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Reflectivity-based evaluation of the coalescence of two condensing drops and shape evolution
of the coalesced drop
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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 adsorbed flat film ofh-propyl alcohol became unstable at the
The coalescence of drops is fundamental to the under}sa\egg\rlgt'mspt?::ltkigsﬂlrtr;];h'C\Il(ig\?vsesdofrﬁgfég)g\:vn;tg};,?fnn;l"
standing of a wide range of applications such as ink jet Iorint_adsorbed layer Theréforey the adsorption isotherpm near the
ing, emulsion formation, oil recovery, polymer blending, yer. ' b

phase change heat transfer in dropwise condensation, etscgturatlon point is very complex for a polar fluidll]. The

Previous studies of this subject have mainly analyzed thémportant process of dropwise condensation occurs in this

X ; ; region of the adsorption isotherm. The macroscopic observa-
dynamics and external flow fields during coalescefiee], . ) X
draining of the thin film between the drops and the role oft|ons of the condensing drops and the associated adsorbed

intermolecular interactionp4—9], and the kinetics of relax-
ation of the drop[1,2,10. Andrieuet al. [1] experimentally

observed the coalescence of water drops on a silane-modified

CCD

glass surface and explained the observed relaxation time of t camera

the drops using a model based on the phase change near the Image processing

contact line region. Menchaca-Rochaal. [2] analyzed the compucr Microscope
effect of surface tension on the coalescence of mercury drops Quartz cuvette

and compared their results with numerical calculations based Copper plate L Insulation heater

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 Papadopoulf#], 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 systerfFig. 1(a)], two drops of a
partially wetting fluid(2-propano) grow on a quartz surface
during condensation and coalesce when they touch. A sche-
matic of a drop is sketched in Fig(l). In a 1957 seminal
paper, Derjaguin and Zorifill] demonstrated that a thin

Glass support T Microscope stage
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the dr
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FIG. 1. (a) Schematic drawing of the experimental setp.
Schematic drawing of the cross section of a dréps the film
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thickness along the profile of the drop, afifis the thickness of the

TEAX: 518-276-4030. Electronic mail: wayner@rpi.edu flat adsorbed film adjacent to the drop.
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thin film reported herein are consistent with the work byFig. 1(a). The spreading of the drop results from the com-
Derjaguin and Zorir{11]. bined effects of liquid flow towards the contact line region
We measure the microscopic details of the defining chardue to the pressure gradient within the drop and the phase
acteristics(thickness profile and surrounding adsorbed filmchange(condensationprocess occurring at the liquid-vapor
thickness$ of the condensing drops. We study the growth andinterface of the drop.
coalescence of these microdewdrops using high-resolution An imaging technique called image analyzing interferom-
microinterferometry and an improved data analysis techetry (IAl) [12—-14,19,2]1 based on the measured reflectivity
nique. There is a lack of experimental data concerning thesef the liquid film at each pixel location along the entire drop
details. An image analyzing technique based on the analysjzrofile relative to that of the calibrated bare surf@adich
of the reflectivity profile§12—-14 is used to obtain the pro- corresponds to an adsorbed film thickness equal to)Zero
files of the thickness, slope, and curvature of these dropsised to measure the drop shape. Monochromatic light
including the profiles in the contact line region. The results=543.5 nm from a Hg arc is used as the light source. Natu-
indicate that the slope angle, curvature, and curvature gradially occurring interference fringes result due to the reflec-
ent govern the pressure fields in the coalescing drops. Alion of light at the liquid-vapor and solid-liquid interfaces as
though the contact line region was theoretically shown tademonstrated by the optical micrographs presented in Fig. 2.
govern the spreading of drops previougljp—19, to the au- A charge-coupled-devic€CCD) camera is used to capture
thors’ knowledge, there is no previous experimental study othe images of the reflectivity pattern of the drops. The cap-
the effects of the microscopic details of the shape profiles inured images are digitized into 640480 pixels and assigned
the contact line region on the coalescence of two dropsone of 256 possible gray values representing intensity from 0
Based on the experimental results, we calculate the drivingblack) to 255 (white). We measure the liquid-vapor interfa-
force and the decrease in the interfacial free energy, whickial profile changes from convex in the thicker portion of the
causes the coalescence process. The experimentally obtaing@p to concave in the thinner portion of the drop. The ex-
contact line velocity during spreading, the slope an@e perimental technique also demonstrates the presence of a
measure of the apparent contact angle of the drapd the  thin, flat adsorbed film associated with the condensing drops.
curvature profiles explain how the coalescence occurs. Using Imaging techniques giving fewer details have been used
the experimental data, we find that an average shear stregsthe past to observe the interfacial phenomena in various
for the fluid flow between the drops explains the physics ofsystems. For example, Wiegaed al. [21] studied the wet-
the coalescence phenomenon. The resultant coalesced dropiisy properties of micropatterned surfaces using this tech-
initially asymmetric, and it relaxes towards a symmetricnique, but called it reflection contrast interferometry. Blake
shape. The experimentally measured position of the center ¢92] used double-wavelength interferometry to investigate
mass of the coalesced drop is found to be closer to that of thequilibrium wetting films of alkanes om-alumina. Wayner
larger drop, and the results agree with the theoretical calcuand co-workerg12,13,20,23-2Ppused ellipsometry and in-
lations based on the two-dimensional analysis of drops byerferometry techniques to study the liquid-vapor interfacial
Andrieu et al. [1]. The shape evolution after coalescence isphenomena during phase change processes in both wetting
found to be driven by capillary forces within the drop. The and nonwetting systems. Chen and W4§8@] used laser in-
pressure field within the coalesced drop, calculated from theerferometry to investigate microlayer spreading phenomena.
curvature profile, the slope angle, and the intermolecular

forces, explains how and why the drop shape evolves after
coalescence. I1l. DATA ANALYSIS TECHNIQUE

