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Abstract 
Experiments on binary drop collisions within an index-matched liquid were 

conducted for Weber numbers (We) of 1-50 and collision angles of 15-80° below the 

horizontal.  Drop pairs of water/glycerin mixture were injected into silicone oil and, due 

to gravitational effects, traveled on downward trajectories before colliding.  A dual-field 

high-speed PIV measurement system was employed to quantify drop trajectories and 

overall collision conditions while simultaneously examining detailed velocity fields 

near the collision interface. 

 In the We range examined, for equal size drops, both rebounding and coalescing 

behavior occurred.  The drops coalesced for We > 10 and rebounded for We < 10, and 

this boundary was found to be insensitive to collision angle.  Coalescence was found to 

result from a combination of vortical flow within drops and strong drop deformation 

characteristic of higher We.  Flow through the centers of opposing ring vortices, 

strengthened by drop deformation, enhanced drainage of the thin film in the impact 

region, leading to film rupture and coalescence.  The collision angle affected the 

eventual location of film rupture, with the rupture location moving higher in the thin 

film region as the collision angle increased.  The film rupture location correlated closely 

with the location of maximum downward velocity in the thin film.  The time between 

collision and rupture increases with We until We = 30.  For We > 30, the time decreases 

as We increases. 

 Unequal size drop collisions with drop size ratios (Ds/DL) of 0.7 and 0.5 were 

also examined.  Coalescence occurs above We* = 11 similar to equal size drops.  As 

drop size ratio decreases, the intervening film deforms more.  If the velocity ratio uL/us 

< 1, the deformed interface becomes flat before coalescence.  The rupture location 

varies due to the asymmetry of the drops.  As collision offset increases (B > 0), the film 

rupture time is shortened and mixing of the fluid from both drops is enhanced after 

coalescence. 

 The presence of tracer particles in the intervening film does not affect the 

minimum Weber number for coalescence, but the film ruptures earlier compared with 

cases lacking tracer particles. 
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Chapter 1 
Introduction 
 

1.1 Motivation 
When liquid volumes collide in a gas or liquid where interfacial tension exists, 

they can either coalesce or disperse.  Collisions between liquid drops occur in 

atmospheric raindrop formation (Abbott 1977, Whelpdale and List 1971), spray 

combustion (Faeth 1977, O’Rourke and Bracco 1980), and liquid-liquid extraction 

processes.  The following are some examples of practical coalescence applications. 

Coalescence in liquid/liquid mixtures occurs in many practical applications 

involved in the manufacture, transport, mixing, polymer blending, and separation of 

petroleum, chemical, food, and waste products.  Crude oil pumped from a well, for 

example, exists initially in the form of an oil-water mixture due to the presence of 

natural surfactants in crude oil.  The oil and water must be separated before the oil can 

be transported to a pipeline or a tanker.  Currently, petroleum companies rely on 

systems that incorporate gravity, surfactants, centrifugation, and electric fields to 

destabilize and separate water from the oil.  In the absence of other effects, water drops 

settle to the bottom of the container due to density differences.  Eventually the 

individual droplets merge or coalesce to form larger drops.  The larger drop size 

enhances the gravitational separation force and increases separation rate.  In general, the 

system size and its cost depend directly on the separation rate that can be achieved.  In 

order to improve cost effective production, it is key to understand the characteristics of 

coalescence. 

Coalescence occurs within chemical wastes from a wide range of industries.  These 
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wastes are byproducts from steel, aluminum/metal, textile, and petrochemical processes 

contain emulsions.  Vegetable oil extraction, such as palm oil processing, is another 

good example of a source of this waste.  To separate these wastes, chemical 

demulsifiers are added.  Emulsions of fine droplets are generated to enhance the rate of 

mass transfer of a chemical between liquids.  After the mass transfer takes place, the 

liquids must be separated, and therefore coalescence is necessary. 

Understanding coalescence has been one of most challenging problems in fluid 

dynamics.  It occurs when inertia drives two volumes of fluid toward each other.  These 

two volumes could be either separate drops or one drop and a larger fluid volume with a 

nominally flat interface.  When drops collide, they typically deform and a thin film of 

liquid remains between them.  This film must drain away before the bodies can merge.  

For the film drainage, the inertia must persist over sufficient time in order to overcome 

the surface tension acting to restore the initial curvature.  When the film thickness 

between the drops becomes small enough, the neighboring interfaces merge so that the 

drops coalesce. 

The coalescence process is difficult to characterize because the flow behavior is 

typically highly complex, three-dimensional, and unsteady.  The coalescence frequently 

encompasses a wide range of time and length scales coupled in a nonlinear way.  While 

the drop size and its trajectories are of macroscopic scale, the thickness of film between 

colliding drops becomes submicroscopic.  Mackay and Mason (1963) showed that the 

critical film thickness for coalescence of colliding drops in air is on the order of 102 A
o

.  

Colliding drops will actually coalesce only under certain physical conditions that allow 

the film thickness to reduce to molecular scales and van der Waals forces to become 

significant. 

 

1.2 Previous work 
When two drops collide, they may coalesce without deforming, rebound, 

coalesce after deformation, separate after temporary coalescence near head-on collision 

(reflexive separation), and separate after stretching coalescence due to an off-center 

collision (stretching separation).  Examples of theses behaviors for Tetradecane drop 
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collisions in air are shown in Fig. 1.1. 

 

(a)  (b)  

(c)  (d)  

(e)  

Figure 1.1 Tetradecane droplet collisions in air (1 atm), (a) Coalescence without 

deforming, We = 0.2; (b) Rebound, We = 0.5; (c) Coalescence after deformation, We = 

19.4; (d) Reflexive separation, We = 37.2; (e) Stretching separation, We = 60.1 [Images 

taken from Qian and Law (1997)] 

 

 When drops coalesce without deforming as shown in Fig. 1.1a, drop collision is 

gentle due to low inertia.  Drops coalesce due to intermolecular interaction without 
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deformation.  In Fig. 1.1b, rebound occurs even though the inertia is higher than Fig. 

1.1a.  If the inertia of the drop is sufficient, drops deform after they collide and coalesce 

when the interfacial film between the drops is drained out as shown in Fig. 1.1c.  After 

drops coalesce into a single drop, the drop oscillates and forms a spherical shape.  Some 

of previous studies defined this regime as ‘stable (permanent) coalescence’, or 

coalescence after substantial deformation’ (Adam et al 1968, Ashgriz and Poo 1990, 

Jian et al 1992, Qian and Law 1997).  As drop inertia further increases, drops coalesce 

followed either by reflexive separation into multiple drops for near head-on collision 

(Fig. 1.1d) or followed by stretching separation into two drops with several satellite 

drops for an off-center collision (Fig. 1.1e).  These regimes are sometimes defined as 

‘unstable coalescence’ because drops coalesce temporarily before they separate into two 

or more drops.  For stretching separation, the kinetic energy of the drop is changed into 

rotational energy if the drop collision is off-center at sufficiently high inertia.  Therefore, 

the drop rotates, stretches, and finally breaks into two main drops and several satellite 

drops.   

Many previous studies (Adam et al 1968, Ashgriz and Poo 1990, Jiang et al 

1992, Qian and Law 1997, Brenn et al 2001, Chen and Chen 2006) characterized the 

outcome of binary drop collisions in gases based on the value of the Weber number 

(We) and the impact parameter (B).  The Weber number is defined as, 

 

                                                            
σ

ρ DUWe reld
2

=                                                     (1.1) 

 

The Weber number quantifies the ratio of inertial to surface tension forces, where ρd is 

the drop density, Urel is the relative velocity between approaching drops, D is the drop 

diameter, and σ is the interfacial tension.  Thus, higher We values correspond to faster, 

larger drops with lower surface tension.  The impact parameter B is the offset distance 

between approaching drop centers normalized by the drop diameter.  Hence, when B = 

0, the drop collision is head-on, and when B is greater than 0, the drop collision is 

oblique or glancing. 

 The following literature review divides previous work into experimental, 
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numerical, and theoretical contributions.  Previous experimental research is separated 

into two sections that consider drop collision in gases and in liquids. 

 

1.2.1 Experiments on drop collision in gases 

Early binary drop collision studies were motivated by applications for raindrop 

formation and spray combustion (Gunn 1965, Adam et al 1968, Whelpdale and List 

1971, Brazier-Smith et al 1972, Bradley and Stow 1978, and Brenn and Frohn 1989).  

Those works focused on collision between water or hydrocarbon drops.  Gunn (1965) 

studied the collision of water drops in air and found that drops rebound at low velocities.  

He suggested that drops coalesce only if there is sufficient kinetic energy.  Adam et al 

(1968) were the first to investigate the effect of impact parameter on water drop 

collisions.  They showed that the transition of coalescence to reflexive separation 

depends on Weber number and impact parameter.  When increasing the drop 

momentum (We), drops temporarily coalesce followed by separation (unstable).  With 

increasing impact parameter, drops have either reflexive separation or stretching 

separation.  They also found a critical We of 7.6 which represents the boundary between 

coalescence regime (stable) and separation (unstable), in the range of impact parameters 

greater than 0.8.   Brenn and Frohn (1989) first studied the collision of two hydrocarbon 

drops (Propanol-2).  They generally considered effects of impact parameter, drop 

velocity, and drop size.  Equal sized propane-2 drop collision behaved similar to water 

drop collisions.  With increasing drop momentum, the coalesced drop tends to become 

longer vertically for head-on collisions.  For off-center collisions, as the momentum 

increases, small satellite drops are formed while the drops were separating, similar to 

water drop collision.  The number of satellite drops increased with increasing kinetic 

energy. 

Binary drop collisions in gases were studied extensively by Ashgriz and Poo 

(1990), Jiang et al. (1992), and Qian and Law (1997) who observed a variety of 

collision outcomes, including rebounding and coalescence, over a range of Weber 

numbers (We) and impact parameters (B).  Ashgriz and Poo (1990) studied water drop 

coalescence and separation following temporary coalescence.  Figure 1.2 shows the 
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collision outcome for two equal size water drops.  In this plot depiction, drop collisions 

may result in coalescence, reflexive separation, or stretching separation.  For 5 < We < 

18, the drops always coalesce.  Above We = 19 (near head-on collision), drops 

temporarily coalesce followed by separation.  As We further increases, the vertically 

elongated liquid volume breaks into several satellite drops during separation.  Stretching 

separation was observed for higher impact parameters. 

 

 
Figure 1.2 Regions of coalescence, reflexive separation, and stretching separation for 

water drops.  Plot is taken from Ashgriz and Poo (1990). 

 

Jiang et al (1992) quantified hydrocarbon drop collision behaviors and later, 

Qian and Law (1997) extended the work by varying background pressures, densities, 

and viscosities.  Their works showed that hydrocarbon drop collisions are different from 

water drop collisions.  For water drop collision as shown in Fig. 1.2, the drops always 

coalesce when We is low, up to We ≈ 20.  However, hydrocarbon drops coalesce when 

We << 1 (regime I from fig. 1.3), and then rebound as We increases (regime II) (see Fig. 

1.2 for water drops and Fig.1.3 for hydrocarbon drops).  For head-on collisions with 

very low We as shown in Fig. 1.3, intermolecular interaction causes coalescence.  With 
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this low We regime (We < We1 = 2.5 for Tetradecane drops, C14H30 in Fig. 1.3), 

coalescence for head-on collisions could be only observed for hydrocarbon drops.  In 

this We regime, Qian and Law (1997) found that water drops did not coalesce unless the 

impact parameter was greater than zero so that the drops collided off center.  This result 

was not documented by Ashgriz and Poo (1990) (Fig. 1.2).  As We increased (beyond 

We1 = 2.5 for Tetradecane drops in Fig. 1.3), drops rebound even though the inertia is 

higher than coalescence regime I (We < 2.5).  If the inertia of the drop is sufficient by 

increasing We, drops coalesce with deformation (Regime III).  As We further increases 

(We3 = 35.5 for Tetradecane drops in Fig. 1.3), drops coalesce either followed by 

reflexive separation into multiple drops for near head-on collision (small B) or followed 

by stretching separation into two drops with several satellite drops for larger B similar 

to the result from Ashgriz and Poo (1990).   

 

 
Figure 1.3 Schematic of various collision regimes of hydrocarbon droplets in 1 atm. air.  

Plot is reproduced from Qian and Law (1997). 

 

Willis and Orme (2000, 2003) studied the collision of liquid drops with a high 

viscosity in a vacuum chamber to understand the collision dynamics due to 

aerodynamic and viscosity effects.  Their experiments showed that the order of critical 



 8 

We, between stable coalescence and coalescence followed by separation, was different 

for hydrocarbon drops and water drops.  Water drop collisions have a critical We of the 

order of 100 while the critical We of 30 cSt fluid is approximately 3000.  As drop 

viscosity increases, the critical We increases.  They computed energy dissipation based 

on kinetic energy and surface energy changes.  Changes of the total of kinetic energy 

and surface energy before collision and the time of maximum deformation were 

considered.  They found that the percentage of energy dissipated increases with 

increasing fluid viscosity. 

Brenn et al (2001) and Brenn and Kolobatic (2006) investigated the formation 

and breakup of drops in off-center collisions by varying the impact parameter.  Based 

on their experiments, they developed a numerical model of satellite drop formation.  

They found that the number of satellite drops increases, up to 7 satellite drops, as 

colliding drop size increases. 

 

Unequal size drops collision 

 More realistically, drop collision usually occurs between two different drop 

sizes.  However, for unequal size drop collisions, the collision event becomes more 

complex.  Few studies have been conducted with unequal size drop collision.  Since size 

of the drops is different, the Weber number must be modified to characterize the 

unequal size drop collision.  Brazier-Smith et al. (1972) and Ashgriz and Poo (1990) 

used the smaller drop diameter as the characteristic length.  The Wes based on the 

smaller drop diameter is defined as,  

 

                                                          
σ

ρ sreld
s

DU
We

2

=                                                   (1.2) 

 

where Ds is the diameter of the small drop.  The drop size ratio is defined as Ds/DL.  

Some people defined the Weber number (Weavg) for unequal size drop based on the 

average diameter of the two drops (Orme 1997 and Premnath and Abraham 2005). 

 Brazier-Smith et al. (1972) used 150-750 μm diameter drops colliding at 

velocities range of 0.3-3.0 m/s2 (20 < Wes <90).  They analyzed the results based on 
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angular momentum considerations and made an attempt to relate the ratio of drop sizes 

to the coalescence efficiency (percentage of collisions resulting in coalescence).  They 

found that coalescence efficiency increases with drop size ratio. 

Low and List (1982) studied breakup and coalescence of 6 different size ratios 

of drop pairs (Ds/DL = 0.22, 0.10, 0.09, 0.40, 0.06, 0.03).  They provided the collision 

outcomes with a wide range of drop ratios for breakup and coalescence.  Their 

experiment showed that coalescence occurs significantly when the small drop is less 

than 0.06 cm in diameter.  Beard, and Ochs (1983) investigated 15 different drop size 

ratios of drop collision and resulting coalescence efficiency.  The drop sizes were in the 

range of 63-98μm and 11-26μm.  The We cannot be estimated due to lack of velocity 

information.  The efficiency decreases with increasing small drop size, which agrees 

with Low and List (1982) and Brazier-Smith et al (1972).  They did not provide 

photographs, but observed coalescence with deformation in their experiment.  They 

conclude that increasing the size of the small drop may cause rebound instead of 

coalescence with deformation. 

Ashgriz and Poo (1990) also investigated the collision of  different size drops.  

They provided the collision outcomes for drop size ratios (Ds/DL) of 0.75 and 0.5, 

where Ds is the small drop diameter and DL is the larger drop diameter, and provided 

photographs of the evolution of collision.  Figure 1.4 shows the outcomes of water drop 

collision for the drop size ratio of 0.5.  Overall outcomes in Fig. 1.4 are similar to 

outcomes in equal size drop collisions (Fig. 1.2).  However, Fig. 1.4 (compared to Fig. 

1.2 for equal size drop collision) shows that both the reflexive and stretching separation 

regions become smaller as the drop size ratio decreases.  The drops coalesce in a wider 

range of impact parameter.  In Fig. 1.4 the boundary between coalescence and 

separation shifted to higher Wes when compared to equal size drop collisions (Fig. 1.2).  

