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Coalescence of liquid drops by surface tension
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The merging of two mercury drops at very low kinetic energy is observed using fast, digital, and analog
imaging techniques. Sequences showing the time evolution of the overall-surface shape as well as an amplified
view of the contact region are shown. Qualitative and quantitative comparisons with computations of the
Navier-Stokes equation with a free surface are made. In the model, the surface is tracked by a marker-chain
method.
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[. INTRODUCTION the coalescence between our slightly deformed drops and
two-dimensional(2D) projections of the actual 30Ofree
Consider the surface-shape evolution of two liquid dropsdrops case. With those limitations, our technique presents
put in contact at such low relative velocity() that surface- the main advantage of allowing to fix the center of mass of
tension effects dominate over initial kinetic-energy perturbathe two-drop system in the laboratory frame of reference,
tions. In those conditions, once the interface separating theshile minimizing initial drop perturbations.
fluid masses ruptures, the excess surface-energy induces anThe action was recorded with both, a fast-digital camera
unstable situation driving the system towards its new equif6] capable of taking up to 830 frames per secdipd) and
librium (spherical shape. Expected to be of a general naturean ultrafast analog camef@] that can take from & 10* fps
[1], and relevant to a wide variety of fields, ranging fromto 1¢° fps. When using the fast-digital camera, the field of
low-energy fusion of atomic nucl¢2] and molecular clus- view comprised the whole two-drop system, as schematically
ters[3] to rain-drop formation in cloudf4], so far this phe- illustrated in Fig. 1. In the case of the ultrafast camera, the
nomenon remained largely unexplored. Here we report omction was observed through a microscope usingl@ mag-
observations involving the coalescence of mercury drops lynification lens as indicated in Fig. 2. It is worth noting that
ing on a horizontal glass surface, specially treatgtito  the focal distance of those lenses is a decreasing function of
minimize wetting effects. Our comparison with numeric cal-their magnifying power, but their transverse dimension re-
culations for free liquid drops shows a good overall agreeimains approximately constant, hence the use of larger mag-
ment, allowing a deeper insight into the dynamics of thenification factors is prevented by the height of the drops.
interaction. In the setup of Fig. 1, the initial contact between two
mercury (o= 13600 kg/ml) drops is induced by placing one
of them on the glass surface, while slowly, &1 mm/9
approaching the second one with the aid of a (@i mm
The experimental difficulty involved in this type of stud- plastic sheet sliding alon¢and parallel tp the glass. The
ies consists in producing liquid drops moving freely againstcorresponding kinetic energg is three orders of magnitude
each other at a negligible small relative velocity, assuringsmaller than the excess surface enetgy=(2—2%3)So,
that the coalescence action occurs within the focal plane of where o is the surface-tension coefficief®.435 J/m for
high-resolution imaging device. In an earthly laboratory en-mercury, and S=4mr?, r being the drops’ radii. In this
vironment, important problems arise when trying to keep in
focus the magnified image of free falling drops. The use of
dynamic levitators(magnetic, acoustic, gas jets, étdo
tackle this problem introduces undesirable initial surface os-
cillations, while the corresponding fields, being affected by
close-focusing devicegsuch as microscope lengdscome 5 White screen
highly unstable. Thus, we chose the simpler approach of ob- '
serving the coalescence of mercury drops, having masses
in the 0.1-1.5-g range, by placing them on an optimized @} i =
rougous, horizontal, glass surface. The roughening proce- LA At
dure,_described_ip detail elsewhds, results in a fivefold Treated glass
gain in the mobility of the mercury drops. Due to the large ~ O O P
effective contact angle obtained~(60°) small mercury l i
drops adopt near-spherical shapes. Hence, axial symmetry ‘
produces close similarities between a vertical projection of FIG. 1. Fast digital camera setup used to obtain an overall view.