The image analysis technique is described in detail in a

Il. EXPERIMENTAL SETUP AND PROCEDURES related publication[14]. Only a brief description is given
o ) ) herein. From each image of the drop, a plot of the pixel gray

A schematic diagram of the experimental setup is showRygjye (G) versus pixel positiorx) is extracted. A computer

in Fig. 1(a). The experimental cell13,14,2Q consists of a  program scans the reflectivity pattern and calculates a rela-
UV-grade quartz cuvette with inside dimensions of 3 mmy;e gray value at each pixel position using

X 3 mm, outside dimensions 5.5 mxb.5 mm, and length

43 mm. The cuvette is cleaned with the working liquitt _ ..

. . , AT G(X) = Gin(X)
propanol from Sigma-Aldrich, Inc., purity 99.8%dried in G(x) = G G , (1)
an oven at 150°C for 45 min and partially filled with liquid max(X) ~ Grmin(X)

inside a controlled environment of nitrogen. The quartz cell
is mounted axially on a copper plate, which is slightly heate
from the bottom by an insulated flexible heatigom Omega

hereG,,n(x) andG,,,{x) are the interpolatory envelopes to
the various order minima and maxinmeonstructive and de-
structive fringes Using the measured gray value of the bare

Engineering, Ing. Vapors of 2-propanol formed inside the ; £ th di film thick
quartz cell condense on the upper surface inside the cell, asjpirtace of the cuvette;orrespon Ing to zero film thicl ness
for calibration, the thicknes$s) at each pixel location is

is at a slightly lower temperature. Since 2-propanol partially o f h lati | hat pixel |
wets the quartz surface above a critical thickness, we obsenfPtained from the relative gray valu&L) at that pixel lo-

dropwise condensation of 2-propanol and the mutual interacction[14] using
tion of the drops on the top surface inside the cuvette. The _
entire setup is mounted on a microscope stage as shown in RL(X) = G(X)[RLmax= RLmin] + RLin» (2

051610-2



REFLECTIVITY-BASED EVALUATION OF THE ...

PHYSICAL REVIEW E 70, 051610(2004)

n-n Ns—n
k=1+1%2 rj=——2 r,=—=—1 (4)
n|+nv n$+n|

Here,n,, ng, andn, are the refractive indices of vapor, solid,
and liquid phases, respectively, ands the wavelength of
light.

The slope(dé/dx) of the thickness profilglocal slope
angle and the curvaturéK) are obtained at pixel number
by fitting a second-order polynomigtoefficient of regres-
sion greater than 0.990 the thickness at pixel numbeps
-1, p, andp+1. The diameter of a pixel was 0.17m. The
curvature is calculated using

d?s ds

dx? dx

IEEIREE

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 angle<3°). This also
limits the measurement of the maximum film thickness to
about 4um. 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 liquid12].

(5

IV. EXPERIMENTAL OBSERVATIONS

Figures 2a)-2(d) show the experimentally obtained opti-
cal micrographs of the condensing drops during the coales-
cence process. Figureg?and 2b) show that the two drops
grow in size due to condensation and approach each other,
still keeping their symmetric shape intact. Figu(e)2lepicts
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-

FIG. 2. Optical micrographs of the condensing drops during thegence. Figure 3 shows the data of the measured base radii

coalescence process as a function of time.

a+ B cos 2
RL=——"——,
K+ B cos 2
where
2’7Tn|5 2 2
0|=—)\ ,oa=ri+rs, B=2rq0,,

)

(R) 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 @.4@s, respec-
tively. Assuming that the drops have a spherical cap shape
before coalescence, E() shows that the surface heat flux
(Qeurtacd is proportional to the rate of change of the radius of

the drop:
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FIG. 3. Base radii of the condensing drops before (@)
coalescence. 0
‘@ o gmaller drop
27TR2<d—R> % 8 r 4 larger drop
Y volume change rate dt dR ©) %,; 6 o B
oC = = . 0D 4511
surface surface area 27R? dt g4
B 2
Hence, the surface heat flux for the larger drop is larger Z 0
compared to the smaller drop. The difference between the
surface heat fluxes of the smaller and larger drops is related ”msgm g,,mtf,e wfter nlfseadllg
to the differences in their contact angles and curvatures, drop (um)
which is discussed below. (b)
The experimentally measured thickness profiles of the
two drops[shown in Fig. 2b)] before merging are shown in 120
Fig. 4@). The profiles are similar on all the sides of the 100 | © smaller drop g
individual drops, as the drops spread symmetrically before <gp | Alargerdrop o
merging. There is a thin flat film adsorbed between the con- E 60 k °
densing drops. The measured value of the adsorbed film a0 F

both the drops. It remains constant as the drops grow and
spread during condensation. The corresponding slope angle

