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We describe the progress we have made in our joint theoretical, numerical and experimental
study to examine pinch-off and reconnection in liquid/liquid mixtures with significant interfacial
tension. The first goal of this work is to evaluate and perfect a novel physically-based model (Par-
tial Miscibility Model, PMM) to compute these flows. The model, which incorporates buoyancy,
viscosity, compressibility, surface tension, and chemical diffusivity at interfaces, allows topological
transitions to occur without relying on ad hoc ’cut and connect’ or smoothing procedures. The
second goal of the work is to obtain quantitative experimental data documenting the dynamics
of real transitions that can serve as a benchmark for the computational study. Consequently, this
report is divided into two sections: 1. Theoretical and Numerical Results and 2 Experimental
Results.

1 Theoretical and Numerical Studies

1.1 Personnel Report

Tony Anderson was partially supported by the DOE grant from 2001 to the end of the
grant term (Dec 2003). Tony was also partially supported through the Undergraduate Research
Opportunity Program at the University of Minnesota. Tony received a summa cum laude degree
in Chemical Engineering from the University of Minnesota in June 2004 and his honors thesis
on Adaptive Remeshing Algorithms for Level-Set Models of Interface Motion was supervised by
Prof. Lowengrub. Tony is currently a graduate student in the Applied Mathematics Department
at Northwestern University.

Vittorio Cristini was a postdoctoral fellow from 2000-2002 and was partially supported by
the DOE grant and the Minnesota Supercomputer Institute through a Research Scholar fellow-
ship. He is currently an Assistant Professor in the Department of Biomedical Engineering at
the University of California, Irvine. Cristini, Lowengrub, the graduate student Xiaoming Zheng
and the undergraduate Anthony Anderson have been focussing on the development of efficient
adaptive numerical methods for the PMM. In addition, Cristini and Lowengrub have also devel-
oped a new adaptive, sharp-interface-based finite element method in three-dimensions with the
graduate student Russel Hooper and the postdoctoral fellow Hua Zhou. Finally, VC and JL have
been developing a continuum formulation for surfactants at interfaces.

Russel Hooper was a graduate student in our group and developed a new adaptive, sharp-
interface-based finite element method in three-dimensions under the supervision of Professors
John Lowengrub and Vittorio Cristini. RH was not financially supported by the DOE grant,
however. RH received his PhD from the Department of Chemical Engineering and Materials
Science, U. of Minnesota, in 2001 (Additional advisors: J. Derby and C. Macosko). RH currently
holds a position at Sandia National Laboratory in New Mexico.

Kyungkeun Kang was a graduate student in our group and contributed to the development
and convergence proof of a conservative, second order accurate fully implicit discretization in two
dimensions of the PMM (Navier-Stokes-Cahn-Hilliard) under the supervision of John Lowengrub.
KK was not financially supported by the DOE grant. KK received his PhD in 2002 from the
School of Mathematics, U. of Minnesota (additional advisor: V. Sverak). KK is currently a post-
doctoral fellow at the Max Planck Institute for the Mathematical Sciences in Leipzig, Germany
and will soon move to the Dept Math, U. British Columbia.
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Jun-Seok Kim received the Ph.D. degree in August 2002 (advisor: Professor J. Lowengrub).
In his thesis, under the financial support of the DOE grant, Junseok Kim developed new, efficient
and accurate algorithms for the PMM for two- and three-component fluid systems in a variety of
geometries using the nonlinear multigrid method on uniform Cartesian meshes. JSK was hired
as a postdoctoral fellow starting in September 2002 to continue this work and has been visiting
the University of California, Irvine (UCI) since Feb. 2003. If the present proposal is funded,
JSK will transfer his position to the Dept. Mathematics at UCI. JSK is also interacting with
Professor Longmire’s group to simulate exact experimental conditions and to further validate
and refine his numerical methods.