Figure 1.5 shows two examples of unequal size drop collisions.  Fig. 1.5a is reflexive 

separation with We = 56 and the drop ratio is 0.5.  Fig. 1.5b is coalescence with We = 25 

and the drop size ratio is 0.6.  The color shows the mass transfer between small drop 

and large drop after collision.  The coalesced volume in Fig. 1.5b loses its symmetry 

and moves in the direction of the larger drop trajectory similar to the result of Brenn and 
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Frohn (1989).  Brenn and Frohn also found that after reflexive separation with 

generation of small satellite drops, the satellite drops can recombine with the larger drop. 

 

 
Figure 1.4 Regions of coalescence, reflexive separation, and stretching separation for 

drop size ratio, Ds/DL = 0.5.  Plot is taken from Ashgriz and Poo (1990). 

 

(a)  

(b)  
Figure 1.5 Unequal-size drop collision: (a) Reflexive separation collision, We = 56, 

Ds/DL=0.5 and (b) coalescence, We = 25, Ds/DL=0.6.  Images are taken from Ashgriz 

and Poo (1990). 

time 

time
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Mass transfer during collision 

Ashgriz and Poo (1990) colored one drop to observe the mass transfer between 

the two drops during the collision event.  At We = 23, B=0, a very small amount of 

mass transfer occurs during reflexive separation.  The mass transfer increases with We.  

Authors also found that mass transfer increases with the impact parameter for stretching 

separation. For higher impact parameters, the colored drop moves to the opposite side 

after separation.  However, for reflexive separation colored drop does not move to the 

opposite side after separation.  Recently, Chen and Chen (2006) studied collisions 

between equal size diesel oil and water drops using different color dyes.  They observed 

the diesel oil drop moves toward the water drop during collision and eventually they 

switched their initial positions, which is consistent with the results of Ashgriz and Poo 

(1990) for stretching separation.  Authors also observed the drop switching for rebound 

and reflexive separation which is not viewed by Ashgriz and Poo (1990).  Gerzina 

(2005) observed this drop position switch for reflexive separation and stretching 

separation in liquid.   

Mass transfer (or dye transfer) can also be observed in reflexive separation for 

unequal size drop collision (Fig. 1.5).  During reflexive separation for unequal size drop 

collision (Fig. 1.5a), the large drop becomes smaller and small drop becomes larger 

after collision.  Part of the volume of the large drop is transferred to the smaller drop. 

For coalescence (Fig. 1.5b), the mixing between two drops during the initial period of 

collision is similar to most of low We equal size drop collisions.  As the combined 

volume oscillates to form a spherical drop, the small drop flows into the large drop and 

mixing occurs. 

  

1.2.2 Experiments of drop collision in liquids 

Extensive experiments on binary drop coalescence in liquids have been 

conducted in flows with negligible inertia (We << 1) by Guido and Simeone (1998) and 

Leal’s group (Hu et al 2000, Yang et al 2001, Ha et al 2003, Borrell et al 2004, Yoon et 

al 2005, 2007).  These previous studies used a capillary number (Ca) as a criterion for 

coalescence, where μs is the viscosity of the suspending fluid, G is the magnitude of the 
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velocity gradient in the driving shear flow, and r is the radius of the undeformed drop. 

 

                                                             
σ

μ Gr
Ca s=       (1.3) 

 

Guido and Simeone (1998) studied two equal size drops (polyisobutylene, PIB) 

colliding in shear flow.  Their Ca was fixed at 0.13 (similar to the regime I in Fig. 1.3) 

and drop radius was 17-20 μm.  They studied the collision trajectories and found that 

the collision in shear generally acted to separate the two drops along the velocity 

gradient direction.  They observed coalescence when the drops were about to separate, 

but did not provide any extended results in order to understand the coalescence process.  

Leal and coworkers studied the coalescence of equal-sized polybutadiene (PB) drops in 

polydimethylsiloxane (PDMS).  Typically, the drops impacted and rotated about their 

center of mass.  For their experimental conditions, drop pairs coalesce when collisions 

are gentle:  the drops do not deform significantly (We << 1), and coalescence occurs at a 

point of contact.  This is similar to the regime I shown in Fig. 1.3 for We << 1.  Above 

Ca = 0.012, the drops deformed slightly and moved apart without coalescing.   The 

authors measured film drainage time for head-on collisions and found that the film 

drainage time at a fixed Ca increased with viscosity (Hu et al (2000), Yang et al (2001)).  

Verdier and Brizard (2002) first quantified local velocity field within drop during a 

coalescence event by PIV (Particle Image Velocimetry) measurement.  For their 

experiment, polydimethylsiloxane (PDMS) drops (a diameter of ~5-20 μm) collided in 

polyisobutylene (PIB).  The collision was very gentle so that drops did not deform.  The 

authors observed film drainage vectors near a ‘neck’ (the region where two drops 

merged.  Sometimes it is called ‘bridge’) from PIV image.  However, the time and 

spatial resolution were limited to determine when and where the thin film ruptured. 

Salber (2004) examined drop collisions in liquid at We where inertia was 

significant and observed a boundary between rebounding and coalescence for which We 

was of similar order to that observed for drop collisions in a gas as shown in Fig. 1.6.  

She found that the boundary between rebound and coalescence shifts to higher We with 

increasing viscosity ratio (μd/μs where μd is the dynamic viscosity of the drop fluid and 
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μs is the dynamic viscosity of the surrounding fluid).  This trend is similar to the result 

for drop collisions in gas from Willis and Orme (2000).  She conducted PIV 

measurements, but the data was only preliminary to understand the detailed coalescence 

mechanism.  

 

 
Figure 1.6 Regions of rebounding (left) and coalescence (right) for μd/μs = 0.33.  Pink = 

rebound, blue = coalescence, green = mixed behavior (rebound/coalescence).  Plot is 

reproduced from Salber (2004). 

 

Some researchers studied the drainage behavior of the thin film between two 

drops in a liquid (Klaseboer et al. 2000, Chevaillier et al 2006, Zdravkov et al 2006).  

Inertia is negligible in these experiments, so that We << 1.  Klaseboer et al. (2000) 

found by comparing experimental data and numerical results that the interfaces of the 

drops were immobile.  Later Chevaillier et al (2006) further studied the influence of 

mass transfer on the film drainage mechanism.  They explained that a different solute 

concentration at the interface induces an interfacial tension gradient and this gradient 

enhances the interface thinning or thickening by reducing or increasing the interfacial 

shear stress.  Experiments on single drop coalescence at liquid interfaces showed that 

the film ruptures when it reaches a minimum thickness of about 10 microns (Charles 

and Mason 1960, Hartland 1967a, 1967b).  Mohamed-Kassim and Longmire (2003) 

visualized the drop coalescence with index matched fluids and observed that drop 
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rupture was always off-axis toward the rim of the interface. 

 

1.2.3 Numerical studies 

Computations of multiphase flows are difficult because conventional continuum 

models have failed numerically to simulate coalescence.  These models interpret the 

interface between two fluids as a sharp discontinuity in density and stress.  Therefore, 

when the distance between fluid layers is too close, the code blows up and there is no 

physical way of rupturing an interface.  The computations are challenging since the 

interface is generally evolving and unknown and must be determined in conjunction 

with the flow field.  Also, the highly complex, three-dimensional, and unsteady flow 

during the coalescence event make the numerical simulation quite difficult and 

challenging.  Drop coalescence is simulated as the large motion of two volumes of 

drops and the smaller flow behavior of film drainage between the drops.  Various 

approaches have been developed to overcome multiphase flow computation problems in 

coalescence.  Most numerical studies have been studied using two standard 

methodologies: front tracking methods and front capturing methods.  They differ 

primarily in the interpretation of boundary conditions on the interface. 

Earlier numerical studies of the dynamics of drop collision, with application to 

the raindrop formation and liquid/liquid dispersion problems, have previously been 

performed by several researchers (Foote 1975, Tobin et al 1990, Tsouris et al 1994).  

Essentially models for raindrop formation involve drop coalescence, and it is important 

to understand the mechanism in order to predict drop growth accurately.  One of the 

earliest numerical studies was conducted by Foote (1975).  Foote numerically simulated 

axisymmetric drop head-on collisions with We < 5.  In his simulation, after a drop 

impacted on a rigid wall, it flattened on the bottom and started to bounce upward.  He 

was able to simulate internal motion and forces, and compared the computed drop shape 

with experimental results.  Yet the results are limited, since there is no existing 

experimental data available to compare the computed internal flow motion inside of the 

drops.  Tobin et al. (1990) numerically studied the drop size dependence of coalescence 

rate in purely coalescing dispersions (negligible drop break-up).  They assumed that 
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coalescence occurs when the interface film between the drops reaches a critical 

thickness.  They uses cut and connect method to simulate the film rupture.  Authors 

found that the drop size plays an important role in coalescence, the coalescing rate 

increase as the drop size increases. 

The front tracking method typically uses an ad hoc cut-and-connect technique 

such as when two interfaces reach an arbitrary separation, they coalesce.  Discrete 

representation of the interface is employed to track the interface on a grid.  This method 

includes surface marker function to connect the marker particles to determine the 

boundary.  Since the interface is represented more accurately compared to other 

methods, the surface tension force can be estimated more precisely.  However, this 

method has difficulty dealing with interactions between the topologies of the interface, 

either coalescence or rebound, because there is no physical way to change interface 

topology (Tryggvason et al. 2001 and de Sousa et al. 2004). 

Nobari et al (1996) used the front tracking method to simulate axisymmetric 

head-on drop collision.  They resolved bouncing, coalescence, and reflexive separation 

cases using a cut-and-connect procedure.  They ruptured the interface film between the 

drops before the separation of two interfaces reaches too close.  Therefore the details of 

the rupturing of the film between the drops were unresolved.  They reported that the 

rupture time depends on how fast the film is drained.  In a three-dimensional (3D) 

simulation, Nobari and Tryggvason (1996) varied the impact parameter at a fixed We.  

They observed rebound for head-on collisions and B = 0.75.  Similar to their 

axisymmetric simulation, details regarding the film rupture could not be resolved 

because the rupture was simulated by removing the thin layer between the drops.  

Similar to their axisymmetric computation, they concluded that rupture time was an 

important factor to determine the collision outcome.  Mashayek and Ashgriz (1995) and 

Mashayek et al (2003) studied binary drop coalescence using the spine-flux method 

(SFM) for the free surface tracking.  A moving grid method was used.  The interface is 

represented as a boundary between two sub-domains of the grid.  Changes in the 

topology of the interface are represented by changes in the shapes of the grid cell near 

the interface.  Mashayek and coworkers showed the liquid drop deformation on a very 
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low We (We < 3.2).  They found that the initial internal circulation affects the oscillation 

of the coalesced drop.  Dai and Schmidt (2005) used a 3D moving-mesh finite-volume 

solver to simulate head-on drop collision and compared the results with those of Willis 

and Orme (2003).  In this method, two drops are connected by a bridge as they approach 

to avoid the singularity problems when drops coalesce.  They showed that the maximum 

deformation increases with increasing Reynolds number. 

Front capturing methods, such as the Volume of Fluid (VOF) method and the 

level set (LS) method, include an additional conservation equation.  The interface is 

represented by capturing it on fixed grid.  Sometimes, it is called a fixed-grid method 

since the grid does not move with the interface.  The VOF method uses the volumetric 

fraction of a given fluid within each grid cell.  Cells containing fractional values 

representing two regions are considered the interface.  The VOF method represents 

surface tension as a boundary condition by taking the product of surface tension and 

local curvature (James and Lowengrub 2004 and de Sousa et al. 2004).  The VOF 

method is able to preserve overall mass-conservation.  However, due to numerical 

smoothing or limited diffusion of sharp discontinuities near the interface, the accuracy 

of collision outcomes may be affected.  Another front capturing method is the Level Set 

method (LS).  LS method involves the computation of the level set function to describe 

the interface between two fluids.  LS method can easily simulate topology changes in 

the interface like merging and breaking in both 2D and 3D geometries. However, a 

major disadvantage of this method is the interface diffusion over several cells resulting 

in a loss of accuracy (Sethian 1999). 

Rieber and Frohn (1995) and Schelkle and Frohn (1995) discussed the numerical 

techniques for some three-dimensional simulations of binary drop collisions using the 

VOF method and the lattice Boltzmann model, but did not show any practical results.  

Recently, Tanguy and Berlemont (2005) simulated liquid drop collisions in gas using 

the level set method and compared their results with the experimental results of Ashgriz 

and Poo (1990).  The authors simulated coalescence and reflexive separation for 

axisymmetric head-on collisions.  For off-centered collisions, they used a full 3-D 

configuration. 
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Figure 1.7 3D simulation, ethanol droplet, We = 60, impact parameter, B = 0.5 

(top).  Water droplet, We = 83, B = 0.43 from Ashgriz and Poo (1990) (middle).  Thin 

membrane break in 3D simulation (bottom).  This figure is reproduced from Tanguy 

and Berlemont (2005). 

 

Figure 1.7 shows an example of their simulation.  The drops temporarily 

coalesce followed by separation into several drops.  As shown in Fig. 1.7, the 

simulation results agree well with the experiment results from Ashgriz and Poo (1990).  
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They also observed the thin membrane break in the three-dimensional simulation for 

coalescence followed by separation, which was not observed in the results from Ashgriz 

and Poo (1990), as shown in Fig. 1.7 (bottom).  Their 2D and 3D results using the level 

set method agreed well with experimental results.  However, limitation of the grid size 

in this simulation failed to conserve mass in their 3D computation.  The lack of mass 

conservation is a severe limitation of the level set method.  Pan and Suga (2005) also 

performed 3D dynamic simulations of binary drop collisions using the level set method.  

They investigated the complete process of water drop and Tetradecane drop collisions 

in nitrogen gas for a wide range of the Weber numbers and impact parameters.  They 

compared their results with Ashgriz and Poo (1990) and Qian and Law (1997).  Their 

results for the macroscopic dynamics of drop collision are consistent with experimental 

results.  However, similar to Tanguy and Berlemont (2005), the mass loss during 

rebounding was noted in this simulation.  Also, the computation failed to simulate the 

regime of coalescence with minor deformation (similar to regime I in Fig. 1.3) due to 

absence of the intermolecular forces. 

The above methods are generally based on solution of the continuum-based 

Navier-Stokes equations coupled with a representation of the interface.  However, when 

the surfaces of two drops approach to within microscopic scales, the intermolecular 

forces between the drops become important, and the continuum assumption may no 

longer be valid.  The Lattice Boltzmann method (LBM) uses the lattice Boltzmann 

equation which represents a kinetic equation to describe the microscopic particle 

interactions.  The behavior of particles corresponds to the dynamics of fluid motion.  

LBM can simulate intermolecular force interactions.  Post and Abraham (2002) studied 

binary drop collisions in diesel sprays.  They calculated the collision frequency based 

on the number density and relative velocity of the drops.  Their numerical model 

showed the outcomes of bouncing, reflexive separation, and stretching separation.  The 

shattering of colliding drops was observed for high We, in which numerous tiny drops 

are formed from the interfaces of the drops.  However, this shattering was not observed 

in previous experiments (Ashgriz and Poo 1990, Qian and Law 1997).  Premnath and 

Abraham (2005) computed drop collisions using a lattice Boltzmann Method.  They 
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showed coalescence with small deformation (similar to regime III in Fig. 1.3) and 

reflexive separation with or without the formation of satellite drops.  They also 

simulated off-center collisions.  The results were in good agreement with experiments 

seen in Ashgriz and Poo (1990) and Qian and Law (1997). 

Meleán and Sigalotti (2005) applied the smoothed particle hydrodynamics 

(SPH) method to simulate van der Waals forces and liquid drop coalescence in 

axisymmetric geometry.  The SPH method is a grid-free method capable of computing 

large surface deformation problems, such as a single drop coalescing at an underlying 

surface and binary drop collisions.  Meleán and Sigalotti (2005) simulated the evolution 

of drop coalescence in a vacuum for low impact parameter cases.  When drops reach a 

minimum distance, a liquid bridge connects the drops and broadens in a similar way to 

the Dai and Schmidt (2005) simulation.  The bridge expands faster with increasing We. 