Q
thickness is6y=5.4+1 nm and is found to be the same for Ezu R
]

profiles (a measure of the slope of the profikre shown in ig i

Fig. 4b). The slope anglg“microscopic varying contact Distance from the center of each
angle’ is zero in the adsorbed film region for both drops. drop (pm)

The slope angle increases with an increase in the thickness (c)

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. FIG. 4. Film thickness, slope angle, and curvature profiles of the
If the liquid-vapor interface has constant curvature, the concondensing dropgshown in Fig. 2b)] before coalescence.

tact angle of a drop can be calculated by fitting the profile of

the drop(before coalescengeavith a spherd31] and calcu- convenience and consistency herein, the slope anglé at
lating the slope angle by extrapolating the sphere. However 0.098 um (zeroth-order interference fringés considered

as is shown from the profiles of the drops in Fig&a)dand  to be the apparent contact angle for the drf3,2d. The
4(b), the drop shape is not perfectly spherical. Near the conapparent contact angles for the smaller and the larger drop
tact line region, the liquid-vapor interface of the drop is con-are nearly equal5.3° and 5.6°, respectivelyHowever, the
cave, and in the thicker portion of the drop, the interface isslope angle at the point of inflection, which signifies the start
convex. Thus, the slope angle of the liquid-vapor interfaceof the contact line region, is lower for the smaller drop
continuously changes as the interface merges with the thif6.6°) than that for the larger drof8.3°). As demonstrated
adsorbed flat film on the surface. It has been shown by varin previous models, an apparent contact angle is a function of
ous researchel82-37 that the apparent contact angle for athe film thicknesg16-18,22,32—-34and needs to be care-
meniscus during phase change cannot be obtained by efully defined. The current results, which give the measured
trapolation using a constant-curvature model for the interangle as a function of thickness, will aid this definition. In
face. For such a case, the “apparent contact angle” is a fun¢43] it was found that a higher contact angle gives a higher
tion of the film thickness. We also observe this phenomenospreading velocity. The data presented in Fig. 3 agree with
in the case of the condensing drops of 2-propanol on a quarthis hypothesis.

surface. Hence we have to define an apparent contact angle The curvature profiles calculated using the experimental
at a specific film thicknesf35-37 instead of using an ex- data and Eq(5) for the two drops are shown in Fig(e}. The
trapolation technique based on the spherical cap model. Faurvature is zero in the adsorbed thin-film region. In the
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contact line region, it is positiveconcave thickness profijle
and it increases with an increase in the thickness. It passes
through a maximum positive value @= 4, and in the
thicker portion of the drop, the curvature is negatigenvex
thickness profilg Thus, the profile of the drop changes from
a thin flat film to concavegK>0) and then to a convex
(K<0) profile. The inflection poinfmaximum positive cur-
vature represents the interplay between the concave and
convex profiles of the drop. The variation in the curvature in 30 . .
the contact line region leads to local capillary flow 20 25 Time (5)°° 35
[16-18,32,36,3B The curvature at6=0.098um for the
smaller drop(K=6.84x10* m™) is lower than that for the
larger drop(K=7.97x 10* m™1). Thus, even though the ap- 15.5
parent contact angle &t=0.098 um is nearly the same for -
both the drops, their curvaturéand hence the interfacial i
pressure fields for fluid floyvare different. However, the E
o
-9

< smaller drop
O larger drop

=
(=]

(

h
(=]

& at maximum curvature
Tum,
nm)
[—]

maximum in curvature for the smaller drop is higher than
that for the larger drop as can be seen from F{g).4or 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 115
smaller drop(-2.85x 10* m™) than that for the larger drop

(-2.22x 10* m™). From Fig. 4c), at the apex,

< smaller drop
O larger drop

20 35

2 Time ()

Ksmaller drop
=128, (@) FIG. 5. (a) Film thickness at the location of the maximum cur-
vature for the drops before coalescence as a function of timémand
and from Fig. 3 and Eq6), positions of maximum curvatur@/,,,) from the center of the two

condensing drops before coalescence as a function of time.

KIarger drop

dR
q. (a) are plotted in Figs. @) and %b), respectively, as a function
surface larger drop _ = larger drop _ 4 47 (8)  of time. Figure %a) shows thatdy, for the smaller drop