Hyeong-Gi Lee was a postdoctoral fellow at the University of Minnesota from 2000-2001. was
renewed until January 2001. Lee and Lowengrub completed a study of pinchoff and reconnection
of fluid interfaces in a Hele-Shaw cell using an appropriately scaled PMM.

Xiaoming Zheng was partially supported by the DOE grant and received Ph.D. in June 2005
advised jointly by Profs. Lowengrub and Cristini. Zheng has developed an adaptive finite element
method for interface capturing methods (e.g. PMM) using unstructured, triangular meshes in
2-D. He has used this method to study drop deformation and drop/interface impact.

Hua Zhou was a postdoctoral fellow partially supported by the DOE grant from 2001-2002.
Zhou improved the efficiency and performance of the new sharp-interface finite element method
(developed by Cristini, Lowengrub and Hooper) by making it fully parallelizable. Zhou used this
system to study multicomponent fluid flows with soluble and insoluble surfactants.

1.2 Theory and Fixed Mesh Numerical Methods

The PMM applied to Hele-Shaw flows Hyeonggi Lee and John Lowengrub studied pinchoff
and reconnection of unstably stratified fluid layers in a Hele-Shaw cell using the PMM. Two
papers (Lee, Lowengrub and Goodman) concerning this work have appeared in the Journal
Physics of Fluids. The references cited hereafter in the progress report are listed in section
2.1. A Hele-Shaw cell consists of two flat parallel plates separated by a small gap b, and was
originally designed by Hele-Shaw to study two dimensional potential flow. Recently, there has
been much interest in Hele-Shaw flows largely because the velocity of the fluid is given by Darcy’s
law (velocity proportional to the divergence of the stress tensor) and is identical to that of a fluid
moving through a porous medium with permeability b2/12. In addition, the relative simplicity
of the equations of motion also makes Hele-Shaw flows ideal test cases in which to develop
mathematical theory and numerical methods to study singularities and topological transitions
such as pinchoff and reconnection. Since essential features of the PMM are retained in the Hele-
Shaw geometry, this is a simpler yet non-trivial setting in which to study the PMM. In addition
to the intrinsic interest of analyzing these effects in a binary Hele-Shaw flow, this study provided
crucial insight to analyses of the full PMM.

Conservative Finite Difference Methods for the PMM Junseok Kim and John Lowen-
grub (together with Kyungkeun Kang) developed a conservative, second order accurate fully
implicit finite-difference scheme in two and three dimensions of the PMM (Navier-Stokes-Cahn-
Hilliard) for two-components systems that has an associated discrete energy functional. This
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system provides a diffuse-interface description of binary fluid flows with compressible or in-
compressible flow components. In this work, we focussed on the case of flows containing two
immiscible, incompressible and density-matched components. Two papers have appeared (Kim,
Kang and Lowengrub, J. Comp. Phys and Comm. Math. Sci.) and a third is in press (Kim and
Lowengrub, Int. J. Free Bound. Prob.). In these works, the discrete system is efficiently solved
at the implicit time-level through a novel nonlinear multigrid method to solve the Cahn-Hilliard
equation which is then coupled to a projection method that is used to solve the Navier-Stokes
equation. We analyzed and proved convergence of the scheme in the absence of flow. We demon-
strated convergence of our scheme numerically in both the presence and absence of flow and
performed simulations of phase separation via spinodal decomposition. We examined the sep-
arate effects of surface tension and external flow on the decomposition. We found that surface
tension driven flow alone increases coalescence rates through the retraction of interfaces. When
there is an external shear flow, the evolution of the flow is nontrivial and the flow morphology
repeats itself in time as multiple pinchoff and reconnection events occur. Eventually, the periodic
motion ceases and the system relaxes to a global equilibrium. The equilibria we observed appears
has a similar structure in all cases although the dynamics of the evolution is quite different.