 

Unequal size drop collision 

Fujimoto et al. (1997) simulated equal and unequal size drop collisions and showed the 

time sequence of the velocity vector and pressure contour of liquid drop.  They used a 

single phase 2D MAC type solution method to solve a finite-differencing approximation 

of Navier-Stokes equations.  MAC method is one of the pioneering front capturing 

methods to predict a moving surface.  The drop size ratio was 0.5 and relative velocity 

was 2 m/s (Wes = 20.2).  The velocity of the large drop is much faster than of small drop 

(about 8 times higher).  Figure 1.8 shows that, unlike equal size drop collisions where 

the thin film is flat, the film drains at an angle toward the upper and lower sides of small 

drop (t = 0.5 and 1.0).  The curvature of the coalesced volume changes completely from 

one side to the opposite side between t = 1.5 sec and t = 3.0 sec.  This is because the 

larger drop still has enough inertia after collision to lead the coalesced volume in the 

direction of the initial larger drop trajectory.  The coalesced volume becomes 

cylindrical for t = 4.0-6.0. 

Unequal size drop simulation is difficult because the collision involves 

asymmetric evolution.  Unlike equal size drop collision, the interface film between the 

drops is not symmetric due to asymmetric drop collision.  Numerical computations are 
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usually performed with fixed coordinates based on an assumption of symmetric 

evolution. 

 

 
Figure 1.8 Collision behavior of unequal size drop collision: Ds/DL = 0.5, relative 

velocity is 2 m/s (Wes = 20.2).  Image taken from Fujimoto et al (1997). 

 

Mashayek et al (2003) used a coordinate shift methodology based on the initial axial 

velocity of the center of mass to overcome the fixed coordinate problem.  The time 

evolution of unequal size drop coalescence behaves similar to the numerical result from 

Fujimoto et al (1997).  They found that with increasing velocity (Urel), the penetration 

of the smaller drop inside the larger drop become larger.  They also investigated the 

mixing of the fluids between drops by tracing fluid particles.  Mass transfer from 
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increases with decreasing drop size ratio.  The majority of mixing occurs during the 

coalescence process.  Mass transfer between drops is small while the coalesced drop 

oscillates to become spherical. 

Premnath and Abraham (2005) simulated unequal size drop collisions (drop size 

ratio, Ds/DL is about 0.5) using a lattice Boltzmann model for multi-relaxation-time 

multiphase flow and compared their numerical results with the Qian and Law (1997 

results.  The multi-relaxation-time model modifies the standard lattice Boltzmann 

equation to enable drop collision computation at lower fluid viscosities without 

increasing the lattice resolution.  They examined drop collisions for Weavg = 20 and 60.  

Their computation shows that high pressure develops at the interface between the drops, 

and causes the interface of the larger drop contacting the smaller drop to curve inward.  

This curvature trapped gas between the drops, and a small bubble was observed in the 

coalesced volume.  With increasing Weavg, the larger drop deforms more during 

collision than the smaller drop.  In the Weavg, where drops separate following 

coalescence for equal size drops, unequal size drops do not coalesce since a portion of 

the kinetic energy of the small drop transfers to larger drop.  They also reported that at 

high impact parameters, drops coalesce temporarily and then separate, which is 

consistent with previous experiments (Brazier-Smith et al 1972, Ashgriz and Poo 1990). 

Recently, Sakakibara and Ianmuro (2008) simulated unequal size drop collisions in gas 

using the lattice Boltzmann method for two phase fluid flow with large density ratios.  

They examined the diameter ratios of 0.5 and 0.25 for 30 < Wes < 140, and 0 < B < 0.75.  

They showed the time evolution of drops and surrounding gas velocity vectors for We = 

51.3 but did not provided any additional detail.  They also investigated the mixing 

between drops during collision by tracing and counting fluid particles in drops.  They 

calculated the mixing rate based on counting the number of two different color particles. 

The mixing rate represents the penetration of small drop fluid into the larger drop.  With 

increasing We, the mixing rate for the small drop increases while the mixing rate for the 

larger drop decreases.  This trend is similar to the results observed by Ashgriz and Poo 

(1990) and Chen and Chen (2006). 
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Theoretical studies 

Several theoretical studies have been conducted to understand the outcomes of 

drop collision in gas (Eggers et al. 1999, Chesters and Bazhlekov 2000, and Yeo et al. 

2003).  These studies found that the minimum radius of the bridge connecting the drops 

varies with time.  Eggers et al (1999) investigated the early-time behavior of the radius 

of the small bridge between drops (Re << 1).  They observed neck-size evolution and 

reported that the coalescence may occur at any point along the dimple, the deformed 

interfacial film between the drops.  They also investigated the early time evolution of 

the shape and proposed a scaling law for the bridge radius and the gap width for early 

time.  The bridge radius rb follows a scaling law of rb ∝ ln(t).   

 The first step of coalescence is the approach and collision of two or more drops.  

After this step, the surfaces of the colliding drops flatten in the near-contact region, and 

drainage of the intervening film leads to film rupture.  Chesters (1991) reported that 

collisions do not always result in coalescence and that drop deformation tends to 

decrease the probability of coalescence.  The film drainage is very important process 

and element of the coalescence mechanism.  Reynolds (1886) was the first to develop a 

drainage time model based on experiments on parallel plane disks.  His drainage time 

was derived as Eq. 1.4 for immobile surfaces and no deformation at the interface. 

 

                                                       4
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=−=                                                (1.4) 

 

where V is the thinning velocity, h is the average film thickness, F is the interaction 

force between two drops, rf is the film radius, and μ is the film viscosity.  Based on Eq. 

1.4, the film thinning velocity increases with increasing film thickness or decreasing 

viscosity.  The mobility of the interface between the drops is also important to 

determine the film drainage time.  If the interface is mobile, the drainage time is 

shortened.  Chesters (1991) reported the approximation of immobile interfaces is valid 

if the continuous phase contains surfactants in sufficient concentration.  Later, Chesters 

and Bazhlekov (2000) revealed that film drainage was unaffected by the presence of 
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surfactants which corresponds with the immobile interface assumption matching more 

closely to experimental results regardless of surfactants.  Klaseboer et al. (2000) 

confirmed the conclusion of Chesters (1991) that the experimental film thickness and 

the thinning rate were well predicted by the model with immobile interfaces.  In this 

case, Eq. 1.4 can be modified to the following, 
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where σ is the interfacial tension and r is drop radius.  In case of a mobile interface, 

Chesters (1991) suggested that drainage is controlled by the resistance of the film to 

deformation or acceleration.  Hence, viscosity and inertia needed to be considered for 

Reynolds’ parallel-film model.  If the viscosity is dominant, the film thickness is 

defined, 
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thh exp0                                                 (1.6) 

where tch = 3μr/2σ. 

If the inertia forces are dominant, Eq. 1.6 is still valid but the characteristic time 

changes to tch = ρUrelr2/8σ  where Urel is the relative velocity of the drops.  The 

coalescence efficiency depends on the ratio of two characteristic time scales: the contact 

time which is mainly controlled by the external flow, and the drainage time of the film 

thinning between drops until rupture by molecular forces (Chesters 1991). 

Film rupture occurs at some point during the film drainage.  Yiantsios and Davis 

(1991) categorized the film rupture mechanism as either “nose rupture” (film rupture on 

the axis of symmetry) or “rim rupture” (film rupture at the edge of a dimple).  Nose 

rupture occurs when the film thickness is relatively large so that there is no significant 

deformation or dimple.  When dimpling occurs before the film breaks, rim rupture 

occurs at the rim of the dimple (away from the axis of symmetry).  Yeo et al. (2003) 

also classified the rupture events as rim rupture and nose rupture.  Most experiments did 

not observe the rupture location due to their limited resolution.  Some studies showed 
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rim rupture for a drop coalescing onto a liquid surface (Charles and Mason 1960, 

Hartland 1967, Mohamed-Kassim and Longmire 2004, Aarts and Lekkerkerker 2008, 

Lekkerkerker et al. 2008).  A few experiments showed a nose rupture for coalescing 

drops in gas (Kapur and Gaskell 2007, Thoroddsen et al. 2007) with very gentle 

collisions.  For example, in the experiments of Thoroddsen and coworkers, drop 

velocity was 100 μm/s and the diameters were ≈ 1-4 mm. In these experiments, the 

drops approach, collide gently, and form a bridge to coalesce, but it is unclear where the 

film rupture occurs since they do not provide the film rupture location. 

For studies on reflexive separation and stretching separation, Roisman (2004) 

theoretically studied head-on binary drop collision.  The model described temporal 

evolution of the diameter and stretching length.  He identified the various stages of the 

deformation of the collision complex prior to breakup by reflexive separation.  The 

theoretical results were compared with experimental data from Willis and Orme (2000, 

2003) and were in good agreement.  Ko and Ryou (2005) used results of Ashgriz and 

Poo (1990) to develop a new model to predict the size and number of satellite droplets 

in the stretching and reflexive separation regimes.  Their model consists of equations 

derived from the conservation of drop mass, momentum, and energy before and after 

collision.  The results were compared with experimental data (Ashgriz and Poo 1990, 

Brenn et al. 2001).  The number of satellite drops after stretching separation and 

reflexive separation was in good agreement with the experimental results. 

 

Summary 

Previously, some experiments were conducted on liquid drop collisions in gases 

and in liquids.  Most of the experiments on binary drops collision examined collision 

only.  All of the experiments in liquids were with We << 1 and therefore negligible 

inertia similar to the regime I in Fig. 1.3 for drop collisions in gases except those of 

Salber (2004).  Currently there has been little experimental study that viewed the flow 

in interiors during the collision events (Verdier and Brizard 2002 and Salber 2004).  

Further, these results had only a limited resolution.  Some numerical studies (Fujimoto 

et al. 1997, Eggers et al 1999, Dai and Schmidt 2005, Meleán and Sigalotti 2005, 
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Sakakibara and Ianmuro 2008) have viewed the velocity vector distribution within 

drops.  However for most of these studies, the results were limited because the 

computations had a limited resolution and a singularity problem when drops coalesced.  

Some numerical studies simulating coalescence in gases (Pan and Suga 2005, Premnath 

and Abraham 2005, Tanguy and Berlemont 2005) suggested that their simulation could 

be extended to higher We regimes, but currently no liquid-liquid experiment has been 

conducted to validate such simulations. 

 

1.3 Objectives 
 As mentioned in above paragraph, some experiments and numerical simulations 

were previously conducted on liquid drop collisions in liquid at very low We.  Thus far, 

no experiments quantify inertia-driven binary drop collisions in liquid, and no 

experiments have shown the internal flow motion within drops during collision events. 

The main objective of the current study was to investigate further the regime 

explored by Salber (2004) specifically to understand the dynamic behavior of 

coalescing drops and the mechanism behind coalescence in flows with significant 

inertia.  The current study focused on B = 0 and We > 1, similar to regimes II and III in 

Fig. 1.3.  In these regimes, the drops deform significantly upon collision, and the 

internal flow within drops is expected to be significant.  The current study will 

investigate the characteristics of a rebound and coalescence. 

 The second objective is to provide quantitative test cases useful for the 

validation of numerical simulation methods.  In industrial and environmental 

applications, accurate predictive models for coalescence or rebound flows are highly 

desirable because of their great potential for cost savings.  A barrier to the development 

of such models, however, is our current lack of understanding of coalescence transitions 

in even the simplest flow geometries.  Therefore the quantitative measurements of 

simple coalescence/rebound experiments will not only improve our understanding of the 

collision behavior but also provide detailed test cases against which numerical models 

can be compared. 
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Answers to the following questions are sought: 

• How can the collision behaviors be parameterized? 

• How does internal drop motion affect the coalescence, and what is the 

coalescence mechanism? 

• How do particles at the intervening film affect the coalescence behavior? 

• How is the unequal size drop collision different from equal size drop collision? 

• How is off-center drop collision different from head-on collision? 

 

To characterize the drop trajectories and internal circulation patterns through the 

collision process, effects of the Weber number, collision angle, drop size ratio, impact 

parameter and presence of contaminant particles will be considered. 

To understand the coalescence process, the velocity field near the thin film that 

separates colliding drops needs to be considered.  The thin film has a microscopic 

length scale, and the drop trajectories span a much larger length scale.  A large field of 

view can observe the drop trajectories of the collision event, but smaller scale flow 

behavior at the interface cannot be resolved due to the resolution limit.  Therefore, a 

dual-field PIV measurement system was employed to capture both larger and smaller 

scale fields of view simultaneously.  Chapter 2 describes the experimental setup and 

methods used in this study.  The results will be discussed in Chapter 3. 
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Chapter 2 
Experimental Methods and Facilities 
 

2.1 Drop collision facility 
2.1.1 Tank 

   A plexiglas tank with a cross-section of 203 mm × 406 mm and a height of 305 

mm held a layer of silicone oil on top of a layer of water/glycerin mixture.  Figures 2.1 

and 2.2 show the detailed diagrams of the experimental setup.  The height of each layer 

was approximately 114 mm.  The secondary tank has a cross-section of 180 mm × 180 

mm and a height of 305 mm and held a drop fluid (water/glycerin mixture).  Drop fluid 

from the secondary tank flows into a pump as described below. 

 For equal size drop collisions, a magnetic-drive pump (Little Giant, 1.5-MD-SC, 

1/30 hp) was used to pressurize the drop fluid (water/glycerin mixture) within the tubes, 

and a series of needle valves and ball valves were adjusted to control flow rate as shown 

in Fig. 2.1.  For unequal size drop collision as shown in Fig. 2.2, an additional pump 

(Little Giant, 3-MD-SC, 1/12 hp) and valves separately generated a larger drop.  By 

adjusting valve opening which controls the pressure at the tube location, the velocity of 

each drop is controlled.  A series of ball valves and needle valves downstream of the 

pump controlled the main pressure.  The fluid is separated into two paths with each path 

having a needle valve and ball valve.  The needle valve was used primarily to control 

precise flow rate while the ball valve was use to control the coarse flow rate.  A separate 

bleed valve was used to ventilate undesired air bubbles in the fluid before it flowed into 

the solenoid valve.  If the air was not removed before solenoid valve, bubbles could be 

seen in the drop when it was injected from a tube.  A drop is injected from a tube by 
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opening the solenoid valve.  The solenoid valve was mainly used to control the size of 

the drops by controlling the volume of fluid.  Adjusting valves to generate proper drop 

volume and velocity was difficult even though several valves were used to control the 

fluid.  Fluid only flows when solenoid valve is opened.  When solenoid valve is not 

opened, high pressure is built within the tubes.  Therefore, a jet of fluid was ejected 

when the solenoid was first opened.  When this fluid formed a drop, a fraction of 

surrounding fluid (Silicone oil) was trapped in the drop.  After a few drops were 

released from the tube, this phenomenon was no longer observed. 

 

        
Figure 2.1 Schematic of flow facility for equal size drop collision 
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Figure 2.2 Schematic of flow facility for unequal size drop collision 
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2.1.2 Drop generator 

 Two aluminum tubes were directed horizontally and positioned opposite each 

other in the silicone oil layer to generate drop pairs.  The tubes were immersed in 

silicone oil at least 50 mm below the top of the silicone oil layer to prevent the 

undesired reflection at the top surface due to laser light.  The aluminum tubes were also 

painted black to minimize the reflection of laser light.  For equal-size drop collisions, 

the inner diameter was 6.1 mm.  The distance between the two tubes was adjusted from 

approximately 56 mm to 80 mm.  Translation stages with mounted micrometers allowed 

a precise adjustment of both tubes as shown in Fig. 2.3. 

 

(a)  

(b)  

Figure 2.3 Micrometer translation stages; (a) front view, (b) top view 
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Two horizontal micrometers controlled the tube separation distance.  The other 

micrometer on the top adjusted the out-of-plane translation (z-direction) of the left tube 

for the drops to collide in the measurement plane.  The vertical micrometer controlled 

the height of the left tube for unequal size drop collisions.  The right tube was only 

adjustable to horizontal direction. 

