickness is found to be
constant and independent of the point of measurement. Even
though the apparent contact angle at the film thicknessd
=0.098mm is nearly the same for both drops before coales-
cence, their curvatures(and hence the interfacial pressure
fields) are different. The centers of mass of the two drops do
not move before coalescence. The pressure field indicates
that there are complex flow patterns in the flow field. We
measure the details of the drop coalescence process and
show that liquid flow from the smaller drop towards the
larger drop is due to the difference in their shape-dependent
pressure fields. This was also shown by the calculation of the
evolution of the center of mass of the two coalescing drops.
The curvature and its gradient describe the process more
completely than only the average curvature and the contact
angle.

The asymmetric coalesced drop self-adjusts and evolves
into a symmetric shape due to the capillary flow within the
drop. The calculated pressure field in the coalesced, asym-
metric drop is consistent with the required capillary assisted
flow from the receding to the stationary front of the asym-
metric drop, until it becomes symmetric. Using a control
volume model the calculation of the shear stress also ex-
plains the physics of fluid flow during coalescence. The ex-
perimental results give new insights into the phenomenon of
coalescence of drops and explain the significance of the cap-
illary pressure gradient in the contact line region in govern-
ing the process.

FIG. 14. Thickness profiles of the concave region of a drop of
polydimethylsiloxane(PDMS) on a glass surface obtained from the
reflectivity technique and profilometry. The maximum error be-
tween the thicknesses obtained from the two measurements is 6%.

FIG. 15. Profile of a PDMS drop on a glass surface obtained
with profilometry up to a region near the center of the drop. The
solid line is a guide for the eye.
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APPENDIX: TECHNIQUE VALIDATION

To validate the accuracy of the measurement of the pro-
files, we deposited a drop of a polymer, polydimethysiloxane
(PDMS) (Sylgard 184 from Dow Corning) on a clean micro-
scope glass slide with a micropipette. The polymer drop was
cured by heating the sample to 60 °C for 3 h in an oven. The
drop solidified after curing. The profile of the drop was then
measured using the reflectivity technique described in the
paper. Since the drop had a large diameters3000mmd, we
could analyze only the concave region of the drop(up to d
=1 mm) with our technique. This is because the separation
between the interference fringes decreases as the profile be-
comes steep. The same drop was then analyzed with a pro-
filometer (Alpha Step 200 from Tencor). The thickness pro-

files of the drop obtained from the profilometer and the
reflectivity technique are presented in Fig. 14. Figure 14
clearly shows that the experimental thickness profile ob-
tained from the reflectivity analysis agrees with the data ob-
tained from the profilometry measurements. The maximum
error between the thicknesses obtained from the two mea-
surements is 6% in the thicker regionsd=1000 nmd. Also,
the contact angle of the drop of PDMS on the glass surface
obtained from the reflectivity analysiss1.8°d is very close to
that obtained from the profilometry datas1.7°d. Thus, the
experimental technique based on the reflectivity analysis ac-
curately measures the profiles of the drops. Figure 15 shows
the profile of the PDMS drop obtained with profilometry up
to a region near the center of the drop. Figure 15 clearly
shows the transition from concave to convex shape of the
drop, which is also observed in our results of the condensing
drops (Fig. 4) of 2-propanol on a quartz surface. Thus, the
results from the profilometry measurements also validate the
presence of both concave and convex regions in the profile
of a drop having a small contact angle.
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