Axisymmetric Flow using the PMM We have been extending the new numerical meth-
ods developed in 2-d to solve the PMM model in axisymmetric flow geometries. Two papers
concerning this work are in preparation, with direct comparisons between simulation results and
Professor Longmire’s experimental results. In the first paper (Zheng, Cristini, Kim, Lowengrub,
Mohamed-Kassim and Longmire; Physics of Fluids), we investigate the impact of a drop on a
quiescent interface. A preliminary result is shown from this paper in figure 1. In this figure,
the result from numerical simulations (solid) are compared to experiments (symbols) for two
viscosity ratios λ = 0.17 (left) and λ = 1.7 (middle) and the gap histories (right). In the former
case, the other non-dimensional parameters are Fr = 0.6, We = 3.8, Re = 20 and ρi/ρo = 1.18.
The latter case is obtained by reducing the viscosity of the outer fluid. For small viscosity ratio
and Reynolds number, the lubrication forces between the drop and interface are weak and the
deformation of both is small. In this case, there is good agreement between the experiment and
simulation. For the viscosity ratio λ = 1.7 and large Reynolds number, agreement is poor because
the lubrication forces are strong and are not resolved by the computational mesh. In addition,
the computational mesh required the use of an interface thickness that is too large for this flow.
This also results in less deformation.

Since the lubrication region is under-resolved, the drop is found to readily penetrate the
interface unlike in the experiment where there is a significant delay while the lubrication region
is drained of fluid. All diffuse -interface methods (e.g. level-set methods, volume-of-fluid methods,
ghost-fluid methods) we are aware of have this difficulty in such a region due to lack of numerical
resolution. We are working to overcome this problem by adapting both the spatial mesh size as
well as the interface thickness in such a region.

A preliminary result of the pinchoff of a liquid/liquid jet from the second paper (Kim, Miose-
vic, Longmire, Lowengrub; Physics of Fluids) is shown in figure 2. The experimental conditions
are modeled using an inflow boundary condition at the top of the domain and an outflow condi-
tion at the bottom. In the experiment and simulation, periodic forcing of the incoming fluid is
used to obtain repeatable pinchoff. Good qualitative agreement is obtained between the simula-
tions and the experiments in both the axial velocity contours (and vorticity contours which are
not shown) and the jet morphology.
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Figure 1: Left (viscosity ratio λ = 0.17) and Middle (λ = 1.7): Comparison of numerical (solid)
and experimental (symbols) interface profiles for drop/interface impact. Right: Comparison of
gap between the drop and interface for simulations (solid) and experiments (symbols). From
(Zheng, Cristini, Kim, Lowengrub, Mohamed-Kassim and Longmire; Physics of Fluids).
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Figure 2: Pinchoff of a liquid/liquid jet: Re = 58, the Strouhal number St = 3.5. Contours of
the axial velocity field together with the interface before (top) and after pinchoff (bottom). Left:
Experiment, Right: Simulation. Note that the experimental D (in-flow jet diameter) and the
numerical D are different due to measurement error since the experimental jet rapidly changes
its width near the in-flow region.
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Three-Component Flows using the PMM As part of his thesis, Junseok Kim has extended
the PMM to investigate three-component fluid mixtures with varying degrees of miscibility for
the first time. One paper (Kim, Kang and Lowengrub; Comm. Math. Sci.) that presents some of
this work (this paper was also mentioned above in the context of conservative methods). In the
immiscible case, we have investigated the evolution of compound drops and compound threads
and jets and successfully validated the algorithms with theoretical predictions of contact angles
and thread instability modes (e.g. three-component Rayleigh theory). In the case of miscible
fluids, we examined a gravity-driven (Rayleigh-Taylor) instability that enhances the transfer of
a preferentially miscible contaminant from one immiscible fluid to another.