Il. EXPERIMENT

Digital camera
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experimental arrangement, the action was illuminated from

above, using a white screen with a small hole in the middle FIG. 4. Magnified evolution of the contact region, using the
to allow for the camera’s lens. These produced images lookdltrafast-analog camera, witht=20 us. The firstimage was taken
ing like hollow shiny discs, as shown in the sequence of Fig10 us after electric contact between the drops was established.
3. A close resemblance between this figure and images ré&ther conventions as in Fig. 3.
ported by Park and Crosh8] of collisions between free-
falling water drops(see their Fig. ¥, although taken at
highe( kinetic energy ,~10AE,), supports our choice of The sequence in Fig. 3, correspondingne=1 g drops,
experimental arrangement. , _ __shows the formation of a narrow cylindrical neck, preceded
In the setup shown in Fig. 2, aimed at studying earlietyy |arge axial waves that propagate toward the undisturbed
stages, the magnified images were restricted to one-half gy ends. When those perturbations approach the extremes,
the contact regiorarrow in Fig. 3, as shown in the Se- he neck region bulges smoothly as the outer ends stretch out
quence of Fig. 4. In this case the mercury drops were slqwlyénd, then, collapsenot shown, initiating a damping-
(again, V,<1 mm/9 approached against each other usingosciljatory pattern. Using a Cartesian coordinate system,
concave stainless steel electrodes, which, through a smajlith its origin in the center of mass of the systésee Fig. 5
electric potential(10 mV), also served to generate a rapid thjs hehavior can be quantified by measuring the time evo-
(<1 ps) electric pulse when the contact between the mercury,ion of two characteristic dimensions: the transveRye
surfaces was established. This signal was used to trigger g,q axialR, radii. Form=1 g drops, this result is illustrated
rapid (< 12-ps rise-time flashlight and, 1Qus later, the ul- i, Figs 6 and 7. Note how the initial contadt0) shows
trfafast_ camera. The redgced |IIum|.nat|pn in the 1st frame of, immediate effect oR,, initiating a monotonic increase,
Fig. 4 indicates that the light pulse is stilks away from the  \yhjle on R, an oscillatory behavior is observed only after
1 ms-wide light-output plateau. , some delayt} in Fig. 7), which eventually produces a maxi-
Although comprehensive understanding of the phenomg, . stretchingR att,. The timet, is plotted in Fig. 8
enon requires observations during a tiespanning the 54 function ofm, where we observe a monotonically in-
whole oscillatory pattern, from first contact to Completecreasing function.,
damping, important information can be obtained during the Concerning earlier stages, for=1 g drops, Fig. 4 shows

time t, taken by the initial perturbation to propagate from thehow the action evolves as a moving meniscus formed by the

contact region to the far end of the drops, as shown in Fig. 3¢osing gap separating the mercury walls. Maximum illumi-
and during the first, neck-formation, instaEsg. 4).

Ultra-fast
camera

Microscope
Trigger
N
Flash

FIG. 2. Ultrafast analog camera setup used to obtain a magnified
view of the contact regiofsee arrow in Fig. B

IIl. RESULTS

Y axis (arb. units)
Illllllll?llllllll

X axis (arb. units)

FIG. 3. Experimentally observed surface shape evolution of two
1.0-g mercury drops. Time runs from left to right, and from top to ~ FIG. 5. Definition of transverse and axial radR, and R,,
bottom. The time lapsed between images\is=3.5 ms. The se- respectively. The curve shown as example is the digitized profile of
quence stops near the maximum horizontal stretching. the upper-right quadrant of the= 10.5 ms(third) frame in Fig. 3.
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FIG. 6. Time evolution oRy, measured in the coalescence for  F|G. 8. Mass dependencegf The dashed line is used to guide
m=1 g mercury drops using the fast camera. The continuous lingnhe eye.

represents the best fit to the data using s&aw, yielding A=0.41.