) decreases while that for the larger drop increases as the drops
dt / smater drop approach each other. Also, from Figlbh we see that the
distance of the location of the maximum curvature from the
Equationg7) and(8) show that the ratio of the curvatures center of the drop increases for the smaller drop and it de-
of the two drops at the apex matches closely with the ratio otreases for the larger drop during condensation as the two
their average surface heat fluxes. Thus, the difference in thérops approach each other. Thus, the length of the concave
average(negative curvatures of the drops is related to the region of the smaller drop decreases, while that for the larger
difference in the spreading velocities and the surface heatrop increases as the drops grow due to condensation before
fluxes of the two drops. The change in vapor pressure caugoalescence. These data indicate that the “contact line” of the
ing condensation is a function of the change in liquid pressmaller drop moves towards that of the larger drop. This is
sure and temperature at the interface: a decrease in vapalso shown by the calculations of the free energy change in
pressure at the drop interface due to a decrease in the relatitiee system in a following discussig8ec. V A). The experi-
interfacial temperature is partially offset by an increase inmentally obtained profiles of the thickness, slope, and curva-
vapor pressure due to curvature at the apexure and the presence of the thin adsorbed film and the con-
[12,13,32,37,39—-41As the magnitude of the negative cur- tact line region in the condensing drops are consistent with
vature at the apex of the smaller drop is more than that of therevious modeling resultgl2,15-18,32
larger drop, the increase in the interfacial vapor pressure is Since the contact angle of the drop before coalescence
more for the smaller drop. Thus, the rate of condensation oflepends on the velocity of the contact line, we can calculate
the larger drop is more than that of the smaller drop. Thusthe line drag coefficiente) from the experimental daf@2].
the experimental technique correctly captures the effect ofhe physical reason for the line drag force is that, during the
curvature on surface heat flux and shows the presence ofraction of the contact line, there is a dissipation of kinetic
curvature gradien{pressure gradientfor flow within the  energy in the contact line region. We note that the equivalent
condensing drops. drag force in our case is not only the effect of viscous flow in
The position of the maximum curvature along the dropthe contact line region, as is described[#2], but it is a
identifies a region in the vicinity of the contact line. For the combined effect of spreading and phase chamgadensa-
two drops before coalescence, the film thickness at which th#on) phenomena.
maximum curvature occurédy,,) and the position of the To calculate the line drag coefficient, we define a dynamic
maximum curvature relative to the center of the dfgp,,) balance of forces per unit length of the contact line. When

" -
qsurface smaller drop
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there is no equivalent drag force, the force balance on a drop 1.0
at equilibrium is given by Eus |
o
0y, COS Oy + s = T, . (9 gu_ﬁ 5
Here 6, represents the contact angle of the drop in the ab- E”-“ 5
sence of any drag forcer, is the surface tension of the g ° left edge
liquid. Due to an equivalent drag fordey), the force bal- 0.2 4 right edge
ance is modified as 00 et .
01,C0S Oy + 015 + wy = T, (10 0 Dismgme Allnsng thg3Drop 3(|Uun) 7
The equivalent drag force is expected to be proportional @)
to the velocity of the contact ling42] and is defined as 3
dr 8 o left edge
“’d = QDE . (11) gbﬁ B dSO A nght edge %“
<. Lo g oo
Here, ¢ is the line drag coefficient. Since the contact line B [o £ 4
velocity is positive during condensation, the equivalent drag g o FoA
force is also positive. From Eq&)—(11), 5-2 -Oo B
w [=] A
dR_ 1 0 &S—— :
g gowlcosd-cosdy). (12 0 8 15 23 3
t ¢ Distance Along the Drop (pm)
Thus, we can calculate the line drag coefficient from a (b)
plot of the contact line velocity against the contact angle of 100
the drop. The value of the line drag coefficient calculated
based on the experimental dathefore coalescengeis <80 r o left edge ﬁ
4025.92 Pa s. Based on this value, the drag fdieg is Eﬁu -% & right edge 4
0.483 mJ/m. The value of the drag force is two orders of 240 ko2 g &
magnitude less than that of the surface tension force g o % 4
(g}, COS ). R
(] 0 - 2 1 1  ——
B C R a0 b u"ﬂjm} B
. Coalesced drop: Initial asymmetry of the shape
The instant the two drops touch each other, the smaller 40 Distance Along the Drop (jm)
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(@. We note the higher pres- FIG. 6. Film thickness, slope angle, and curvature profiles of the

sure inside the smaller drop at the apex. The experimentallyitially asymmetric coalesced drofshown in Fig. 2c)] on two
obtained thickness profiles on the two sides of the asymmesides.

ric drop are shown in Fig.(®). The value of the adsorbed

film thickness in the thin-film region of the drop is the same C. Symmetric drop shape

(8=5.4 nm as befopeon both the sides. Figurgl® shows
that the apparent contact ang 6=0.098 um) is the same
on the two sides of the drop. In Fig(l§, this location cor-
responds to the relative distances of am for the left edge
and 31.8um for the right edge of the coalesced drop, respec
tively. But the maximum in the slope angle is lower at the

receding frontleft side) of the drop than that at the station-
ary front (right side. Also from Fig. &c), the curvature at tact angle, the curvature @&=0.098um, and also the slope

5=0.098um and in the contact line regiofthe inflection angle and curvature in the contact line regionflection
point) is lower on the receding front of the drop than that onP0iNY become equal on both the sides of the drop. Thus, the

the stationary front. The curvature profiles represent the cagXPerimental results are consistent with the physical under-

illary pressure within the liquid drop as modeled by the aug-Standing of the completion of the evolution process.

mented Young-Laplace equatide.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 Figures 8 and 9 respectively show the experimentally ob-
shape. This is discussed in Sec. V C. tained data of the base radius and the contact angle of the

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 Fid).ZI'he pro-
files of the thickness, the slope angle, and the curvature on
two sides of the symmetric drop are shown in Fig&),7
7(b), and 7c), respectively. The values of the apparent con-

D. Drop size and contact angle during shape evolution

051610-6



REFLECTIVITY-BASED EVALUATION OF THE ...