Thermodynamic Theory of Surfactants Revisited Cristini and Lowengrub have devel-
oped a continuum framework, based on a new energy formulation, for modeling interfaces with
surfactant as the limit of a ternary fluid system where two immiscible fluids are separated by an
interface layer of a third fluid (surfactant) that is partially miscible in both of the other com-
ponents. This framework leads to a new relation between the surface tension (that depends on
the surfactant concentration through the classical Langmuir formula) and the surface energy of
an interface separating two immiscible fluids in the presence of surfactant. This relation is then
used to predict the critical capillary number for break-up of drops in the presence of surfactant.
At high surfactant concentrations (close to the maximum packing of molecules on the interface),
the Langmuir relation between surfactant concentration and surface tension breaks down. In our
framework, this is reflected by a breakdown in the limiting process mentioned above. This work
(Cristini, Lowengrub) is in preparation for submission to the Journal Physics of Fluids.

1.3 Semi-Adaptive Methods: Sharp-Interface Finite Element Methods

Cristini, Hooper and Lowengrub have developed a new spatially adaptive three dimensional
finite element method to solve multi-component Navier-Stokes and viscoelastic systems using
a sharp interface method. One paper concerning this work has appeared (Hooper, Cristini,
Shakya, Lowengrub, Macosko and Derby; Computational Methods in Multiphase Flow). Cristini,
Lowengrub and Zhou have subsequently incorporated surfactants as is described below. The
paper (Zhou, Cristini, Lowengrub, Macosko) describing the surfactant work is in review in the
Journal Physics of Fluids.

Cristini, Lowengrub and Zhou have studied numerically the dynamics of deformable drops in
the presence of surfactant species both on the drop-matrix interfaces and in the bulk fluids. The
method is based on the unstructured adaptive triangulated 2-D mesh developed by V. Cristini
in the paper An adaptive mesh algorithm for evolving surfaces: simulations of droplet break-up
and coalescence, J. Comp. Phys. 168, 445-463 (2001), to discretize the drop/matrix interface,
and on a preliminary, semi-adaptive implementation of tetrahedral meshes that discretize the
volume fluid domains, together with an efficient parallelization of the numerical solvers. We used
this method to investigate the effects of surfactants on drop-drop interactions in shear flow. The
simulations account for a nonlinear Langmuir equation of state for the surfactant, and for van
der Waals forces responsible for coalescence. For clean drops (no surfactant), our simulations
confirm a well known scaling argument (A.K. Chesters, The modeling of coalescence processes
in fluid/liquid dispersions: A review of current understanding, Trans. Inst. Chem. Eng. 69
(1991), 259.) for the dependence of the critical capillary numbers for coalescence (below which
coalescence occurs) on the drop radius with an exponent −4/9. This theoretical prediction had
never before been recovered in numerical simulations or experiments.

5



Our results reveal a nontrivial dependence of the critical capillary numbers (Cac) on the
surface coverage of surfactant. Marangoni stresses prevent drop approach thus decreasing Cac

with respect to the clean drop case. However, at large coverages close to the maximum packing
of surfactant molecules, surfactant redistribution is prohibited (the surfactant is nearly incom-
pressible) and thus the effect of Marangoni stresses is weakened, leading to an increase of Cac.
In some cases, Cac at high coverages is even higher than in the clean-drop case: surfactant near-
incompressibility hinders drop deformation and thus Coalescence can occur at higher capillary
number.

Finally, our results also reveal a nontrivial dependence of Cac on surfactant solubility in the
bulk. At moderate surfactant coverage, diffusion in the bulk decreases surface redistribution and
thus weakens Marangoni stresses resulting in higher Cac than in the insoluble case. However,
when the surfactant bulk concentration is large, high adsorption fluxes maintain a higher surface
concentration in equilibrium than for the insoluble case, thus resulting in larger drop deformation
and in lower Cac.

While these results are very interesting on their own, this sharp interface algorithm will be
used to benchmark the PMM. The semi adaptive tetrahedral mesh used is based on commercial
mesh generation software (HYPERMESH) that does not allow for the use of a mesh density
function and thus does not give control to the user of the local refinement in the volume domains.