 The drop collision angle was varied independently of the Weber number by 

controlling the angle and separation distance of the drop injection tubes as shown in Fig. 

2.4.  Injection tube angle was varied from -10° (downward direction) to +15° (upward 

direction).  By adjusting tube separation distance and injection angle, the collision 

angles were controlled.  The tubes were aligned using a precise laser level to achieve a 

head-on collision.  Figure 2.5 shows an image of injection tubes in the fluid tank with 

camera setup.  The setting of the valves and solenoid open time could greatly change 

the collision behavior at a particular separation distance.  For example, if the initial drop 

velocity is low, the drops move on more downward trajectories and will collide at a 

slow velocity.  To obtain the same drop collision outcome at a higher initial velocity, 

the tubes would need to be moved closer.  Adjustments of the flow rate, solenoid open 

time, and separation distance were traded off to obtain the desired shape and velocity at 

collision.  If coalescence was desired, drop velocity and open time of solenoid valve (= 

drop size) were needed to be higher, and separation distance needed to be small.  

Although these adjustments are dependent on each other, flow rate control is the better 

option when a large adjustment is desired, while solenoid valve open time contributes a 

small adjustment. 

 The drop size was limited by the tube diameter.  For unequal-size drop collision 

experiment, tubes with inner diameter of 2.4 and 4.5 mm (right side) and inner diameter 

of 8.5 mm (left side) were positioned opposite each other.  For the smaller tubes, 

spherical drops could be obtained only to a certain Weber number, otherwise the drop 

appeared more like a jet of fluid.  To attain larger Weber numbers with a larger tube, the 

larger pump was used.  Since each drop had a different size, each drop had a different 

trajectory.  Due to this reason, tube alignment was more difficult than that for the equal 

size drop collision.  The tube height and injection angle were adjusted separately by 
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mounted micrometers to have proper drop collisions. 

 

 
(a) Illustration of trajectory angle variation 

 
(b) Image of trajectory angle adjustment units 

Figure 2.4 Trajectory angle adjustments 
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Figure 2.5 Flow facility with adjustable injection tube 
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 A timing circuit controlled both the opening and closing times of the solenoid 

valves downstream. A circuit using a 555 monostable timer chip was built to output the 

necessary signals to operate the solenoid valves for equal size drop collisions (see Fig. 

2.6).  A switch in the circuit was pressed to open the valves at the desired time.  A 

monostable circuit produced a single pulse when triggered.  PNP transistors (2N3055) 

were added to the circuit to trigger the monostable timer from a rising edge of signal as 

shown in Fig. 2.7.  The open time of the output pulse was calculated from Eq. 2.1. 

 

                                                          t = 1.1 × R × C                                                   (2.1) 

 

where R is total resistance (Ω) in circuit and C is capacity (F).  In Fig. 2.7, the trigger 

pulse results in a normal ouput pulse with a period determined by t=1.1RC.  In this case, 

capacity C was 1 μF and the total resistance R varied in the range of 15 ~ 20 kΩ.  The 

timing capacitance is fully discharged during the trigger pulse as shown in Fig. 2.7.  The 

timing period starts when the trigger input goes high.  By adjusting a variable resistance 

in circuit, the valve open time was controlled (on the order of ~10 ms).  For unequal 

size drop collisions, two separate 555 timing circuits were set up to open both valves at 

once, yet allow different opening times (Figs. 2.8 and 2.9).  A single switch was shared 

for the two circuits to open both valves at the same time.  The capacitance C in each 

circuit was 1 μF.  The range of total resistance R was 32 ~ 40 kΩ for the large drop and 

9 ~ 12 kΩ for the small drop.  By adjusting the pressure in the tube location and total 

open time of each valve, the volume and initial velocity of each drop were varied.  

Typically the circuit was actuated to generate pairs of single drops. 
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Figure 2.6 555 monostable timing circuit diagram for equal size drop collision. 

Solenoid valve open time, t = 1.1RC 

 

 
Figure 2.7 Timing signal diagram for monostable circuit 
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Figure 2.8 555 monostable timing circuit diagram for unequal size drop collision.  t1  = 

1.1R1C1 (the solenoid valve open time for small drop).  t2  = 1.1R2C2 (the solenoid valve 

open time for large drop). 

 

 
Figure 2.9 Timing circuit for unequal size drop collision 
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2.1.3 Fluids 

 The silicone oil was Dow Corning 200 fluid with viscosity of 50 cS (50 mm2/s).  

Table 2.1 gives the fluid properties.  Some of these properties were obtained from tables 

in the CRC handbook of Chemistry and Physics (Lide 2008).  By adjusting the glycerin 

concentration in the water, the refractive index of the drop fluid was matched with that 

of the silicone oil to eliminate optical distortion.  Therefore velocity variations inside of 

the drops could be observed.  This index matching technique was demonstrated 

previously by Mohamed-Kassim and Longmire (2003) for multiple drop/ambient 

viscosity ratios.  Water and glycerin were mixed in a graduated cylinder with pre-

determined quantities (52 percent water and 48 percent glycerin by volume).  A hand-

held refractometer (Atago N-2E) was used to measure the index of refraction.  Although 

an error of refractive index is very small (an accuracy of ~ 0.02%), the indices of 

refraction of liquids were not perfectly matched.  When the incident viewing angle was 

large, the liquid/liquid interface between fluid layers in the tank could be observed due 

to imperfect indices of refraction.  However, PIV (Particle Image Velocimetry) 

measurements in this study were not affected by this slight mismatch.  Surface tension 

empirically measured by Mohamed-Kassim and Longmire (2003).  They found that the 

particles did not affect the surface tension. 

 

 
Table 2.1 Material properties of fluids 

 

2.1.4 Tracer particles 

 The accuracy of the velocity field determination is ultimately limited by the 
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ability of the scattering particles to follow the instantaneous fluid motion.  Proper 

seeding is critical for PIV because PIV required high energy density over a laser sheet 

using high energy pulse laser and a high spatial concentration of particles to observe 

sufficient detail in the flow field.  Particle size must be small enough to follow the fluid 

motion and not to alter the flow or the fluid properties.  Reducing the particle size 

improves flow tracking, but reduces light scattering.  In this study, titanium dioxide 

(TiO2) particles of ~1μm diameter (a density of 3.5 g/cm3) were added to both fluids to 

act as tracer particles for PIV measurement.  Based on the assumption of Stokes flow 

(Re << 1), tracer particle motion within the flow can be estimated.  The drag force 

around a spherical particle is derived as Eq.(2.2) 
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where, μs is the fluid viscosity of ambient fluid, Dp is the particle diameter, Uf is the 

fluid velocity, Up is the particle velocity, and mp is the mass of particle.  Then, Eq. (2.2) 

can be rewritten as, 
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where, ρp is the particle density and τp is a particle time constant which represents the 

time the particles responds to a change in fluid motion.  τp must be smaller than the 

smallest time scale in a flow to ensure that the particle accurately tracks the flow.  The 

particle time constant for TiO2 used in this study was 4 ns; Dp = 1 μm, ρp =3.5 g/cm3, μs 

= 0.48 g/cm s.  The smallest flow time scale was of order of 0.1 s.  Therefore, it is 

assumed that particles track the flow well. 

 A fairly dense particle concentration was required in order to resolve velocity 
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vectors in small interrogation areas (0.2 × 0.2 mm2 for 16 × 16 pixel2) corresponding 

with the smaller field of view (~ 13 × 13 mm2).  The seeding of fluids was challenging 

in this experiment.  It was difficult to have uniform seeding through the entire fluid 

layer.  TiO2 easily clumped together while mixing in liquids, especially in 

water/glycerin mixture.  If the particles clumped together in liquid, they appear overly 

bright and large in the PIV image.  To prepare the fluid for PIV measurement, water and 

glycerin were first mixed in gallon bottles.  The particles were introduced into a smaller 

container of water/glycerin.  At this stage, a fine strainer lined with cheesecloth was 

used to break up the initially clumped dry particles before they were added into the 

liquid.  The particles were mixed in the container by stirring with a rod.  It has to be 

mixed very well otherwise the particles clump.  Initially mixing particles with a large 

volume of fluid is inefficient.  After a small amount of water/glycerin was seeded, this 

suspension was poured into the volume of unseeded water/glycerin in the gallon bottle 

and mixed.  Seeding in the silicone oil was easier than in water/glycerin since the 

particles disperse more easily and mix well.  The seeding procedure for silicone oil was 

exactly the same as for water/glycerin.  Note that an electric mixer generated lots of 

undesired bubbles, especially for viscous silicone oil.  These bubbles stayed for several 

days and made fluid visibly unclear. 

 The mixed particles in the fluid float for days but then clump together to either 

float as a group or settle on the bottom of the fluid layer.  Also, some particles were 

trapped in the pump motor and valves.  Sometimes particles were intentionally over-

seeded in the fluid to achieve a desired particle density for small field of view 

measurement.  If the fluid is too over-seeded, it needs to be left for days until the 

particles sink to the bottom of the fluid layer to reach the proper particle concentration.  

If necessary, additional particles were added to either the silicone oil or water/glycerin 

mixture in the secondary tank.  In either case, new particles were mixed with a sub 

volume of new liquid that was then added to the existing fluid volume.  The fluids in the 

tank needed to be cleaned occasionally.  The fluids in the tank were poured into 5 

gallon containers through a commercial air filter.  This filter generally captures a 

diameter of 0.3 ~ 1μm particle in air.  The air filter did not remove particles except 
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some clumped groups of particles because the fluid is highly viscous compared to the 

air.  Sometime a peristaltic pump was used to remove the clumped particles or dust in 

the fluid. 

 

2.1.5 Laser fluorescing dye 

The drops were not distinguishable from the silicone oil since the indices of 

refraction of the two fluids were matched.  Hence, the drop fluid was made visible by 

adding a small amount of Rhodamine 6G (C26H27O3N2Cl) laser fluorescing dye.  The 

dye is a red powder.  It is soluble in water and fluoresces an orange color in a green 

Nd:YLF laser light (wavelength of 527 nm).  Light is absorbed by this fluorescing dye 

at wavelength ranging from 480 nm to 590 nm.  The molecules then fluoresced in the 

range from 536 nm to 602 nm. 

 

(a)  (b)  

Figure 2.10 Sample images of fluid mixed with TiO2 tracer particle and Rhodamine 6G 

laser fluorescing dye; (a) a large field of view, (b) a small field of view.  White dots 

show the TiO2 particles.  Grey color shows the drop fluid. 

 

To dye fluid, a small amount of Rhodamine 6G (weight of ~150 mg) was mixed 

with 100 ml of water/glycerin mixture to make a highly concentrated solution.  Using a 

syringe, one or two drops of this concentrated solution (a volume of ~0.1 ml) was added 

into water/glycerin mixture in the secondary tank (a volume of ~4800 ml) and stirred 
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thoroughly.  If too much dye is added, an image scatters too much light,  and PIV vector 

computation is difficult to process.  In this study, the dye concentration in 

water/glycerin was approximately 3.1 × 10-6 g/cm3.  Figure 2.10 shows the sample PIV 

images with seeded and dyed fluids for both large and small fields of view. 

 

2.2 Dual-field Particle Image Velocimetry (PIV) 
 Particle image velocimetry (PIV) is a method used to measure the instantaneous 

velocity in the field of interest indirectly.  The fluid is seeded with tracer particles which 

generally follow the flow.  Typical PIV require of a high power laser, optics to make a 

laser light sheet, and a camera.  The thin laser sheet illuminates the particles in the fluid, 

these particles scatter the light, and the camera records this scattered light over short 

time interval Δt.  The recorded image is divided into a large number of interrogation 

areas to calculate a displacement by cross-correlation algorithm. The displacement of 

particles over Δt converts to velocity vector. 

In this section, the general concept of stereo PIV and the correlation algorithm 

will be discussed.  Then, laser and optic alignment, dual-field PIV camera setup, and 

calibration technique used in this study will be described. 

 

2.2.1 Stereoscopic PIV 

 Stereoscopic PIV enables one to measure three components of velocity in a 

plane.  Two cameras view a flow field from two perspectives as shown in Fig. 2.11.  

The two cameras record different images according to their perspective.  For example, 

true velocity vector in Fig. 2.11 will be measured as a projected velocity vector either 

imaged from the right camera (blue) or from the left camera (red).  It shows only in-

plane velocity component, but it does not show out-of-plane velocity component.  The 

out-of-plane velocity component can be obtained by reconstructing velocity 

components based on 2-D velocity components from each camera. 

For stereoscopic camera setup, the digital image sensor in camera must be tilted 

in order to properly focus the entire field of view.  A Scheimpflug mount makes it 

possible to rotate the image sensor into the plane of best focus without moving the 
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camera lens as shown in Fig. 2.12.  The Scheimpflug arrangement allows keeping the 

plane of best focus in the plane of light sheet while having the camera view the light  

 

 
Figure 2.11 Schematics of stereoscopic PIV setup 

 

 
Figure 2.12 Scheimpflug arrangement of the camera.  Diagram shows the right camera 

of stereoscopic PIV setup from Fig. 2.11 
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sheet from off-axis angle.  This configuration introduces perspective distortion to the 

images causing a rectangle in the light sheet plane to be imaged as a trapezoid on the 

image sensor.  The most accurate determination of the out-of-plane displacement is 

accomplished when the angle between the two cameras is 90° (α = 45° in Fig. 2.11).  

However, the image is difficult to focus since the lens is not parallel to the object plane.  

Smaller angles α can be used with reduced but reasonable accuracy.  In general, a range 

of 20° < α < 30° is favorable to achieve reasonable PIV accuracy. 

 

2.2.2 Cross-correlation algorithm 

PIV images are analyzed by subdividing the image into small areas called 

interrogation areas.  Each interrogation area contains many particle-image pairs.  It is 

not possible to find individual matching pairs, because the displacement is greater than 

the mean spacing between particle images.  Therefore a statistical method is used to 

find the particle-image displacement.  The correlation domain contains a dominant peak 

as shown in Fig. 2.13 by computing the spatial cross-correlation of intensities for two 

interrogation areas in a time interval Δt.  This peak can be found by computing Eq. 2.5 

where R is the correlation function, I1 is the intensity at t, and I2 is the intensity at t+Δt. 

 

                          ( ) ( )∫ Δ+Δ+=ΔΔ ydxdyyxxIyxIyxR ,,),( 21                    (2.5) 

 

 
Figure 2.13 Concept of cross-correlation algorithm 



  44

A sharp peak in R will appear that reflects the location (Δx, Δy) of the dominant 

particle displacement in the interrogation area. 

 

2.2.3 Laser and optic alignment 

 Two high frequency Nd:YLF lasers (Quantronix 527 DQE, and Photonics 

DM30-527) were used as light sources.  The output wavelength for both lasers was 527 

nm.  The pulse energy for Quantronix laser was approximately 20 mJ/pulse and for 

Photonics laser was 30 mJ/pulse.  Most of head-on collision data acquisitions were 

performed using Quantronix laser.  Photonics laser was used for unequal size drop 

collision experiments.  Each was operated at a repetition rate of 1 kHz (Δt = 0.001 sec).  

If the pulse separation Δt is too large, the signal to noise ratio in the correlation 

algorithm is low decreasing the accuracy.  On the other hand, if Δt is too small, the 

particle image displacement Δs is very small, which causes large uncertainty in vector 

computation. 

 

 
Figure 2.14 Diagram of laser sheet optic alignment 

 

 Figure 2.14 shows the diagram of the optic alignment.  The laser beam was 

focused using two spherical lenses.  For Quantronix laser setup, the focal length of 
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spherical lens 1 was 500 mm and of spherical lens 2 was 1000 mm.  Different spherical 

lenses were used for Photonics laser setup since the beam diverges faster than for 

Quantronix laser; the focal length of spherical lens 1 was 1000 mm and of spherical lens 

2 was 600 mm.  The laser beam was formed into a sheet with a cylindrical lens of focal 

length 60 mm for Quantronix laser and 125 mm for Photonics laser directed vertically 

downward through the plane bisecting the tube outlets as shown in Fig. 2.14.  The light 

sheet thickness was approximately measured using laser alignment paper in the field of 

view.  The sheet thickness at the measurement location was approximately 1 mm.  The 

sheet light was partially reflected at the upper surface of silicone oil layer and the 

interface between and oil and water/glycerin layers.  These reflections caused undesired 

saturation of light on the images.  To eliminate this effect, the height of the upper fluid 

layer was adjusted to move the top surface up higher.  