1.0
Bos |
G
w
0.6 |
%IH
E ‘ o left edge
=50.2 A right edge
=
0.0
0_ .5 10 15 20 25 30 35
Distance Along the Drop (Lm)
(a)
8
®e b % o left edge 4
o & g arightedge %
il Q
@S5 F o A
g5 84 .
5 3 F°
a o
-]
w2 F g
[u]
U b CL 1 1 1 1 1 L
0 5 10 15 20 25 30 35
Distance Along the Drop (Lm)
(b)
80 I
[u=]
~60 F o © left edge

(©)

FIG. 7. Film thickness, slope angle, and curvature profiles of th
symmetric coalesced drgghown in Fig. 2d)] on two sides.

2 A
%% 4 right edge gn
£a
A
A
A
A

&

A
- SMWU i

Distance Along the Drop (pm)

€

PHYSICAL REVIEW E 70, 051610(2004)

8.5
_— <>
Q
ﬁ?.s - '3
g RO S S
%6.5 - A
A

gss | a 4 Left Edge
g o Right Edge
O4s L L L

BB e ¥4

FIG. 9. Contact angle relaxation of the coalesced drop during
shape evolution as a function of time.

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 (6=0.098 um) 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 Wayn¢B6] with negligible disjoin-
ing pressure, the measured interfacial force per unit interline
length of the control voluméF) for liquid flow from the
smaller drop towards the larger drop is given by

F = 0y,(cos 6, - cos 6;) + g,8(K, — Ky). (13

coalesced drop as a function of time during shape evolution

of the drop. Figure 8 show the lengths of the major andHere, the subscripts 1 and 2 represent the smaller and larger
minor axes of the drop as a function of time, and it show thadrops, respectivelyg,, is the surface tension of the liquid
the coalesced drop is initially asymmetric. As the shapdo;,=20.93<107J/n?), and 6 is the apparent contact
evolves due to fluid flow from the receding to the stationaryangle. The thicknesé is the thickness of the film at the ends
edge, the length of the major axis decreases, while that of thef the control volume wher& and 6 are measured at the

28
B2
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2

20
% 18
@ 16
é 14

¢ © major axis
o A minor axis
_%OOO S OO e

| AA A4
aar %

- £

33 35
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same values 0d=6,=5,. At 6=0.098 um, where disjoining
pressure is negligible, we gEt=1.2769x 10° N/m just be-

fore the drops coalesddor the drops shown in Fig.(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 arep causing the merger of the smaller drop to-
wards the larger drop. Figure 10 shows the driving force of
coalescence per unit lengtR) as a function of time as the
two drops coalesce. The change fnbeforet=33.1s is

FIG. 8. Base radius of the coalesced drop during shape evolucaused by condensation. The data in Fig. 10 show that the

tion as a function

of time.

driving force per unit length increases as the drops grow. The
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. ) FIG. 11. Average shear stregg) as a function of the reference
FIG. 10. Driving force for coalescence per unit lengf) as a film thickness(s,) along the coalescing drops.

function of time. The vertical line represents the time of coales-
cence(t=33.1 9. because in this regiomny is mainly dependent on the disjoin-
ing pressure term and the contributions from the curvature
rate of increase of the driving force for coalescence is highe@nd contact angle terms are negligible. Therefore, flow is
when the separation between the drops is the largest, and tkewards the adsorbed thin film in the regidss 30 nm. As
rate decreases as the two drops approach each other and the length of the control volumeor &) increases;ry goes
separation between them decreases. After the drops coalegbgough a maximum positive valug@t about 60 nm for the
(t=33.1 s in Fig. 10 the driving force decreases and ulti- smaller drop and 155 nm for the larger dy@md then it goes
mately it goes to zero as the coalesced drop evolves from & a constant negative value for higher valuesiofconstant
asymmetric shape into a symmetric shape. convex curvature regionThe average stress is positige-
rected toward the thin film showing flow away from the ad-
sorbed thin film for 30 nm= §<0.24 um for the smaller
B. Shear stress calculations within each drop just before drop and for 30 nns §<0.38 um for the larger drop. The
coalescence: Control volume model change in the sign of the average shear stress in this region
Kim and Wayner{36], Zhenget al. [43], and Pancham- indicates that ther_e isa c_omplex flow pattern within th_e drop
gamet al. [44] developed mathematical models to calculateN€@r the contact line region as the drops spread during con-
the average shear stress over a control volume betweendgnsation.
meniscus and a thin, flat adsorbed film for a completely wet- A higher value ofé; represents a control volume that en-
ting system during evaporation. Using the analysis presentet?Mpasses a region from the thin adsorbed film to the center

in Refs.[36,43,44, we calculate the average shear stress du@f the drop. The average shear stress for higher valug of
to fluid flow within a drop for each of the coalescing drops. IS Negative, which indicates a net flow away from the center