o . ) we feel confident about thR, measurements of Fig. 9 to
nation in frame 3(30 us after triggey allows a reliableR,  represent the actual neck sizes. Usingya:t* power law to
determination 0f=200 um (3% of the final diametgrwhich it the fast data of Fig. Gcontinuous ling a neck-growth
increases monotonically thereafter. The last four frames alspyie value ofA=0.41 is obtained. As shown in Fig. 9, this
show the appearance of a distinct rounded-up tip, as well agrowth rate joins smoothly with the ultrafast dattull
signs of the preceding capillary waves. circles, although the corresponding power-law fihot
TheR, values extracted from Fig. 4 are plotted as a fU”C'showr) yields a higher slope oA=0.55, which is close to

tion of time in Fig. 9(full circles). For comparison, we also the recentA=0.5 predictions of Eggerst al. [9] for the
reproduce th&, values extracted from Fig. @pen circles  garly stages.

Note the small initial neck-growth rate, which we associate
with the abrupt topological change occurring during the ini-
tial contact. Before interface rupture, the separated walls are IV. NUMERICAL SIMULATION

perpendicular to the line joining the center of the drogsr A numerical study was performed using the free-surface

x axis). Later stages show the walls joined by a near cylin-Nayier-Stokes code developed at the Laboratoire de Mode

drical neck, parallel to the axis. Due to surface tension, this saiion en Meanique, Paris. The Navier-Stokes equation for
topological change tends to separate the walls, allowing suf-

ficient light to reach the camera from smallgy, regions, 100
otherwise too close for that. Hence it is only when the
rounded up tipthird frame in Fig. 4 becomes apparent that
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FIG. 7. Time evolution oR,, measured in the coalescence for using two different grid sizes: 5322128 (dashed ling and 1024
m=1 g mercury drops using the fast camera, and definitiorts,of X 256 (continuous ling The dot-dashed curve represents/ade-
ty, andR,nax- The dashed line is used to guide the eye. pendencdsee texk
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FIG. 11. Surface shape evolution predicted by numerical simu-
lation. Time conventions as in Fig. 3.

FIG. 10. Initial neck conditions for the numerical calculation.  sjmulation. Yet, within this limitation, we observe that both,
the experiment and the simulation show the presence of cap-

incompressible flow is solved in a domain with moving illary waves, which, emitted from the initial singularity,
boundaries, corresponding to the mercury phase charactaravel around the droplets and eventually reach the drops’ far
ized by a surface-tension coefficient of 0.435 kg,sa dy-  ends, creating a large localized pressure. Some experiments
namic viscosity of 1.610 ° kgm *s ' and the already- [13] and boundary-integral simulatiori$4] report the for-
quoted density of 13600 kgTi. We use a marker-and-cell mation of a tiny jet at this point. However, either the present
method on a square grid, as discussed by Peyret and Taylexperimental and simulated spatial resolution are not enough
[10]. The boundary of the liquid domain is tracked by ato confirm the presence of such phenomenon, or the energy
chain of marker particles connected by third-order splines, adissipation in our system is large enough to suppress it. In
discussed in Refd.11,12 so that tangents, curvatures, andfact a significant difference between the energy dissipated
their derivatives are continuous. This allows one to imple-near the fifth frame in the experiment, compared to the simu-
ment the free-surface conditions. The normal stress and tamation, could also explain why beyond that point the simula-
gential stress conditions on the free surface are both enforcaibn shows larger capillary waves than the experiment.
in the method. The spline representation of the interface al- The simulation also allows to investigate the time evolu-
lows for a precise determination of the geometrical quantitiesion of the neck thicknes®, . The results are included as
such as curvature. The Navier-Stokes equation with axiatontinuous and dashed lines in Fig. 9, corresponding to dif-
symmetry is discretized on a staggered grid. Near the inteiferent spatial resolutions. As already mentioned, the experi-
face, the finite volumes are constructed out of grid cells cument satisfies the"? law [9] from very early times, while the
by the interface. When velocities or velocity gradients aresimulations take some time to converge. Yet, the conver-
needed near the interface, extrapolations using a least-squagence is faster for the better grid resolution (1824%6)
fit to the known velocities are used. The fit is constrained bycalculation, although it does not quite fit the experiment or
the tangential stress condition. The pressure near the intefhe expected™? law. It is clear that the initial shape and flow
face is then given by the normal stress conditiovhich  in the neck region is very poorly resolved given the small
amounts to Laplace’s law in the static cas€ests of the number of grid points in this area. An effect of this poor
method on free-droplet oscillations show excellent agreeresolution is slower initial growth of the neck radius. This in
ment with a maximal relative error of 0.003.