1.4 Fully Adaptive Methods

Adaptive, Unstructured 2-D and 3-D Meshes Tony Anderson, Vittorio Cristini and Xi-
aoming Zheng have developed a fully adaptive, unstructured triangulated/tetrahedral mesh al-
gorithm in 2-d/3-d for use with the PMM (Anderson, Zheng and Cristini, J. Comp. Phys.).
The mesh rests on the use of a prescribed, desired local edge-length function. An example of
the results of this algorithm are shown in Figure 4. The mesh density is maintained using the
following local operations: (1) grid equilibration as a system of linear, massless springs connect-
ing the nodes; (2) node addition and subtraction and (3) edge-swapping to maintain triangles of
good-quality according to a Delaunay criterion.

Solvers for the PMM on unstructured triangulated meshes As part of his Ph.D. thesis
work, Xiaoming Zheng (together with Tony Anderson, V. Cristini and J. Lowengrub) has been
working to develop finite element solvers for the flow equations on unstructured triangulated
meshes (Zheng, Lowengrub, Anderson and Cristini, J. Comp. Phys.). In this preliminary im-
plementation, the PMM is simplified so that there is no chemical diffusion between the species.
Thus the method reduces to a level-set formulation.

In preliminary simulations using the adaptive mesh, we have considered a droplet impacting
an interface in two dimensions. See Figure 4. In this case, the flow is very viscous and we are
simulating the Stokes equations. The node-density is related to the distance to the interface.
Consequently, observe the region near the interfaces is refined, as is the interaction region. The
mesh elements are small across the interfaces to ensure accurate resolution of the lubrication
flow in the thinning gap and thus accurate evolution of the interfaces. The mesh size smoothly
increases away from the interfaces. In Figure 4 (lower right), the minimum gap that separates
the droplet from the fluid interface is reported as a function of time for several resolutions. The
finer mesh simulation results agree with the exponential gap thinning predicted by the lubrication
analysis until eventually the prescribed accuracy (minimum edge length of a triangle) becomes
comparable to the gap-width. Our results show numerical convergence, as the mesh size tends to
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(a) (b)

(c)

Figure 3: Drop/drop coalescence with soluble surfactant. (a) and (b). Adaptive surface and
volume meshes are shown; (c). The adaptive volume mesh is shown in the near contact region
(light: drop volume mesh; dark: matrix fluid volume mesh).
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Figure 4: Snapshots from adaptive mesh simulation of drop impact on an interface. Bottom left:
blow-up of near-contact region. Bottom right: Gap thinning history for minimum gap ∆y vs.
time t (initially, ∆y(0) = 0.1). Solid: simulations for increasing mesh refinement from left to
right. Dashed: theoretical asymptotic behavior.

zero, of the thinning rate and infinite coalescence time predicted by the theory and demonstrate
that mesh adaptivity allows the control of the simulation error. We are now extending this
algorithm to axisymmetric domains and comparing directly with Prof. Longmire’s experiments.

An example of a fully adaptive 3D simulation is shown in figure 5. Here, a highly extended
drop is placed in a quiescent fluid and retraction occurs due to surface tension forces– Stokes
flow is assumed. Due to the Rayleigh instability, the drop breaks into three smaller ones. In
this plot, the drop surface is shown together with a planar slice through the center of the 3D
domain is shown together tetrahedra intersecting the plane. Mesh statistics show that the 3D
tetrahedra are nearly equilateral. Observe that the adaptive mesh automatically follows the
interface through the topology transition and adapts to the newly produced daughter drops.

Figure 5: Break-up of an extended drop during surface-tension driven retraction in 3D
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2 Experimental Studies

2.0.1 Personnel

Two Ph.D. students and one M.S. student performed the bulk of the experimental work. Zul-
faa Mohammed-Kassim (supported mainly by fellowships and partly by DOE) studied drop
coalescence, Ilija Milosevic (supported fully by DOE) studied pinch-off in jets and Shirin
Salber (partly supported by DOE), studied colliding drops. In addition, two undergraduates,
Mike Barnhardt and John Heidt, investigated coalescence in droplet suspensions as part of
Bachelor’s theses.