We define a control volume of lengthy,, which can be of the drop as is exp(_—:'cted for asprea_tding drop. From Fig. 11
varied, to start at the location of the adsorbed thin film thick-We See thatr for a higher value of5; is more negative for
nessd, and end at a reference film thicknessalong a drop the smaller drop compared to the larger drop. This indicates
for each drop. The average shear stiegsover this control that there is a potential for net fluid flow from the smaller

volume for an individual dropjust before merging occurs drop toward.s the Iqrger drop before coalescence, which is not
defined using the equation obvious. This flow is governed by the slope angle, curvature,

and disjoining pressure of the two coalescing drops. Thus,

_op,(cos b +K 5 — 1) +11,6, - 16, the calculation of the average shear stress gives an enhanced
To= Lor . (14) physical understanding of the spreading and coalescence of
the drops.
Here, 6, and K, are the values of the slope angle and
curvature, respectively, at the reference film thickngssn C. Driving force for shape evolution

this equation, the average shear stress exerted by the solid on After the drops coalesce, the initial drop is asymmetric in
the liquid within the drop is assumed to be positive if flow is shape as shown above in the experimental results of Sec.
away from the adsorbed thin film. IV B. We demonstrate that the drop evolves into a symmetric
Using the experimental data of the film thickness, curvashape due to capillary flow within the drop. The asymmetry
ture, and slope contact angle at every pixel location along thef the coalesced drop and the kinetics of relaxation of the
drops, we calculate the average shear stress over a leggth drop towards a symmetric shape were studied by Andzieu
We vary the length of the control volumi,) by taking  al. [1] and Nikolayev and Beyserig]. Here, we explain the
different pixel locations along the drop profile. Figure 11 observed asymmetry of the coalesced drop and its relaxation
shows the calculated data of the average shear stress asising the curvature gradient and the resulting capillary flow
function of the reference film thickne$s,) along the indi-  within the drop as the left side of the coalesced drop recedes
vidual drops just before the coalescence occurs. The resultswards the right front.
in Fig. 11 show that for film thicknes8<30 nm, the aver- The curvature profiles represent the capillary pressure
age shear stress on the liquid is negatilieected away from  within the liquid drop as modeled by the augmented Young-
the thin film) and equal for both the smaller and larger dropsLaplace equatiore.g.,[12—-14,16)
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FIG. 12. Difference between the liquid pressures on the two
sides of the coalesced drop during shape evolution as a function of 14
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whereP, is the vapor pressur®, is the liquid pressure, and S gf:fl:g:;pdmp
A is the nonretarded Hamaker constant. The value of the m2r ¢
u c Il Ic r Il

Hamaker constant is calculated to be —5&M0 21 J [14]
based on the refractive indices and the dielectric constants of 20 23 Timg?s) 33 40
the three phases involved. The first term on the right-hand b)

side of Eq.(15) represents the capillary force while the sec-
ond term represents the dispersion force due to a van der g, 13, (a) Pixel position of theX coordinate of the center of
Waals interaction, which becomes negligibly small for mass. The straight line shows the value calculated using .
6>100 nm. Thus, near the inflection point, the main contri-The pixel position of 0 corresponds to the position of ¥eoordi-
bution to the liquid pressure within the drop is from the nate of the smaller droggb) Pixel position of theY coordinate of
capillary force. The lowerpositive) value of the concave the center of mass. The straight line shows the value calculated
curvature[shown in Fig. §c)] near the contact line region of using Eq.(17). The pixel position of 0 corresponds to the position
the receding front of the drop signifies a higher liquid pres-of the Y coordinate of the smaller drop.

sure (P;) compared to the stationary front. Thus, there is a

capillary flow of the liquid from the receding front to the mass of the two drops do not move before coalescence. For
stationary front within the coalesced drop. The driving forcethe coalesced drop, the position of the center of nisgsY3)

for the shape evolution of the coalesced drop, which is th§s calculated using Eq§16) and(17), which are based on the
difference between the liquid pressures at the (efteding  two-dimensional formulation of Andrieat al. [1]:

front) and right edgeqstationary front of the coalesced
drop, calculated using Eq15) at the inflection point, is

shown in Fig. 12 as a function of time. The data in Fig. 12 X R3 + X R3

show that the difference in the liquid pressures is maximum X3= L é g z (16)
just after the drops coalesce and the shape of the drop is Ri+R;

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 YR+ YRS

force for the liquid flow from the receding front toward the Ys= 11—52 (17)
stationary front decreases as the asymmetry in the shape of Ri+ R;

the coalesced drop decreases. Ultimately the liquid pressures
on both the sides of the coalesced drop become equal when ) B
the coalesced drop evolves into a symmetric shape. Thus, thghereX, Y, andR are the coordinates and radii of the smaller

evaluated pressure field is consistent with the shape evol@rop (subscript 3 and the large(subscript 2 drop.
tion of the coalesced drop. Figures 18a) and 13b) show the positions oK andY

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
The experimental data is also used to analyze the posbbtained positions of the center of mass, and the lines show
tions of the center of mass of the drops during the coalesthe positions calculated based on E($6) and(17). Figure
cence process. The positions of the center of mass of the twt3 shows that the experimental data closely agree with the
drops before coalescence are calculated based on the exparalculations based on Egel6) and (17). Also, the position
mental data of the contact area of the drops. The centers of the center of mass of the coalesced drop is closer to that of

D. Center-of-mass calculations
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FIG. 14. Thickness profiles of the concave region of a drop of FIG. 15. Profile of a PDMS drop on a glass surface obtained
polydimethylsiloxangPDMS) on a glass surface obtained from the with profilometry up to a region near the center of the drop. The
reflectivity technique and profilometry. The maximum error be-solid line is a guide for the eye.
tween the thicknesses obtained from the two measurements is 6%.

the drops. Strong oscillations of the liquid-vapor interface of
the larger drop. This is consistent with the experimental obthe composite drop occur due to the impact with the newly
servation that the smaller drop merges toward the largeadded drop. Due to the oscillations, the drop surface pulls the
drop. This was also shown by the force balance calculationsontact line, which accelerates its motion. However, the drop
[Eqg. (13)] based on the experimentally obtained interfacialoscillations are not observed for the case of coalescence dur-
parameters, which showed that the liquid from the smalleing condensatiorj45]. This is also the case in our experi-
drop flows toward the larger drop. ments, as the drops coalesce due to spreading induced by

condensation.