 

2.2.4 Dual-field camera setup 

During the binary drop coalescence event, length scales of drop motion and the 

interface film between the colliding drops are different.  Because of resolution limit, the 

scales can not be obtained with conventional PIV system.  In this study, a dual-field 

PIV system was proposed to overcome the resolution limit to characterize two different 

length scales.  The large field of view was set to capture drop shape evolution and 

trajectory, while the small field was focused on the thin film region that developed 

during a coalescence or rebounding event.  The large field was captured in stereo to 

enable assessment of the importance of out-of-plane motion and whether or not drops 

were in fact bisected by the laser sheet during a given sequence.  The small field, 

captured by one camera, observed only in-plane motion. 

 Three high-speed monochrome CMOS digital cameras (Photron Fastcam Ultima 

APX) were mounted as shown in Fig. 2.15 and operated at 1 kHz framing rate 

synchronized with laser pulse repetition rate.  Each camera has an array of 1024 × 1024 

pixels with 10-bit depth.  Each camera can record 2048 consecutive frames at 1 kHz.  

Two cameras with Nikon Micro-Nikkor 105mm lenses, oriented at α = ±20° to the 

plane bisecting them for stereo PIV, viewed a ‘large’ field of 40 mm × 40 mm, yielding  
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Figure 2.15 Camera arrangements for dual-field particle image velocimetry 

 

 
Figure 2.16 Top view of Scheimpflug angle adjustments for stereo camera 
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a spatial resolution of 26 pixel/mm.  F# of the stereo cameras were 2.8 ~ 4 and of the 

zoomed planar camera was 2.8.  A Scheimpflug arrangement was used between each 

camera sensor and lens to achieve good focus across the field of view.  The rotation 

angle of the current Scheimpflug angle adapter limited to ± 7°.  Thin shims were 

inserted to one of the mounting screws to achieve reasonable stereoscopic angle (α = ± 

20°) as shown in Fig. 2.16.  The resulting lens tilting angle θ in Fig. 2.12 was ~15°.  

The correct focus and tilt angles were achieved when all of the particles within the field 

of view were in good focus. 

 

 
Figure 2.17 Fields of view for dual-field PIV 

 

A single camera with Nikon Micro-Nikkor 105 mm lens, 1.4X teleconverter, 

and extension ring, oriented for planar PIV, resolved a ‘small’ field of 13 mm × 13 mm 

yielding a spatial resolution of 79 pixel/mm.  Somewhat smaller fields were possible 

under the current illumination conditions (e.g. with a 2X teleconverter), but, in the 

current flow, it became difficult to center the field consistently on the zone of interest.  
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When arranging dual-field PIV system, planar PIV camera needed to be setup first 

before stereo camera setup.  Using translation stages, the small field camera was 

positioned to capture thin interface film region while the field of view was examined 

during the collision event with laser beam illumination.  Observation of the small field 

was challenging due to a relatively thin depth-of-focus (~45 μm).  After the planar PIV 

camera was aligned, the stereo cameras were setup.  Figure 2.17 shows the two fields of 

view for dual-field PIV including their locations relative to a pair of colliding drops. 

A LaVision timing unit (Programmable Timing Unit [PTU], version 8) 

controlled by DaVis 7.1 software synchronized the laser pulsing and camera framing.  

The timing of cameras and laser is shown in Fig. 2.18. 

 

 
Figure 2.18 Timing synchronization diagram of camera and laser 

 

 When an external trigger signal from timing unit is sent to camera, the camera 

initializes the shutter opening.  Then, the camera triggers the laser.  Pulse delay time is 

the time between initial timing of TTL trigger signal and laser firing.  If it is too small, 

each has multiple exposures, and if it is too large, a laser pulse can be detected only 

every 2nd image.  The delay time for this setup was adjusted to 1μs.  Shutter speed and 

laser pulse repetition rate is synchronized at 1 kHz.  Figure 2.19 shows the camera and 

laser connections to timing unit.  The timing unit output a trigger signal and sent it as an 

external trigger signal (OUT2 cable) to the cameras through Trigger TTL IN cable.  The 
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timing unit set pulse width and time delays between theses outgoing signals.  Camera 

shutter opening and laser firing was synchronized using Ext_V IN (CAM1 cable) and 

Q1 cable in response to external triggers from PTU.  The recorded images temporarily 

saved into buffer memory in camera and they were transferred into the computer 

through IEEE1394 cable. 

 

 

 

 
Figure 2.19 Layout of camera and laser connection to the timing unit 
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2.2.5 Calibration 

For stereoscopic PIV, each image is distorted due to the oblique viewing angle.  

The Schiempflug configuration helps focus the image.  However, the area of interest in 

the image plane is still distorted and the magnification is nonuniform over the field of 

view.  Thus, a calibration is necessary to measure and correct the perspective distortion 

due to the camera tilt and other image distortions in the optical system. 

 A three-dimensional calibration target with equally spaced marks was developed 

as shown in Fig. 2.20.  The target has two planes of marker points on front and back 

side.  In general, a two-level calibration target enables to calibrate the stereoscopic 

image without traversing the target in the out-of-plane direction.  This is convenient to 

calibrate the stereoscopic setup in liquid because traversing and positioning the target 

are difficult in liquid. 

 A square grid of crosses was used for the marks on a white background.  The 

thickness of the mark lines is ~0.1 mm (2 to 3 pixel in the large field of view image).  

The total size of the cross is 1.67 mm × 1.67 mm; the spacing between centers of the 

crosses is 3/2 of 1.67mm = 2.5 mm.  The spacing of target was limited by the maximum 

resolution of a conventional laser printer (1200 dpi, dot per inch) and the image 

distortion due to nonuniform magnification of the oblique view.  The mark spacing of 

2.5 mm is the minimum spacing to print uniformly with current laser printer.  Below 

this limit, the spacing between the marks was not uniform.  Also, marks on front and 

back planes overlapped if the spacing was finer than 2.5 mm since camera viewed with 

oblique angle to the measurement plane.  The target marks were drawn by Freehand® 

Software.  The target image has a cross-section of 57.5 mm × 57.5 mm.  It was printed 

on transparency film.  Printed transparency films were mounted on both sides of a 

transparent plastic piece with thickness of 1.4 mm as shown in Fig. 2.20a.  When 

attaching films, the grids were staggered in the two planes with shifting ½ of the 

spacing.  The target is placed such that the two planes of markers are not overlapped at 

the viewing angle.  The thickness of target was determined by trial and error to 

eliminate the overlapped marks on two levels due to the viewing angle of ±20°.  A bold 

dot (red dot shown in Fig. 2.20b) in the front plane represents a reference mark. 
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(a)  (b)  

(c)  

Figure 2.20 Calibration target; (a) Calibration target assembly.  The regular lattice of 

black crosses, 2.5 mm apart, is printed on top of the transparency film.  Actual target 

grid colors for both front and back films are black.  (b) Photograph of calibration target.  

Red dot shows the reference mark. (c) Calibration target when it is placed in the 

measurement plane. 
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The planes are actually separated by 1.5 mm in depth (the thickness of plastic piece is 

~1.4 mm and the transparencies add additional thickness).  The target is fixed to a base 

so it can be positiond in liquid (Fig. 2.20c). 

 The calibration plate needed to be arranged carefully in the object plane aligned 

with laser sheet beam.  If the calibration target was immersed in liquid, it was difficult 

to align.  In this case, there was always some misalignment between the calibration 

target plane and the laser sheet plane.  Therefore, it was necessary to do self-calibration 

technique.  This will be discussed later. 

 

(a)  (b)  

(c)  

Figure 2.21 Calibration target images; (a) stereo image from left camera, (b) stereo 

image from right camera, (c) planar image from small-field camera 
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  After the target was situated, it was illuminated by white light.  This lighting is 

critical for the calibration because nonuniform illumination on target sometimes causes 

poor calibration results.  Figure 2.21 shows the target images in dual-field system.  

Black areas shown in Fig. 2.21a and b were due to lens tilting with Scheimpflug 

condition.  But, it did not affect the calibration or vector processing.  In the calibration 

the reference mark needed to be first indicated.  It was always chosen on the front plane 

and defined the location of z = 0.  Before calibration procedure, the image must be in 

focus using Scheimpflug adapters.  The viewing angle to the calibration plane between 

the two cameras must be greater than 10° to perform stereo camera calibration.  Based 

on the target image, the marks on the target were searched to calculate the imaging 

parameters as shown in Fig. 2.22.  The software showed squares for the position of the 

search.  A green square indicates that the mark position was detected and a red square 

indicated that the mark detection failed. 

 

(a)   (b)  

Figure 2.22 Identified marks on target image; (a) left image, (b) right image 

 

The calibration software attempts to match the pixel location in the object plane to the 

location in the image plane using a mapping function.  A minimum number of 20 marks 

must be detected over the entire image to compute the mapping function.  The software 

reconstruct the vectors based on outputs of calibration, such as the lens focal length, the 

angles among the image plane, lens plane, object plane, and the magnification along the 
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principal optical axis.  The mapping algorithm maps the recorded image to the 

reconstructed image and computes a corrected image from the recorded image under 

perpendicular view.  This process allows calculating the image correction coefficients.  

In this study, the stereo calibration was performed with the pinhole model.  The pinhole 

model is a mathematical model and provides a complete mapping of volume.  During 

the calibration process, the position and orientation of two cameras relative to the 

calibration plate can be estimated.  Figure 2.23 shows the mapping of volume with 

pinhole model.  This model assumes that all the light from the object plane passes 

though a single point in space to the image sensor.  Dewarping the image is done in this 

process. 

 

 
Figure 2.23 Camera pinhole model.  Figure is reproduced from Wieneke (2005) 

 

After a mapping function has been generated, the RMS of pinhole fit was shown.  The 

calibration was determined acceptable if the RMS is smaller than 3 pixels.  If the RMS 

of the fit is larger, the calibration is inaccurate.  In this case, either target image was 

refocused or the reference mark was changed.  If the front and back marks are viewed 
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too close at the viewing angle due to image distortion, the calibration is less accurate.  

The calibration of the camera images has to be repeated every time the distance between 

camera and object plane is changed. 

 

Self-calibration for stereo PIV 

After the initial calibration, a self-calibration procedure is performed.  A 

procedure is to adjust the coordinate system and the camera calibration of the 3D stereo 

PIV setup such that the plane of z = 0 will lie exactly in the middle of the laser light 

sheet.  The plane of z = 0 (coincident with the surface of calibration plate) was 

determined by the initial calibration process.  In general the laser sheet is difficult to 

align perfectly with calibration target plane (plane of z = 0) as shown in Fig. 2.24. 

 

 
Figure 2.24 Misalignment of laser sheet and calibration target for stereo PIV setup 

 

The self-calbration is performed on pairs of particle images illuminated by the laser 

sheet.  By correcting an image, the image had been captured on z-axis (plane of z = 0).  

It is assumed that all particles locate in-plane or z = 0 plane.  If there is no misalignment 

of laser sheet and calibration target and the laser sheet is placed at z = 0 plane, the 

corrected image of both camera shows the particles at the same location.  However, if 
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laser sheet is misaligned, a particle imaged by each camera shifts to the left for left 

camera and vice versa for right camera.  The vector between these corrected positions is 

the disparity vector as shown in Fig. 2.24.  The corrected image is divided into small 

windows, and a disparity map is created.  A disparity vector was computed for each 

window.  For processing, at least 20 PIV raw image pairs were required for correlation.   

More images provided better results. 

 The disparity map was determined based on cross-correlation of stereo images.  

The disparity vector of a window corresponded to the location of the correlation peak.  

If the disparity map showed zero or very small vectors, the calibration was accurate.  

Once the disparity map has been computed, the difference between the laser sheet and 

calibration target positions was determined by triangulation.  Then, the calibration, 

which was based on a pin-hole model, was corrected to fit the laser sheet position as 

explained in Wieneke (2005).  The previous mapping function was then updated based 

on the laser sheet plane.  The resulting outputs were the average length of the disparity 

vectors, the plane parameters such as rotation angles for x and y axis, the translation in 

the z-direction and the average deviation from the plane, and the new camera calibration 

parameters.  The calibration is acceptable if the average deviation of computed disparity 

vector was less than 3 pixels. 

 

2.3 Vector processing 
 The pixel displacement within each interrogation region was obtained from 

cross-correlation of two images.  For each vector, three true displacements (Δx, Δy, Δz) 

were extracted from a pair of 2-D displacements (ΔX, ΔY) as seen from the left and 

right cameras respectively.  Each particle recorded in image sensor had information of 

particle in object plane (x, y, z), and the mapping functions f correlate two plane profiles. 

 

                                                       Xleft image = f1(x, y, z)                                               (2.6) 

                                                       Yright image = f2(x, y, z)                                             (2.7) 

                                                       Xleft image = f3(x, y, z)                                               (2.8) 

                                                       Yright image = f4(x, y, z)                                             (2.9) 
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Basically the 3-D velocity components were computed by cross-correlation.  It is then 

solved the system of 4 equations (Eq. 2.10 -2.13) with 3 unknowns (x, y, z) is then 

solved in a least square minimization. 

 

                 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Δ+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Δ+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Δ=Δ

dz
dX

z
dy

dX
y

dx
dX

xX camera leftcamera leftcamera left
camera left         (2.10) 

                 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Δ+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Δ+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Δ=Δ

dz
dY

z
dy

dY
y

dx
dY

xY camera leftcamera leftcamera left
camera left            (2.11) 

                 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Δ+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Δ+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Δ=Δ

dz
dX

z
dy

dX
y

dx
dX

xX camera rightcamera rightcamera right
camera right   (2.12) 

                 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Δ+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Δ+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Δ=Δ

dz
dY

z
dy

dY
y

dx
dY

xY camera rightcamera rightcamera right
camera right      (2.13) 

 

Vector computation was performed using DaVis 7.2 software.  In this study, PIV 

recording contained a sequence of images from each camera with a constant time delay.  

Vector computation was processed with PIV time-series operation letting Δt = 1 ms.  

Therefore, the vector computation was executed on each consecutive pair of images in 

the sequence as shown in Fig. 2.25.  

 

 
Figure 2.25 Vector computation operations 
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The maximum pixel displacement for large field of view, for example of We = 15 (Urel 

= 21.7 cm/s), was 9 pixels when drops approached and 14 pixels for small field of view 

during the film rupture event. 

 Pre-image processing helped to optimize the particle image before the vector 

computation was performed.  It improved the vector computing results by removing 

background intensity fluctuations.  In Fig. 2.10, for example, the recorded PIV image 

has an inhomogeneous intensity in the background due to reflections at the interfaces.  

The added fluorescence dye in the drops also caused intensity variations.  By 

subtracting high intensity in the background with a high pass image filter, the large 

intensity variation was filtered such that the image had constant background intensity 

without affecting the particle intensity for vector computation as shown in Fig. 2.26.  

The processed image (Fig. 2.26b) shows that the tracer particles have uniform size, and 

the background has a relatively uniform intensity over the entire image.  The subtracting 

scale length of the image filter in pixel used in DaVis7.2 was at least twice the size of 

the mean particle diameter (which was ~4 pixels for the large field of view). 

 

(a)  (b)  

Figure 2.26 Raw PIV image; (a) before and (b) after image processing 

 

 For the case with no tracer particles in the surrounding fluid, ‘mask’ was applied 

before the vectors were processed.  A mask defined an area of interest and consisted of 

an image with zero and non zero intensity regions.  The area of non zero intensity were 
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only evaluated in batch processing. 

Both large and small view vector fields were obtained using a multi-pass 

algorithm starting with 64×64 pixel interrogation areas and finishing with 16×16 pixel 

areas overlapped by 50%.  Thus, the velocity was resolved to 0.63 mm × 0.63 mm areas 

in the large field of view and 0.20 mm × 0.20 mm areas in the small field.  In addition, 

an interrogation area with a round weighting factor was applied to compute the vectors.  