2.0.2 Method Development

During the grant period, we developed a high frequency imaging method required for both the
pinch-off and coalescence studies. In jet pinch-off, the details of satellite behavior and flow near
transition (see below) were not perfectly repeatable between forcing cycles. Therefore, real-time
flow sequences were necessary. In the coalescence experiments, the coalescence time was not
predictable so that high-frequency imaging and post-event triggering were required. To obtain
the appropriate image sequences, then, a high frequency camera system (NAC Memrecamci)
was operated at 500-2000 Hz in combination with a Quantronix 527 DQE-S Nd:YLF laser (1000
Hz repeat rate that can be increased or decreased for short time spans). This camera/laser
combination worked very well for capturing the larger flow scales associated with coalescence.
Also, it worked well for observing changes in flow topology and quantifying velocity and vorticity
fields surrounding jet pinch-off at lower magnifications. However, we found that this combination
was incapable of resolving the relatively large velocities ( 0.6 m/s) and strong gradients occurring
over small scales at the pinch off location. Therefore, a limited set of higher resolution sequences
was obtained with a Photron APX camera (increased light sensitivity and pixel resolution) on
loan from a vendor.

2.0.3 Pinch-off in Round Jet Flows

Results:

1. An extensive set of experiments was completed to determine the influence of jet Reynolds
number, viscosity ratio, Strouhal number (dimensionless forcing frequency), and forcing
amplitude on satellite formation and jet stability. The density ratio of jet to ambient fluid
(1.2), the Bond number (7.3), and the Ohnesorge number (0.013) were held constant for
these tests. Some of the results are plotted below in Figure 6. For the fluid combination
examined in greatest detail (viscosity ratio of jet to outer fluid = 1.6), satellites form at
lower Reynolds and Strouhal numbers. Additional experiments showed that satellites are
suppressed by increased outer fluid viscosity and jet perturbation amplitude.

2. The nature of satellite formation was examined in detail. Satellite occurrence depends
on the interface shape approaching pinch off as well as the detailed velocity gradients
surrounding the pinch off region. Satellite formation required the existence of a ’harmonic’
(defined by a section of concave curvature) on the interface of the volume that subsequently
broke off of the jet tip. If the concave section was close enough to the jet neck, the resulting
velocity and vorticity pattern deformed the interface into an upstream-facing cone attached
to the main drop that subsequently broke off as a satellite. By contrast, if the concave
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curvature was located far enough downstream of the jet neck, no satellite developed. The
differences in curvature and corresponding vorticity contours for two cases approaching
pinch-off are shown in Figure 7 (see Milosevic and Longmire, 2002 for

detailed sequences).

3. Real-time imaging was performed at high magnification to examine details of interface
orientation through transitions for a variety of pinch-off modes. Figure 8 shows close ups
of the pinch off zone for two ‘modes’: a satellite breaking from the jet tip (Re = 39, St =
3.5), and a primary drop splitting into two drops (Re = 58, St = 2.1). In Figures 9 and
10, the upper and lower pinch-off angles (defined as the angle between the interface and
the horizontal) are plotted as a function of neck radius for the various modes tested. Also
included in the graphs are values found by Cohen et al., Phys. Rev. Let. 83(6), 1999, in
experiments on dripping flows and by Zhang and Lister, Phys. Rev. Let. 83(6), 1999 in
similarity-based computations on a straining flow. Interestingly, the angles from the break
of one drop into two approach the values found in the previous experiments and in the
numerical calculations (assuming similarity theory). However, the angles associated with
the break of a single primary drop from the jet tip, a satellite breaking from the jet tip, and
a satellite pinching from a much larger primary drop do not. In addition, results of high-
resolution PIV experiments (using a Photron camera on loan) indicate that axial strain
rates surrounding the pinch off follow similar trends, i.e. the strain rates associated with
one drop breaking in two match results from Zhang and Lister, but the rates associated
with a drop pinching from the jet tip do not. In the future, we would like to examine
the interface and velocity trends to even smaller scales using a higher resolution system to
confirm (or refute) these results.