E. Generality of the mechanisms

. . VI. CONCLUSIONS
The coalescence phenomena and the dynamics of various

parametersthickness profile, slope angle, curvature profile, The details of the growth and coalescence of two con-
and positions of the center of masturing coalescence, re- densing drops of 2-propanol are obtained experimentally by
ported here, are applicable to small contact angle systemmeasuring the evolution of the thickness profiles. The results
Also, the results reported in the paper are for a pure liquidshow the presence of a thin flat film adjacent to the condens-
2-propanol. Following are some of the factors, which woulding drops, and the adsorbed film thickness is found to be
alter the spreading and coalescence mechanisms. constant and independent of the point of measurement. Even
(a) The presence of a surfactger another component in  though the apparent contact angle at the film thickn&ss
the liquid) would create a surface tension gradient, and the=0.098 um is nearly the same for both drops before coales-
results would be different. In the case of surfactant drops, theence, their curvatureg@nd hence the interfacial pressure
contact angle would not remain constant during the growtHields) are different. The centers of mass of the two drops do
of the drops. This work is currently in progress. not move before coalescence. The pressure field indicates
(b) If the surface has defects, the contact line is pinned irthat there are complex flow patterns in the flow field. We
a metastable state. Therefore, relaxation of drops is mormeasure the details of the drop coalescence process and
rapid than that on an ideally clean surfgdé. show that liquid flow from the smaller drop towards the
(c) (For drops having higher contact angles, the relaxdarger drop is due to the difference in their shape-dependent
ation time would be shorter. In general, as the contact anglpressure fields. This was also shown by the calculation of the
increases, the relaxation time of the coalesced drop decreasegolution of the center of mass of the two coalescing drops.
[1,4]. This is because the driving force for relaxation in- The curvature and its gradient describe the process more
creases with an increase in the contact angle. completely than only the average curvature and the contact
(d) The coalescence phenomena and coalescence time argle.
functions of thepH of the liquid. The presence of the elec- The asymmetric coalesced drop self-adjusts and evolves
trostatic double-layer forces alters the van der Waals forcemto a symmetric shape due to the capillary flow within the
on the thin film between the drops and hence the coalescencieop. The calculated pressure field in the coalesced, asym-
time [5,6]. But this is not an issue for a pure organic liquid metric drop is consistent with the required capillary assisted
(2-propanaol studied here. flow from the receding to the stationary front of the asym-
(e) The coalescence time and the relaxation time of themetric drop, until it becomes symmetric. Using a control
coalesced drop depend on the initial kinetic energy given twolume model the calculation of the shear stress also ex-
the drop[45]. This depends on the manner in which the plains the physics of fluid flow during coalescence. The ex-
drops are made to coalesce. For example, syringe depositigrerimental results give new insights into the phenomenon of
of drops induces oscillations of the drops.[#b], the coa- coalescence of drops and explain the significance of the cap-
lescence between two drops deposited close to each oth#lary pressure gradient in the contact line region in govern-
occurs when a small drop is deposited on the top of one oihg the process.
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No. NAG3-2383. ta!ned from the refleptlwty analysis agrees with the dapa ob-
tained from the profilometry measurements. The maximum
APPENDIX: TECHNIQUE VALIDATION error between the thicknesses obtained from the two mea-

surements is 6% in the thicker regiga=21000 nn). Also,

To validate the accuracy of the measurement of the prothe contact angle of the drop of PDMS on the glass surface
files, we deposited a drop of a polymer, polydimethysiloxanedbtained from the reflectivity analysi4.8°) is very close to
(PDMS) (Sylgard 184 from Dow Corningon a clean micro- that obtained from the profilometry dafd.7°). Thus, the
scope glass slide with a micropipette. The polymer drop wagxperimental technique based on the reflectivity analysis ac-
cured by heating the sample to 60 °C for 3 h in an oven. Theurately measures the profiles of the drops. Figure 15 shows
drop solidified after curing. The profile of the drop was thenthe profile of the PDMS drop obtained with profilometry up
measured using the reflectivity technique described in théo a region near the center of the drop. Figure 15 clearly
paper. Since the drop had a large diaméR900um), we  shows the transition from concave to convex shape of the
could analyze only the concave region of the dfap to§  drop, which is also observed in our results of the condensing
=1 um) with our technique. This is because the separatiordrops(Fig. 4) of 2-propanol on a quartz surface. Thus, the
between the interference fringes decreases as the profile beesults from the profilometry measurements also validate the
comes steep. The same drop was then analyzed with a prpresence of both concave and convex regions in the profile
filometer (Alpha Step 200 from TencprThe thickness pro- of a drop having a small contact angle.

[1] C. Andrieu, D. A. Beysens, V. S. Nikolayev, and Y. Pomeau, J.[22] T. D. Blake, J. Chem. Soc., Faraday Trans71, 192 (1975.