The weighted interrogation areas had an advantage over square interrogation areas 

because the Gaussian weighting function decreased the importance of corner zones 

which contribute relatively more noise and fewer signals.  A round Gaussian weighting 

function was almost always more accurate than a simple window, but took about 5 

times longer to compute vectors.  The interrogation area with a weight function worked 

especially well at resolving velocities in high gradient regions. 

The multi-pass algorithm enabled the computation of the full vector field that 

included velocity variations.  The first pass with the initial interrogation window size 

(64 × 64) calculated a reference vector field.  In the next pass, a 32 × 32 window size 

which was half the size of the previous pass was applied.  In each pass a reference 

vector for each interrogation area was processed.  The reference vector was interpolated 

between neighbor vectors at the position where the vectors were computed in the 

interrogation area.  The vector calculated in the first pass was used as a best-choice 

window shift based on the reference vector.  In this manner, the adaptive window 

achieved better spatial resolution of the vector field and produced fewer erroneous 

vectors.  The relative and absolute vector range restrictions were applied to restrict the 

allowable vector range.  Relative restriction limited the computed vector relative to the 

reference vector within the interrogation area.  Absolute restriction limited the vector 

depends on pixel displacement.  Both restrictions were important to optimize the 

allowable vector range.  The settings varied with each case.  To find the optimum 

values, these restrictions needed to be tested with sample vector computation before 

batch processing was performed.  For example, for a coalescing case with We = 15 (Urel 

= 21.7 cm/s), a relative vector range restriction was set at reference vector ± 

interrogation area size/16.  Therefore, if the interrogation area size is 32×32 pixels, the 
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deviation of the calculated vector relative to the previously calculated reference vector 

is limited by ± 2 pixels.  This restricted the allowed range of the vector related to the 

reference vector because in most cases, the computed vectors were related to the 

reference vectors.  The absolute vector range restriction was reference vector ± 3 pixel.  

This restriction was not dependent on the size of interrogation area. 

A median filter was also employed to remove erroneous vectors.  The median 

filter computed a median vector from the 8 neighboring vectors and compared the 

center vector with the median vector ± an allowable deviation of the neighboring 

vectors.  The center vector was removed when it was outside the allowed range.  Figure 

2.27 shows an example of a spurious vector identified using a median filter.  In this 

study, the regional median filter scheme was used.  Groups of bad vectors had a high 

standard deviation of the velocity vector and did not remove spurious vectors 

surrounded by a few false vectors.  Regional median filter allowed removing groups of 

bad vectors. 

 

 
Figure 2.27 Example of local median filter. 

 

The disadvantage of this method is some good vectors are also removed.  However, this 

method was useful in the multi-pass algorithm, when the interrogation area became 

smaller and generated more false vectors.  When the spurious vectors were detected in 

the pass, if these vectors were not removed, these will propagate the errors in the later 

passes and resulted in inaccurate final vector field.  The adjustment of median filter and 

vector range restrictions were directly related each other, such that the optimum 
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adjustment must be tested with a sample vector calculation.  Removed vectors were 

filled with interpolated neighboring vectors.  In this study, the 4 passes of the regional 

median filter (‘strongly remove and iteratively replace’ option in DaVis 7.2) were 

applied.  The 1st pass removed all spurious vectors using median filter.  The 2nd pass 

removed the vectors without at least 3 neighboring vectors.  In the 1st and 2nd passes, 

vectors were removed that derivated by more than 2 times of RMS value of neighboring 

vectors.  The 3rd pass filled in new interpolated vectors.  The filling in was performed 

by the same method as median filter removal.  If the vectors were in the allowable range 

of the median average ± 3 times of standard deviation of the existing neighbor vectors, 

the vectors were considered as good vectors and filled in.  The 4th pass finally removed 

any groups of vectors with less than 3 neighbors.  Typically, the large field of view 

yielded 99% valid vectors, and the small field of view yielded 96%.  Bad vectors in the 

small field resulted mainly from areas lacking tracer particles. 

 

2.4 Vorticity calculation 
Vorticity fields were determined from the velocity fields using a central 

difference scheme based on the overlapping vectors in the velocity fields.  Thus, the 

vorticity was resolved to smaller length scales in the smaller field of view.  The 

differentiation of the velocity gradients are, 
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where the vorticity normal to the light sheet is, 
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2.5 Parameter computations 
2.5.1 Drop interface identification 

 To compute the volume, diameter, surface area, and relative velocity, MATLAB 

code was developed to identify the drop interface from a raw PIV image.  Automated 

edge finding technique was first applied to identify the interface.  But, it failed to 

recognize the edge because a light reflection on drops with fluorescing dye made 

difficult to identify the boundary between the drop and surrounding fluid.  Therefore, 

the drop interface was manually identified by overlaying raw PIV images using the 

MATLAB code.  The boundary of drop was specified by marking dots, and a spline 

curve fit made a smooth interface as shown in Fig. 2.28.  The identified drop was white 

drop shape with black background, such that each pixel in white area was assigned to 1 

and 0 in black background. 

 

(a)  (b)  

Figure 2.28 Drop interface identification; (a) raw PIV image, (b) identified drop 

interface (white area). 

 

2.5.2 Volume, surface area, diameter, and centroid of drop, and kinetic and deformation 

energy 

 Image processing software was used to characterize drop properties within 

image sequences.  The local vertical cross section normal to the measurement plane was 

assumed to be circular everywhere along the horizontal extent of the drop.  The volume 
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and surface area of drop were calculated from the identified drop interface image by 

summing up the volume and surface area of each cross section.  In a given frame, a 

spherical-equivalent drop diameter was determined from the drop volume calculated 

based on the imaged cross section.  For a specific flow sequence, a drop diameter was 

calculated from each of the 10 sequential images acquired immediately before the drops 

deform due to impending collisions, and the results were averaged.  A centroid position 

was determined based on the projected volume of a given drop.  The centroid of the 

volume of drop was calculated using Eq. 2.17 and 2.18. 
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where Vol is the volume of drop. 

 Kinetic and deformation energy were calculated using Eq. 2.19 and 2.20. 
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                                                                                     ( )Ed SSDE −=σ                                               (2.20) 

 

Note that m is mass of drop, ρd is density of drop, Vol is volume of drop, and u is the 

horizontal velocity component of the drop at a given time.  Deformation energy 

represents the energy required to change the shape of a drop.  σ is surface tension of 

fluid, Sd is surface area of drop, and SE is the surface area of an equivalent spherical 

drop.  
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2.5.3 The relative velocity and collision angle 

 The relative velocity prior to collision, Urel was computed from the horizontal 

displacement of centroid of each drop between images separated by 10 frames.  The 

second image was chosen at the time that the drops reach a minimum separation before 

deforming, and the first image was 10 frames earlier. 

 As shown in Fig. 2.29, when the trajectories of the two drops form an angle, α, 

the relative velocity of the two unequal size drops is equal to, 

 

                                             ( )αcos222
sLsLrel uuuuU −+=                                    (2.21) 

 

where uL and us are velocity magnitudes. 

 

 
Figure 2.29 Schematic of unequal size drop collision, uL is the velocity of large drop (D 

= DL), us is the velocity of small drop (D = Ds), and X is the impact parameter. 
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For head-on collision for equal size drops, 

 

                                                               Urel = 2u                                                      (2.22) 

 

where u is  the magnitude of the horizontal velocity component. 

 

A collision angle, θ is defined as the inverse tangent of the vertical velocity 

divided by the horizontal velocity based on the same two frames described above as 

shown in Fig. 2.30. 

 

 
Figure 2.30 Schematic of equal size drop collision.  θ is a collision angle 

 

2.5.4 Dimensional analysis; Weber number, impact parameter, and time scale 

 The Weber number was defined as Eq. 1.2, We = ρdU2
relD/σ, in chapter 1.  For 

equal size drop collision, Eq. 1.2 was used.  For unequal size drop collision, either the 

diameter of small drop Ds or average of two drops (Ds+DL)/2 were used as a 

characteristic lengths for Wes (Brazier-Smith et al 1972, Ashgriz and Poo 1990, 

Fujimoto et al 1997, and Sakakibara and Ianmuro 2008) or Weavg (Orme 1997 and 

Premnath and Abraham 2005).  In this study, the inertia driven Weber number was 

defined as,  
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where the subscript L is for large drop and S is for small drop for horizontal head-on 

collision.  For equal size drop collision (B = 0), Eq. 2.21 is equal to Eq. 1.2.  Eq. 2.23 
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can be rewritten based on Fig. 2.29 as, 
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Note that the components uL and us with respect to the Urel plane were used in Eq. 2.24. 

The dimensionless impact parameter B was defined as,  
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where X is the projection of the distance between the centroid of each drop normal to 

the direction of the relative velocity (Fig. 2.29). 

In this study, equal size drop collisions were all head-on.  Therefore the impact 

parameter was B = 0.  For unequal size drop collisions, the impact parameter was 

calculated by measuring the positions of two drops before collision based on the same 

two frames described earlier using the following relations: 
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where S is the distance between the centroids before the collision, βL is the angle 

between the trajectory of the large drop and line between the centroids, and γ is the 

angle between the trajectory of the large drop and the direction of relative velocity. 

 Time scales for inertial, surface tension, and viscous forces were considered.  

The inertia time scale ti, surface tension time scale ts, and viscous diffusivity time scale 

tv were as, 
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where the subscript d is drop fluid (water/glycerin) and s is surrounding fluid (silicone 

oil).  These time scales were compared in Table 2.2 for the case when drop diameter 

was 0.84 cm and relative velocity was 21.7 cm/s [We = 15]. 

 

 
Water/Glycerin (drop fluid) / 

50 cS silicone oil (surrounding fluid) 

ti (inertial time scale) 0.039 s 

ts (surface tension time scale) 0.151 s 

tv (viscous time scale) 1.411 s 

Table 2.2 Inertia, surface tension, viscous diffusivity time scales 

 

The inertial time scale was the smallest among these time scales so that the inertial time 

scale is most important time scale.  In this study, the inertial time scale (Eq. 2.28) was 

used.  Hence, the dimensionless time t* was defined as tUrel/D.  In all sequences, the 

value t* = 0 is chosen as the time when the two drops first touch.  Therefore, pre-

collision times are negative, and post-collision times are positive. 

 For unequal size drop collision, the dimensionless time t* was characterized as, 

 

                                                     ( )
( )

t
DD

uDuDt
sL

ssLL
2

4*
+
+

=                                           (2.31) 

 

where uL and us are horizontal component. 
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tmax were used for a comparison of energy dissipation during the equal size drop 

collision.  When tmax = 0, interfacial film length between the drops were maximum.   In 

general, drops rebounded or coalesced when they reach the maximum film length.  

However, if the inertia is higher, drop continuously deformed after the film length was 

maximum.  tmax is defined as, 

                                                             
D
Ut

t rel'
max =                                                  (2.32) 

 

where t’ is time interval from the time at maximum film length. 

 

2.6 Uncertainty analysis 

2.6.1 Uncertainty in drop parameter computations 

Volume of drop was obtained by averaging volumes in 10 sequential images 

before t* = 0.  MATLAB volume calculation was examined for several different shapes 

and the uncertainty in the volume calculation was 2%.  The equivalent diameter of drop 

was computed from volume of drop.   The resulting uncertainty in a diameter was 

estimated to be ±0.01D 

 The total relative velocity computing error δUrel due to centroid displacement  

error was estimated using the following equations where δx1 is the displacement of left 

drop and δx2 is the displacement of right drop, 
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The uncertainty in Urel determined by this method was estimated as 0.02Urel. 
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2.6.2 Uncertainty in PIV vectors 

 Uncertainty of velocity vector in PIV was determined as, 
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Substituting for the derivatives above equation can be: 

  

                                           222 )
Δt
δΔt()

M
δM()

Δx
δΔx(

u
δu

++=                                  (2.35) 

 

 Assuming that the maximum error in the peak finding algorithm was 0.1 pixels 

the uncertainty in in-plane velocity components was approximately 0.018Urel in the 

large field (0.0039 mm/pixel resolution).  The out-of-plane velocity component in the 

large field had a corresponding uncertainty of 0.051Urel.  The uncertainty in the small 

field (0.0127 mm/pixel resolution) was 0.006Urel. 
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Chapter 3 
Results and Discussion 
 

Collision outcomes in liquid will be discussed in this chapter.  The characteristics of a 

rebound and a coalescence are compared for four different We cases (We = 4 and 9 

(rebound) and We = 15, 28, and 42 (coalescence)).  Drop shape evolutions and 

corresponding vector fields are presented to gain insights into the coalescence 

mechanism.  Parametric effects, such as Weber number, collision angle, drop size ratio, 

impact parameter, and presence of contaminant particles, are considered. 

 

3.1 Characteristics of binary drop collisions 
3.1.1 Overall drop trajectories 

 Figure 3.1 shows results from many cases over which We was varied.  A 

trajectory angle θ is defined as the inverse tangent of the vertical velocity divided by the 

horizontal velocity (where θ  > 0 is downward) based on the same frames described in 

Section 2.5.3 (see Fig. 2.30).  In Fig. 3.1, blue and red dots represent coalescence and 

rebound, respectively.  All drop collisions were head-on (B = 0), and in all cases, the 

two drops were equal-sized.  The nozzle separation was varied in order to achieve 

multiple collision angles for a given value of We.  All of the drops travel on downward 

trajectories before colliding because of gravitational effects.  As We decreases, the 

vertical velocity becomes more significant.  In general, the drops rebound when We is 

below 10 and coalesce when We is greater than 10.  Based on the current data, this 

boundary applies for trajectory angles in the range 20° < θ < 42°.  The boundary tends 

to shift to higher We at even larger downward collision angles.  As will be shown below, 
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as We increases, drop deformation increases during collisions. 

 

 
Figure 3.1 Collision outcomes, B = 0 (head on collisions). NS is the nozzle separation 

distance and NIA is initial nozzle injection angle. 

  

3.1.2 Rebound 

 The sequences from the ‘large’ field of view are shown in Figs. 3.2 and 3.3:  a 

rebound case with We = 4 (D = 0.78 cm, trajectory angle θ = 45°, and Urel = 11.5 cm/s) 

and a rebound case with We = 9 (D = 0.80 cm, trajectory angle θ = 32°, and Urel = 16.9 

cm/s). 

 In this study, the decelerating drop motion before impact was influenced by the 

‘added mass’ (or sometimes called ‘virtual mass’) of liquid volume because the drop 

motion is unsteady; Note that drops did not reach steady-state velocities before the 

collision.  The total drag on the fluid volume in arbitrary accelerated motion is 
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generalized as, 
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where FDx is Drag force in x-direction, ρd is density of drop, CD is drag coefficient of 

drop, Vx is horizontal component of drop velocity, ρf is density of ambient fluid, and 

Vol is volume of a drop.  The first term is drag term at the instantaneous velocity and 

the second term is ‘added mass’ or ‘virtual mass’ term which is the inertia added to flow 

because an accelerating or decelerating fluid volume (drops) must move some volume 

of surrounding fluid.  If we assume that the droplet drag term fits empirical correlations 

and estimate the time scale of deceleration, for example, then the added mass force is 

approximately 35% and 61% of the drag force in the We = 4 and 15 cases respectively 

(see e.g. development in Clift et al. 1978).  Therefore, the drag on the drop decreased by 

added mass term. 

 In Fig. 3.2, the drops travel on downward trajectories after they are ejected from 

the tubes.  The maximum vertical dimension of the drops in Fig. 3.2a is 7.0 mm 

compared with the inner diameter of the drop injection tubes of 6.1 mm.  The drops are 

close to spherical before they collide (Fig. 3.2b).  The drops initially contact each other 

at a position above their centers and then rotate toward each other (e.g. right drop 

rotates clockwise) so that the flat interface between them lengthens (Figs. 3.2c-e).  After 

the collision, the drops become oblate in shape.  At t* = 0.79 (Fig. 3.2e), the intervening 

film length between the drops was maximum and the drops move apart while 

continuing to rotate.  As the drops separate, their shapes revert to spherical. 