4. An additional fluid pair with reduced surface tension that satisfies our index matching
requirements: octanol/water-glycerin was identified and tested. This pair yields a much
larger Bond number (60) and Ohnesorge number (0.08) than the water-glycerin/silicone
oil pairing. The viscosity ratio (2.9) is also significantly higher than in the other cases
studied. Effectively, the higher viscosity ratio and the lower surface tension combine to
destabilize the resulting jet significantly. As can be seen from Figure 11, the jet interface
becomes highly distorted by viscous shear, supporting locations with very small radii of
curvature. In addition, the jet becomes three-dimensional before any discrete ‘drops’ break
off. Higher magnification views of potential pinch off locations show that larger structures
are connected by thin threads that are drawn off axis. Because our visualization technique
is limited to thin planes, the threads move in and out of the measurement plane, and any
breaking of the threads is not observable.

5. PIV experiments were performed on specific cases to generate high-quality data needed for
generation of and comparison with computational results. Data included time-resolved ve-
locity profiles at the jet nozzle outlet (providing initial conditions for the computations) and
full velocity fields of the developing jet and pinch off region (for comparison with the com-
putations). Parameters varied independently using silicone oil/water glycerin included jet
forcing amplitude, jet Reynolds number, and jet Strouhal number. Additional cases using
the octanol/water-glycerin pair allowed variation of parameters related to fluid properties.
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Figure 6: Jet pinch-off topology. All points were obtained using ηi/η0 = 1.6 except for those
marked by solid squares where ηi/η0 = 0.17. The symbol D denotes a primary drop of significant
volume, and S denotes the presence of a satellite.

Figure 7: Interface shape and vorticity fields for St = 3.5, Re = 58 (left) and St = 3.5, Re = 39
(right). The right-hand case will form a satellite while the left-hand case does not.
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Figure 8: Interface angles approaching pinch-off for St = 3.5, Re = 39 (left: satellite breaking
from jet tip) and St = 2.1, Re = 58 (right: primary drop splitting into two)

Figure 9: Upstream interface angles as a function of neck radius for various pinch-off modes.
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Figure 10: Downstream interface angles as a function of neck radius for various pinch-off modes.

Figure 11: Forced jets. Left: St = 3.5, Re = 58, Bo = 7.3, Oh = 0.013, µi/µo = 1.6. Right: St
= 1.23, Re = 69, Bo = 60, Oh = 0.08, µi/µo = 2.9). Note that magnification is greater in left
image.
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2.0.4 Single Drop Impact and Coalescence

In these experiments, drops of glycerin/water solution are allowed to fall through silicone oil
and eventually impinge on an interface of their homophase. The index matching method and
measurement techniques are similar to those described above.

Results

1. We completed detailed measurements (evolving interface shape, velocity and vorticity fields)
on gravity-driven impacting drops at several Reynolds numbers and visualization exper-
iments over the range 0.3 < Re < 300 (0.005 < We < 8.4) (see Mohamed-Kassim and
Longmire, 2003). In general, the drop deforms the interface, rebounds, and eventually set-
tles to a ‘rest position’ prior to a significantly longer period of film drainage. For Re (and
We) above this range, the drops are increasingly unstable such that the impacting drop
typically deviates from axisymmetry resulting in off-axis rebounding and some translation
of the drop away from the original flow axis prior to film drainage and coalescence. The
rebounding behavior observed here, which would be present in a wide variety of practical
situations, provides a challenging test case for numerical simulations. In particular, the thin
region between the rebounding drop and underlying interface must be resolved numerically
to avoid premature coalescence.

2. Using the Memrecam camera/Quantronix laser combination, we obtained the first known
measurements of velocity and vorticity fields through a macroscopic coalescence event (see
Mohamed-Kassim and Longmire, 2002,2004). Examples of vertically-oriented PIV images
and a corresponding velocity field are given in Figures 12 and 13(right). The initial rup-
ture typically occurs off axis. Then, a vortex ring develops inside the drop while a counter-
rotating ring forming near the outer periphery of the drop travels outward. Owing to the
rupture location, the downward motion of the drop fluid is typically three-dimensional.
The vorticity evolution through the coalescence process was documented in PIV sequences
containing many frames.