Fluid Mech. 453 427 (2002. [23] F. Renk, P. C. Wayner, Jr., and G. M. Homsy, J. Colloid Inter-
[2] A. Menchaca-Rocha, A. Martinez-Davalos, R. Nufiez, S. Popi- face Sci.67, 408(1978.
net, and S. Zaleski, Phys. Rev. @3, 046309(2001). [24] F. J. Renk and P. C. Wayner, Jr., J. Heat Transféd, 55
[3] B. Pu and D. Chen, J. Colloid Interface S@&35, 1 (2001). (1979.
[4] V. S. Nikolayev and D. A. Beysens, Phys. Rev6b, 046135 [25] J. G. Truong and P. C. Wayner, Jr., J. Chem. PI8/%.4180
(2002. (1987).
[5] D. Li, J. Colloid Interface Sci.163 108 (1994). [26] A. H. Liu, P. C. Wayner, Jr., and J. L. Plawsky, Phys. FluGls
[6] S. R. Deshikan and K. D. Papadopoulos, J. Colloid Interface 1963(1994).
Sci. 174, 302 (1995. [27] Y.-X. Wang, J. L. Plawsky, and P. C. Wayner, Jr., Microscale
[7] Y. Amarouchene, G. Cristobal, and H. Kellay, Phys. Rev. Lett. Thermophys. Eng5, 55 (2001).
87, 206104(2001). [28] L. Zheng, Y.-X. Wang, J. L. Plawsky, and P. C. Wayner, Jr.,
[8] I. B. Ivanov, K. D. Danov, and P. A. Kralchevsky, Colloids Int. J. Heat Mass Transfe#5, 2021(2002.
Surf., A 152 161(1999. [29] L. Zheng, Y.-X. Wang, J. L. Plawsky, and P. C. Wayner, Jr.,
[9] S. M. Yang, L. G. Leal, and Y. S. Kim, Jr., J. Colloid Interface Langmuir 18, 5170(2002.
Sci. 250, 457 (2002. [30] J. D. Chen and N. Wada, J. Colloid Interface St#8 207
[10] A. Sharma and E. Ruckenstein, Colloid Polym. S266, 60 (1992.
(1988. [31] I. B. lvanov and B. V. Toshev, Colloid Polym. Sc253 593
[11] B. V. Derjaguin and Z. M. Zoriunpublishegl (1975.
[12] S. DasGupta, J. L. Plawsky, and P. C. Wayner, Jr., AIChE J[32] M. Potash and P. C. Wayner, Jr., Int. J. Heat Mass Trarikber
41, 2140(1995. 1851(1972.
[13] S. J. Gokhale, J. L. Plawsky, and P. C. Wayner, Jr., J. Colloid33] B. V. Deryagin, V. M. Starov, and N. V. Churaev, Colloid J.
Interface Sci.259, 354 (2003. USSR 38, 875(1976.
[14] S. J. Gokhale, J. L. Plawsky, P. C. Wayner, Jr., and S. Dasf34] Y. Solomentsev and L. R. White, J. Colloid Interface S18
Gupta, Phys. Fluiddl6, 1942(2004. 122(1999.
[15] P. G. de Gennes, Rev. Mod. Physz, 827(1985. [35] S. J. S. Morris, J. Fluid Mech432, 1 (200D.
[16] P. C. Wayner, Jr., J. Colloid Interface S@i7, 495(1980. [36] I. Y. Kim and P. C. Wayner, Jr., J. Thermophys. Heat Transfer
[17] D. M. Anderson and S. H. Davis, Phys. Fluids 248(1995. 10, 320(1996.
[18] L M. Hocking, Phys. Fluids7, 2950(1995. [37] S. DasGupta, I. Y. Kim, and P. C. Wayner, Jr., J. Heat Transfer
[19] N. V. Churaev, N. E. Esipova, R. M. Hill, V. D. Sobolev, V. M. 116, 1007 (1994).
Starov, and Z. M. Zorin, Langmuif.7, 1338(2001). [38] M. E. R. Shanahan, Langmuit7, 8229(2001).
[20] S. J. Gokhale, J. L. Plawsky, and P. C. Wayner, Jr., Adv. Col-[39] P. C. Wayner, Jr., Y. K. Kao, and L. V. La Croix, Int. J. Heat
loid Interface Sci.104, 175(2003. Mass Transferl9, 487 (1976).
[21] G. Wiegand, T. Jaworek, G. Wegner, and E. Sackmann, J. Coli40] S. Moosman and G. M. Homsy, J. Colloid Interface StB,
loid Interface Sci.196, 299 (1997). 212(1980.

051610-11



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

[41] P. C. Wayner, Jr., Colloids Surf., 89, 89 (1994. Heat Transferl26, 169 (2004).

[42] V. L. Kolev, I. I. Kochijashky, K. D. Danov, P. A. Kralchev- [44] S. S. Panchamgam, S. J. Gokhale, J. L. Plawsky, S. DasGupta,
sky, G. Broze, and A. Mehreteab, J. Colloid Interface 2&7, and P. C. Wayner, Jtunpublishegl
357 (2003. [45] R. Narhe, D. Beysens, and V. S. Nikolayev, Langma@,

[43] L. Zheng, J. L. Plawsky, P. C. Wayner, Jr., and S. DasGupta, J. = 1213(2004).

051610-12