 In Fig. 3.3, a rebound for We = 9 behaves similar to the previous case for We = 4.  

The drops are more elongated after they are ejected from the tubes.  The maximum 

vertical dimension of the drops in Fig. 3.3a is 7.2 mm.  The tails of the approaching 

drops are more elongated compared with We = 4 (see Figs. 3.2a and 3.3a).  After the 

drops initially contact each other, they rotate less compared to the case for We = 4 due 

to shallower collision angle.  The drops reach a longer maximum interfacial film length 
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Figure 3.2 Time evolution of drop collision: We = 4 (rebound), θ = 45°. t* = tUrel/D, 

where D is drop diameter and Urel is relative velocity. 
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Figure 3.3 Time evolution of drop collision: We = 9 (rebound), θ = 32°. t* = tUrel/D, 

where D is drop diameter and Urel is relative velocity. 
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at t* = 1.05 (Fig. 3.3e).  Drops continuously deform and, beginning at t* = 1.39, the 

drops move apart (Fig. 3.3f).  The time that the film length reached a maximum (t* = 

1.05) was later than for We = 4 (t* = 0.79).  However, the absolute time (t = 50 ms) was 

slightly earlier for We = 4 (t = 53 ms).  Also, after the drops reach the maximum film 

length, they continuously deform and start separating at a later time (t* = 1.39, t = 66 

ms) compared with We = 4 (t* = 0.79, t = 53 ms) where they start separating 

immediately after they reach the maximum film length for. 

 Figures 3.4 and 3.5 show the computed velocity vectors and vorticity contours for 

the same sequences for the previous cases (only every sixth vector is plotted so that 

trends are observed more easily).  Velocity magnitudes and vectors are normalized by 

the relative velocity, Urel.  The vorticity is nondimensionalized using Urel and drop 

diameter.  Red on the color map shows counterclockwise rotation of flow, and blue 

represents clockwise rotation. 

 For We = 4, the large velocity vectors near the center of each drop during 

approach are directed toward the symmetry plane and somewhat downward (Fig. 3.4a).  

These vectors rotate downward as the drops collide and deform.  By t* = 0.79 (Fig. 

3.4e) when the drops start to rebound, the vectors are directed straight downward.  The 

vorticity contours reveal a vortex ring pattern within each drop.  In Figs. 3.4a and d, the 

angle of vortex ring was illustrated by the black solid line.  Each ring rotates during the 

collision process to align with the local trajectory direction (see Figs. 3.4a with d), and 

the circulation within each ring appears to decrease.  As the drops move apart and 

continue to fall downward, the weakened rings persist near the drop leading edges.  The 

total circulation is stronger toward the outside of each drop in the pair, most likely a 

result of each drop continuing to rotate, i.e. the left-hand drop is rotating clockwise and 

vice versa.  The overall circulation associated with each drop has decreased as the 

propagation speed of the drops has decreased. 

 Figure 3.5 shows the velocity variations of the rebounding case for We = 9.  The 

vortex rings rotate as drops approach and collide in Figs. 3.5a-d.  The resulting vortex 

ring structure rotates less than for We = 4 during the collision (see both Figs. 3.4a and d 

and 3.5a and d).  This is because of the shallower collision angle resulting from the 
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Figure 3.4 Absolute in-plane velocity vectors and normalized vorticity contours: We = 

4 (rebound), θ = 45°.  Red is counterclockwise, and blue is clockwise. 
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Figure 3.5 Absolute in-plane velocity vectors and normalized vorticity contours: We = 

9 (rebound), θ = 32°.  Red is counterclockwise, and blue is clockwise. 
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higher initial injection velocity for We = 9.  The vectors at t* = 0.76 (Fig. 3.5d) shows 

that fluid continues to flow toward the centerplane while, for We = 4, the vectors point 

straight downward at t* = 0.79 (Fig. 3.4e).  When We = 9, the vectors directed 

downward at t* = 1.05 (Fig. 3.5e) when the drops reach the maximum film length.  The 

downward vectors are somewhat (but, not significantly) directed toward the intervening 

film. 

 Normalized vertical velocity contours are plotted in Figs. 3.6 and 3.7 to 

emphasize patterns of local upflow and downflow as the drops collide in both cases.  In 

the color map, blue represents strong downflow while red is upflow.  In both cases, 

fluid is pushed upward in the zone immediately above the colliding drops (Figs. 3.6a 

and b, and Figs. 3.7a and b).  Meanwhile, two local maxima in downward velocity are 

observed throughout each sequence shown. 

 The detailed view of thin film between colliding drops was investigated.  

Rebounding cases for We = 4 and 9 from the small field of view were compared in Figs. 

3.8 and 3.9.  These images were taken at the time that the film length in the vertical 

direction was first maximized.  For comparison with the large field of view (Figs. 3.4 

and 3.5), Figs. 3.8a and 3.9a correspond with t* = 0.79 (Fig. 3.4e) and Figs. 3.8b and 

3.9b correspond with t* = 1.05 (Fig. 3.5e).  Note that the magnitudes of vorticity and 

velocity are sometimes higher in these cases than the ones in Figs. 3.4 and 3.5 due to 

finer resolution.  Every fourth velocity vector is plotted.  In both cases, each drop 

contains a tilted vortex ring structure that induces flow downward and inward toward 

the center plane.  In Fig. 3.8, the maximum downward velocity of about 1.3Urel for We 

= 4 and 0.8Urel for We = 9 occurs in the streaming region inside of each vortex ring.  

Figure 3.9 shows contours of the local vertical velocity component and vectors for the 

same times in the falling drop reference frame.  In these plots, the drop falling velocity 

has been subtracted from the field.  As previously, magnitudes are normalized by Urel.  

In the color map, blue represents downward velocity while red is upward.  In this 

reference frame, which is close to the reference frame moving with the internal drop 

vortices, the vectors near each core have circulating patterns.  In the We = 4 rebounding 

case, the maximum downward velocity of 0.6Urel occurs well away from the interface 
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Figure 3.6 Absolute in-plane velocity vectors and vertical velocity contours: We = 4 

(rebound), θ = 45°.  Red is upflow, and blue is downflow. 
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Figure 3.7 Absolute in-plane velocity vectors and vertical velocity contours: We = 9 

(rebound), θ = 32°.  Red is upflow, and blue is downflow. 
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Figure 3.8 Vector and vorticity fields at the time of maximum film length for rebound:  

(a) We = 4 (t* = 0.79) and (b) We = 9 (t* = 1.05).  Field of view is 13 × 13 mm2.  

Vectors show absolute velocity.  Colors show normalized vorticity.  Red is 

counterclockwise, and blue is clockwise. 

 

 
Figure 3.9 Vector and vertical velocity fields at the time of maximum film length for 

rebound:  (a) We = 4, θ = 45° (t* = 0.79), and (b) We = 9, θ = 32° (t* = 1.05).  Vectors 

show in-plane velocity relative to falling drops.  Colors show normalized vertical 

velocity relative to falling drops.  Red is upflow, and blue is downflow. 
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while the maximum upward velocity of 0.48Urel occurs near the center plane.  For We = 

9, which represents approximately the largest We value resulting in rebounding, the 

maximum relative downward velocity of 0.37Urel occurs closer to, but still away from 

the interface.  The maximum relative upward velocity (0.44Urel) is limited to a smaller 

region on the interface downstream of the corresponding regions for We = 4.    

 In the We = 4, θ = 45° rebounding case, each ring is tilted more downward as 

previously described in Fig. 3.4.  By contrast, in the case with the shallower angle (θ = 

32°), each ring is tilted more inward (see both Figs. 3.8 and 3.9) so that the downstream 

and upstream core sections are both located close to the center plane and thin film.  The 

inwardly facing rings induce strong inflows toward the interface.  For We = 9 (Fig. 

3.9b), Urel is 16.9 cm/s so that the local downflow has relative speed 0.37Urel = 6.3 cm/s 

and upflow is 7.4 cm/s.  By contrast, the strong local upflow on the interface for We = 4 

(Fig. 3.9a) which has Urel = 11.5 cm/s is 0.48Urel = 5.5 cm/s relative to the drop. 

 

3.1.3 Coalescence 

 Sequences from the ‘large’ field of view are shown in Figs. 3.10-3.12:  a 

coalescing case with We = 15 (D = 0.84 cm, trajectory angle θ = 28°, and Urel = 21.7 

cm/s), a coalescing case with We = 28 (D = 0.94 cm, trajectory angle θ = 22°, and Urel = 

27.7 cm/s) and a coalescing case with We = 42 (D = 0.92 cm, trajectory angle θ = 15°, 

and Urel = 34.5 cm/s).  The particles near the bottom of the raw PIV images in Fig. 3.10 

appear bigger and brighter than others.  This is caused by a local increase in laser sheet 

intensity due to some reflection from the interface beneath the silicone oil.  Before 

computation of PIV vectors, the varying background intensity was subtracted from each 

image.  Figure 3.12 shows the rebounding case without tracer particles in surrounding 

fluid. 

 As the drops approach each other (Fig. 3.10a, t* = -0.78), they are initially 

elongated with tails due to higher injection velocities.  As the drops move closer 

(Fig.3.10b), their heads flatten, and the tails become less prominent.  This is 

significantly different from a rebound case where the drop shapes are more spherical 

before collision.  After collision (Fig. 3.10c), a flat film of silicone oil continues to 
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Figure 3.10 Time evolution of drop collision: We = 15 (coalescence), θ = 28°. t* = 

tUrel/D, where D is drop diameter and Urel is relative velocity. 
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Figure 3.11 Time evolution of drop collision: We = 28 (coalescence), θ = 22°. t* = 

tUrel/D, where D is drop diameter and Urel is relative velocity. 
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Figure 3.12 Time evolution of drop collision: We = 42 (coalescence), θ = 15°. t* = 

tUrel/D, where D is drop diameter and Urel is relative velocity. 
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separate the drops.  Inertia drives the drop centroids closer together, and the film radius 

grows while the drops change from prolate to oblate in shape (Fig. 3.10c-e). At this 

Weber number, the inertia is large enough to generate a local concavity in the curvature 

(Fig. 3.10e).  The film between the drops increases in vertical length until it ruptures at 

t* = 1.37 (Fig. 3.4e).  At t* = 1.52 (Fig. 3.10f), the outer edges of the coalesced drop 

continues to deform inward.  The resulting single drop oscillates in shape as it then falls 

downward (Figs 3.10g and h).  The film rupture will discuss in Section 3.2. 

 Figure 3.11 shows a coalescence case for We = 28.  The collision process is 

similar to the case for We = 15, but the drops are more elongated as they approach each 

other (Fig. 3.11a, t* = -0.62).  As the drops move closer (Fig. 3.11b), their heads flatten 

while the tails are still elongated.  The film of silicone oil between the drops reaches a 

maximum in length at t* = 1.60 (Fig. 3.11e).  The drops continuously deform until they 

coalesce.  The intervening film between the drops ruptures at a later time (t* = 1.89, Fig. 

3.11e) compared to t* = 1.37 for We = 15 (Fig. 3.10e).  In absolute time, the time to 

rupture (t = 53 ms) for We = 15 is also shorter than the time (t = 64) for We = 28.  This 

is because, for We = 28, the drops continue to deform inward after the film between 

them reaches a maximum in length.  For We > 15, the deformation is strong enough that 

the outer side of each drop (distal to the collision location) becomes strongly dimpled 

before coalescence.  In the cut-away view, a local concavity in curvature corresponding 

with a dimple is easily observed.  After the film between the drops ruptures, it takes 

both longer absolute and dimensionless times for the coalesced drop to oscillate and to 

form a spherical drop as it falls downward. 

 For We > 30, the coalescence process differs from the previous cases.  Figure 3.12 

shows a coalescence case with We = 42.  The initially elongated tails in Fig. 3.12a are 

still seen in Fig. 3.12d.  After collision, the drop heads expand in the vertical direction 

while the tails move toward the centerplane.  Unlike the previous coalescence cases, the 

drops coalesce at t* = 1.08 (Fig. 3.12d) before the drop changes from prolate to oblate 

in shape.  After coalescence, the drop deforms continuously as it expands vertically as 

shown in Fig. 3.12e (t* = 1.80) and oscillates while it falls.  For We = 42, the absolute (t 

= 29 ms) and dimensionless (t* = 1.08) times to rupture are much shorter than for the 
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previous cases.  This is because the approaching velocity is sufficiently high that the 

drops coalesce before they change their shape. 

 Cases with We > 50 could not be obtained with the 6.1 mm tubes.  When the 

valves and solenoids were adjusted to exceed We = 50, a jet of fluid was injected from 

each tube as shown in Fig. 3.13.  Sometimes bubbles of ambient fluid were observed 

within the resulting drops.  Figure 3.13 shows a higher injection velocity case (We ≈ 73; 

Urel ≈ 50.92 cm/s and D ≈ 0.738 cm).  In this case, the liquid volumes do not form drops 

before impact.  After impact, these fluids coalesced and formed a dumbbell shape drop 

as well as several satellite drops (Fig. 3.13d).  The merged drop oscillated and fell 

downward before becoming spherical as seen in Fig. 3.13h. 

 One exceptional coalescence case was observed at We = 3 as shown in Fig. 3.14.  

In this case, the drops collided and gently deformed at t* = 0.75 (Fig. 3.14c) similar to 

the case for We = 4 (Fig. 3.2d).  While the drops were moving apart, the interface 

between them suddenly broke, resulting in coalescence at t* = 1.58.  Unlike other 

coalescence cases, the film ruptured in the upper portion of the interface.  In other cases, 

the film ruptured in the lower portion.  A similar case was not observed in any previous 

studies by other researchers.  The coalescence mechanism in this case was unclear.  

Time evolution of velocity vector fields is presented for completeness in Fig. 3.15.  

Figure 3.16 shows the vorticity and downward velocity contours at the time of rupture 

at t* = 1.58.  The most important point to note is that there are two local downflow 

maxima through the entire sequence which is exceptional compared with all other 

coalescence cases examined. 

  Figures 3.17-3.19 show the computed velocity vectors and vorticity contours for 

We = 15, 28 and 42, respectively (every sixth vector is plotted).  Velocity magnitudes 

and vectors are normalized by the relative velocity, Urel.  The vorticity is 

nondimensionalized using Urel and drop diameter.  Red on the color map shows 

counterclockwise rotation of flow, and blue represents clockwise rotation. 

 For We = 15, a leading and trailing vortex ring are apparent in each of the initially 

elongated drops (Fig. 3.17a). At this time, the leading ring appears more focused than 

the trailing one.  The average vorticity in the leading ring is ~3.9Urel/D while the value 
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Figure 3.13 The evolution of drop collision for We ≈ 73 (coalescence). 
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Figure 3.14 Time evolution of drop collision: We = 3 (coalescence), θ = 49°. t* = 

tUrel/D, where D is drop diameter and Urel is relative velocity. 
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Figure 3.15 Absolute in-plane velocity vectors and normalized vorticity contours: We = 

3 (coalescence), θ = 49°.  Red is counterclockwise, and blue is clockwise. 
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Figure 3.16 Velocity vectors at the time of rupture (t* = 1.58) for We = 3 (coalescence): 

(a) Normalized vorticity contours.  Red is counterclockwise, and blue is clockwise.  (b) 

Normalized vertical velocity contours.  Red is upflow, and blue is downflow.  Vectors 

show absolute in-plane velocity.  Red dots show the film rupture location. 
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Figure 3.17 Absolute in-plane velocity vectors and normalized vorticity contours: We = 

15 (coalescence), θ = 28°.  Red is counterclockwise, and blue is clockwise. 