In this work, the initialization of the simulation poses a 65 . . ,
peculiar problem. It is difficult to initialize a calculation with
two spheres at tangency, because the singular curvature cre
ates infinitely large capillary forces. Instead we chose to
smooth the solution as shown on Fig. 10. The distaneexl 6 T
d are 3 and 6 grid points, respectively. This makes the initial
condition dependent on the grid size so that, as the grid is
refined, the solution approaches the idealized singular initial‘§‘ 55

condition. >
R

V. COMPARISON

The results for droplet fusion are presented on Fig. 11,
showing an overall qualitative agreement with the experi-
ment (Fig. 3), and very good quantitative agreement up to
the fourth frame. The differences between the experiment 45 ' ; ;
and the simulation may be partly explained by the fact that in
the experiment the droplets are flattened by the combined
effect of wetting and gravity. This introduces an energy FIG. 12. Numerical estimate of the axial dimension time evolu-
damping, delaying the experimental motion relative to thetion.

Time (ms)
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simulated iso-pressure lines. Here we observe the propaga-
tion of the capillary waves along the surface and the forma-
tion of a large pressure point as the capillary waves reach the
axis.

FIG. 13. Simulated pressure isolines.

VI. CONCLUSIONS

turns makes apparent a relatively large transition region be- '€ surface-shape evolution for the coalescence of two
tween the initial flat {°) part and thet™’2 scaling. However mercury drops, driven solely by surface tension, has been

this transition region moves to shorter times as the mesh i§tUd'6d' The use of ultrafast analog and fast-digital video

refined. Two effects combine to create this slower initial ©@Meras allowed us to observe this phenomenon on micro-

growth: numerical dissipation due to the coarse resolutior?ecpnd and m'”'sec_f’”d_ time scales. The ea_rly f_ormat|on of
capillary waves originating in the contact region is reported.

and smaller initial impulse from surface tension due to theThose aves have an important influence on the surface
necessary finite initial curvature. A finer mesh is therefore wav v 'mp ntiu "

needed in order to obtain a better agreement. Adaptive meﬁbape evolution of the coalesced drop. Numerical simula-

refinement would be interesting in this respect. Still, both thd'ons Werte ptresentetqt t[]at provide a q[ooqtk?liﬁhtatlve a_nd, t,?
data and the simulation indicate that the initial neck-growt come extent, quantitative agreement wi € experiment.

rate is a complex function of time going from a small value he main (jn‘ferences are assoqate_d_wnh _expfarlm_e(s_tqi-
in the first instants to a rapid growti\&0.5) at intermedi- ported I|th|dbdrop}s§nd sl|<mulat|or‘(f:n|te 9]['0:| sizg I'Im'tal' h
: : tions. The observed neck-size evolution follows closely the
ate times and smoothly decreasing at the later stages. {2 |aw predicted by Eggers, Lister, and Stoj for thg
Concerning the time evolution of the axial dimensky, P d Dy EgQers, ' .
the simulationFig. 12 shows dramatically the arrival of the early stages. This feature is better reproduced by the higher

capillary waves. A similar, but less pronounced, effect jsSpatial resolution simulation.

obse_rve_zd in the _expenmel(]lt:lg. 7). Otherwise, the overall _ ACKNOWLEDGMENTS

qualitative experimental features are well reproduced. Fi-
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