3. Visualizations and PIV measurements were obtained in horizontal flow planes coincident
with the unperturbed bulk interface. The results reveal that, during the ‘film drainage’
stage while the drop hovers above the interface, small perturbations develop and grow
resulting in asymmetric drainage as well as asymmetric circulation patterns within the drop.
An example of this flow is shown in Figure 13(left). Note that the velocity magnitudes
are significantly smaller than those in Figure 13(right). The growth of this horizontal
flow pattern is a strong indicator of the inherent instability of this flow geometry. It is
probable that the asymmetric fluid ejection reduces the time of coalescence compared to
an idealized axisymmetric film flow.

2.0.5 Coalescence in Liquid/Liquid Mixtures and Coalescence of Drop Pairs

Experiments on generation and coalescence of liquid dispersions were performed by two under-
graduates. A tank facility was constructed with an agitation system designed to generate layers
of liquid droplets within a second liquid. A horizontal grid was driven up and down through a
liquid/liquid interface by a computer-controlled stepper motor mechanism. The grid oscillation
frequency and amplitude and the total number of oscillations could be controlled precisely. The
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perforation scale in the grid determined the dominant and largest initial drop size in the resulting
suspension. The initial thickness of the suspension layer could be controlled by varying the num-
ber of plate oscillations. Visualization experiments were performed to determine coalescence rate
as a function of drop size, viscosity ratio, and initial drop layer thickness. Preliminary conclusions
were that the coalescence rate increased as the upper fluid viscosity decreased (from 50 cs to 5
cs), and that, for 50 cs, the coalescence rate was approximately constant for varying thicknesses
of the initial suspension layer. By contrast, for 5 cs fluid, the coalescence rate decreased with
decreasing initial suspension thickness.

2.0.6 Coalescence of Drop Pairs

Visualization experiments on coalescing drop pairs were performed by undergraduate teams dur-
ing microgravity trajectories on the NASA KC-135 aircraft [42] and in our laboratory by Shirin
Salber. Here, water/glycerin drops are ejected from two opposing tubes into a layer of oil. In
either normal or microgravity conditions, the initial drop volume and velocity can be tuned to
generate either rebounding or coalescence. From these experiments, we obtained a mapping of the
topological behavior as a function of drop Weber number and impact parameter B(dimensionless
offset distance at impact). A plot of results is shown in Figure 16. As far as we know, no such
mapping is available in the literature for liquid/liquid flows. Interestingly, the results appear
similar to previous studies performed on liquid drops colliding in gas environments.
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Figure 12: Water-glycerin drop above silicone oil/water-glycerin interface (a) immediately before
rupture and (b) during rupture. Field of view is 1.5cm × 1.2cm.

Figure 13: Horizontal velocity and vorticity fields beneath drop before rupture (left). Vertical
fields just after rupture (right). Quantities are normalized using the equivalent drop diameter
D = 1.0cm and surface tension velocity U = 5.3cm/s. Reference vector at right of each plot
= 5.3cm/s.
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Figure 14: Laser sheet visualization of silicone oil drops in a layer of water/glycerin solution
(Bo = 1.5, Oh = 0.13, ρo/ρw = 0.84, ηo/ηw = 0.17).

Figure 15: Water/glycerin drops coalescing in mineral oil. Left: Re = 135, We = 29, ηi/ηo =
0.59, ρi/ρo = 1.33; Right (microgravity conditions): Re = 70, We = 7, ηi/ηo = 0.59, ρi/ρo =
1.33.
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Figure 16: Coalescence topology map for water glycerin drops in silicone oil, ρd/ρoil = 1.19,
µd/µoil = 0.33. Squares designate bouncing, diamonds designate coalescence, and triangles des-
ignate both behaviors.
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