 93 

 

 
Figure 3.18 Absolute in-plane velocity vectors and normalized vorticity contours: We = 

28 (coalescence), θ = 22°.  Red is counterclockwise, and blue is clockwise. 
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Figure 3.19 Absolute in-plane velocity vectors and normalized vorticity contours: We = 

42 (coalescence), θ = 15°.  Red is counterclockwise, and blue is clockwise. 
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in the trailing one is 2.0Urel/D.  However, the trailing ring is spread over a slightly 

larger area suggesting a significant overall circulation.  As the drops collide and start to 

deform, the higher velocity toward the rear of each drop pushes the trailing fluid closer 

to the interface.  Note that the trailing ring moves forward asymmetrically (top to 

bottom) as the drop shape changes (Figs. 3.17b-e) resulting in a broader shape near the 

bottom of each drop and simultaneously an asymmetrical vorticity pattern.  The lower 

portions of the leading and trailing ring appear to overlap or merge, while the upper 

ends remain distinct (see Fig. 3.17d).  Over the same time period, the velocity vectors 

show that the intervening silicone oil is draining out of the zone between the drops.  

Also, the fluid streaming through the rings appears to rotate downward somewhat due to 

the downward drop trajectories before the time of film rupture.  The resulting vortex 

ring structure (and the individual drops) do not rotate significantly during the collision 

because of the shallow initial trajectory angle of the drops (θ = 28°).  Note that the 

lower portion of the leading vortex ring lies close to the interface in the coalescing case 

(Fig 3.17e).  The maximum vorticity value in the field decreases as the drops decelerate 

after impact from ~4.4Urel/D at t* = -0.78 to ~3.0Urel/D at t* = 1.37.  At t* = 1.37, the 

interface ruptures, and the downflow downstream of the rupture location increases and 

the interface above the rupture location retracts upward at t* = 1.52 (this effect is not 

clear in Fig. 3.17f, but will be discussed later in Section 3.2).  Afterward, some of the 

upstream vorticity is dissipated leaving a pattern indicative of a single leading 

downward-moving ring as shown in Figs. 3.17g and h. 

 For We = 28, a trailing vortex ring apparently stands apart from a leading vortex 

ring in each of the initially elongated drops (Fig. 3.18a).  The leading ring appears more 

focused than the trailing one similar to the coalescence for We = 15.  Similar to We = 15, 

the average vorticity in the leading ring is ~4.2Urel/D while the value in the trailing one 

is 1.8Urel/D.  When the drops collide at t* = -0.03 (Fig. 3.18b), the vorticity in the lower 

portion of the trailing ring (2.3Urel/D) is stronger than in the upper portion (1.2Urel/D) 

while the average vorticity in the upper and lower portion of leading ring is similar 

(3.2Urel/D).  This trend is similar to We = 15: at t* = -0.26 (Fig. 3.17b), the vorticity in 

the lower portion of the trailing ring (2.5Urel/D) is stronger than in the upper portion 
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(1.3Urel/D) while the average vorticity in the upper and lower portion of leading ring is 

similar (2.9Urel/D).  This is because the rear part of each drop moves downward relative 

to the collision interface as each drop compresses.  For We = 28, when the interface 

ruptures at t* = 1.89 (Fig. 3.18f), the vortex ring lies closer to the interface than for We 

= 15 (Fig. 3.17e) because of stronger drop deformation.  The maximum vorticity value 

in the field decreases as the drops decelerate after impact from ~4.4Urel/D at t* = -0.78 

to ~3.0Urel/D at t* = 1.37. 

 The velocity vectors and vorticity contours are different for We = 42.  The drop 

shape and vortex ring inside of each drop are nearly symmetric about the horizontal 

until the drops coalesce at t* = 1.08 (Fig. 3.19d).  Similar to previous cases, the average 

vorticity in the leading ring is ~4.4Urel/D while the value in the trailing one is 1.1Urel/D 

at t* = -0.37 (Fig. 3.19a).  However, unlike in previous cases, at t* = 0 (Fig. 3.19b), the 

vorticity in both lower and upper portions of the trails is approximately 1.4Urel/D while 

the lower portion of the leading ring (4.5Urel/D) is stronger than the upper portion 

(3.2Urel/D).  This is probably because the collision angle is shallower (θ = 15° 

compared to θ = 28° for We = 15 and θ = 22° for We = 28), such that the drops do not 

rotates significantly as they collide.  The lower portion of the leading ring becomes 

relatively stronger as the overall drop velocity becomes more vertical than horizontal 

(Figs. 3.19c and d).  In Figs. 3.19a-d, the trailing vorticity does not dissipate until the 

film ruptures.  The upper portion of the leading ring dissipates when the drops coalesce 

in Fig. 3.19d. 

 Normalized vertical velocity contours are plotted in Figs. 3.20-3.22 to emphasize 

patterns of local upflow and downflow as the drops collide in both cases.  In the color 

map, blue represents strong downflow while red is upflow.  The local upflow is 

observable until t* = 0.78 for We = 15 (Fig. 3.20d), t* = 1.15 for We = 28 (Fig. 3.21d), 

and t* = 1.08 for We = 42 (Fig. 3.22d).  This upflow can be seen over a longer period as 

initial inertia increases and collision angle decreases (the upflow can be observed until 

film ruptures for We = 42).  As the drops approach and collide, the upflow region gets 

smaller as the fluid layer between the drops drains.  Also, in contrast with the 

rebounding cases shown previously, only one maximum in downward velocity near the 
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Figure 3.20 Absolute in-plane velocity vectors and vertical velocity contours: We = 15 

(coalescence), θ = 28°.  Red is upflow, and blue is downflow. 
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Figure 3.21 Absolute in-plane velocity vectors and vertical velocity contours: We = 28 

(coalescence), θ = 22°.  Red is upflow, and blue is downflow. 
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Figure 3.22 Absolute in-plane velocity vectors and vertical velocity contours: We = 42 

(coalescence), θ = 15°.  Red is upflow, and blue is downflow. 
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interface is observed beginning at t* = -0.26 for We = 15 (Fig. 3.20b), t* = -0.03 for We 

= 28 (Fig. 3.21b), and t* = 0.00 for We = 42 (Fig. 3.22b) well before the film rupture.  

This difference must be attributed to the stronger horizontal inertia and deformation in 

the coalescing cases.  Note especially that, once the drops have deformed significantly 

and the film between them appears as a flat interface, the local maximum in downward 

velocity occurs at the interface in the coalescing cases, but away from the interface in 

the rebounding cases. 

 The details of coalescence mechanism and effects of the Weber number and 

collision angle will be discussed in Section 3.2. 

 

3.1.4 Out-of-plane velocity profiles 

 In general, the out-of-plane velocity component provided by the large field stereo 

sequences was useful for determining the alignment of drops through collision 

trajectories such that the direct impact or B = 0 condition was satisfied in the out-of-

plane direction.  To demonstrate the use of the out-of-plane component, a rebounding 

case is presented in Fig. 3.23 in which the drops appear to collide in-plane and move 

apart in the out-of-plane direction.  Figure 3.23 shows an image during the rebound and 

the out-of-plane velocity component. 

 Figure 3.22(a) is zoomed view from large view.  The vectors show in-plane 

velocity (every third vector is plotted).  At this time, the size of the right drop is 

relatively smaller in the measurement plane than that of the left drop.  This is because 

the right drop moves faster out-of-plane than the left drop.  The out-of-plane velocity of 

the right drop is a maximum of 0.16Urel toward the viewer.  An approximate out-of-

plane velocity was also computed (0.18rel) by calculating the drop area change with time 

over several frames.  It suggests that the out-of-plane velocity measurement by PIV is 

valid.  In general, all of the cases presented in this chapter did not have a significant 

out-of-plane trajectory. 
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                         (a) Raw image                                     (b) out-of-plane velocity contour 

Figure 3.23 Out-of-plane velocity when the drops rebound in out-of-plane direction (a 

rebound with We = 8), zoomed view from large field measurements.  Color shows 

normalized out-of-plane velocity.  Vectors show absolute in-plane velocity.  Blue is 

toward the viewer, and red is away from the viewer. 

 

 The out-of-plane velocity component was also useful in understanding the film 

rupture process.   Figure 3.24 shows the sequence of out-of-plane velocity contours and 

in-plane vectors shortly before and after film rupture for We = 15.  In this case, every 

third vector is plotted.  The out-of-plane velocity is generally insignificant before the 

film breaks (The uncertainty in out-of-plane velocity is of order 0.09Urel).  After the 

film rupture at t* = 1.37, however, a small zone of out-of-plane velocity (toward the 

viewer) is observed at the rupture location with maximum magnitude 0.1Urel.  Later at 

t* = 1.52 (see also Fig. 3.17f), a small zone of out-of-plane velocity moves away from 

the viewer with magnitude 0.19Urel at the location where the ruptured film is retracting 

upward.  At the same time, the downstream section of retracting film (y ~ 20 mm in Fig. 

3.24), yields a maximum downward velocity at this resolution of ~0.78Urel (0.46Urel 

relative to the drop falling velocity), and surrounding out-of-plane values are near zero.  

The velocity gradient normal to the retracting film is so strong that the PIV 

interrogation areas do not resolve the true film retraction velocity which is of order of 

t* = 3.13 
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30Urel.  This velocity is determined by visually tracking particles at the interface and by 

observing the time between film rupture and the times when the cusped interfaces 

between the drops become smooth.  The pattern observed in this example and other 

coalescence cases (a local zone with small out-of-plane component followed by another 

small zone with out-of-plane component in the opposite direction) is consistent with the 

idea that the film ruptures close to the center of the laser sheet plane, i.e. the plane of 

symmetry in the flow. 

 

 
Figure 3.24 Out-of-plane velocity during the coalescence event (a coalescence with We 

= 15), zoomed view from large field measurements.  Color shows normalized out-of-

plane velocity.  Vectors show absolute in-plane velocity.  Blue is toward the viewer, 

and red is away from the viewer. 

 

By contrast if, due to instabilities for example, the rupture occurred at a location away 

from the plane of symmetry, out-of-plane velocities associated with the film retraction 

(all with same direction) through multiple frames would expect to be observed.  The 
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flow sequences of numerous coalescence events with B = 0 were examined, and such 

organized out-of-plane motion was never observed.  Therefore, random instabilities in 

the flat film between colliding drops probably do not lead to rupture. 

 

3.1.5 Variation in kinetic and deformation energy 

 The variations in kinetic and deformation energy during collisions were 

considered.  The total energy of each drop was assumed as the sum of its kinetic energy 

and deformation (surface) energy.  Only the horizontal component of velocity was 

considered to compute kinetic energy.  Deformation energy is the energy required to 

change the shape of a drop.  Therefore, if the drop is spherical, the deformation energy 

is zero as discussed in Section 2.5.2.  The energy is normalized by surface tension and 

drop diameter. 

 In Fig. 3.25, the variation of kinetic and deformation energy during collision 

sequences is plotted vs. dimensionless time t*.  When t* = 0, two drops first touch.  A 

rebounding and coalescing case with similar We near the boundary between rebound 

and coalescence regimes are compared: a rebounding case with We = 11 (D = 0.87 cm, 

trajectory angle θ = 34°, and Urel = 18.3 cm/s), and a coalescing case with We = 12 (D = 

0.90 cm, trajectory angle θ = 32°, and Urel = 18.8 cm/s).  In addition, a coalescing case 

with We = 12 is compared with higher We events; a coalescing case with We = 28 (D = 

0.94 cm, trajectory angle θ = 22°, and Urel = 27.7 cm/s), a coalescing case with We = 34 

(D = 0.90 cm, trajectory angle θ = 16°, and Urel = 31.6 cm/s), and a coalescing case with 

We = 42 (D = 0.92 cm, trajectory angle θ = 15°, and Urel = 34.5 cm/s). 

 By comparing a rebound (We = 11) and a coalescence (We = 12) for similar We, 

the changes in kinetic and deformation energy during the collision event are similar.  

For both cases, the horizontal kinetic energy dissipates as the drops reach the maximum 

film length at the center plane.  The deformation energy first decreases as the drops 

approach each other and then increases after the drops touch and deform.  In these 

sequences, each drop changes from prolate to oblate shape.  In one case, the drops 

coalesce at t* = 0.98 shortly after the interface film length is maximum (t* = 0.92) while 

in the other, the drops deform continuously until t* = 1.05 before rebounding.  It is not 
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clear why one case results in a rebound while the other results in coalescence.  It might 

be because instability arises near the interface when the film length and deformation 

energy are approximately maximized so that the film ruptures only in some cases.  Note 

that the film length for We = 11 (rebound) was maximum at t* = 0.94.  In this case, the 

deformation energy is maximal at t* = 1.05 in Fig. 3.24a, but the bouncing is not 

observed before this frame.  The deformation of the drops continues to increase slightly.  

The drops start moving apart at t* = 1.32 (t = 63 ms) based on viewing the collision 

sequence.  After t* = 1.32, each drop moves apart and falls downward eventually 

forming a spherical shape and decreasing the deformation energy. 

 The comparison of four coalescence cases (We = 12, 28, 34, and 42) in Fig. 3.25 

reveals the effect of Weber number on the energy.  In Fig. 3.25, for We = 12, the 

horizontal kinetic energy decreases as the drops collide and continues to decrease until 

the drops reach the maximum film length and coalesce (t* = 0.98).  For We = 28, the 

kinetic energy of 3.61σD2 at t* = -0.89 and decreases to lose its horizontal inertia at t* = 

1.77 after the film between the drops is maximal at t* = 1.60.  Kinetic energy for We = 

28 took longer t* (t* = 1.77) to lose its inertia than We = 12 (t* = 0.98 when the film 

ruptures).  Although it is not shown in Fig. 3.25, the initial kinetic energy is higher for 

We = 34 than for We = 28.  The kinetic energy decreases as drops collide and compress 

each other.  However, for this case (also for We = 42), the film ruptures before the drops 

lose all the horizontal kinetic energy.  The kinetic energy for We = 28 is 0.19σD2 at t* = 

1.2 when the film ruptures.  For We = 42, the kinetic energy at t* = -0.22 is 4.59σD2 and 

sharply decreases to 0.89σD2 until the film ruptures at t* = 1.08. 

 The drop deformation increases with an increase of We as shown in Fig. 3.25.  

The deformation energy for We = 12 is 0.19σD2 at t* = -0.80: the drops are initially 

elongated with tails.  This energy is minimal (0.07σD2) at t* = 0.04 when the drops first 

touch.  Then, the deformation energy increases while the drops change to oblate shape. 

When the film ruptures, the deformation is 0.28σD2 at t* = 0.98.  For We = 28, the 

energy at t* = -0.89 is 0.33σD2 and decreases to 0.19σD2 at t* = 0.44.  The energy then 

increases until t* = 1.63 and then decreases again.  At t* = 1.89, the drops coalesce.  

Note that, for We = 28, the drops coalesced when they start moving apart.  In Fig. 3.25, 



 105 

the deformation energy for We = 34, unlike for We = 12 and 28, increases continuously 

over the range t* = -0.35 to 0.71.  For We = 34, the maximum deformation energy 

(0.62σD2) is similar value to We =28 (0.60σD2), but time to reach the maximum 

deformation energy is earlier than for We = 28 (the deformation energy for We =34 is 

maximal at t* = 0.71).  After that, the energy decreases until the film ruptures at t* = 1.2. 

The case with We = 42 starts with even higher deformation energy (0.19σD2 at t* = -

0.22) than the other cases.  Deformation energy for We = 42 is much higher than other 

cases.  Because the drops still have long tails at the time of coalescence while, for lower 

We cases, the drops change to oblate shapes.  The energy increases without decreasing 

starting near when the drops first touch (t* = 0).  The deformation energy is maximum 

(1.2σD2) at t* = 1.08 when the film ruptures.  The inertia of the drop significantly 

affects the compression of the drops so that the deformation energy sharply increases as 

the kinetic energy distinctly decreases.   

 Figure 3.26 shows the same plot as Fig. 3.25, but a different dimensionless time 

tmax is used.  tmax is similarly normalized by the relative velocity and drop diameter.  

When tmax = 0, the interface film length of the drops is maximum.  tmax does not 

represent the maximum deformation of drop during collisions, but it approximately 

gives an idea how much the drops deform before they coalesce.  The drops coalesce 

either after they reach the maximum film length (tmax = 0) or when tmax = 0.  In Fig. 3.26, 

the kinetic energy for We = 28 collapses with We = 11 and 12.  The We = 34 and 42 

cases do not collapse.  This is because the drop shape evolution is different during the 

coalescence event for We > 30.  The tails of the drops for We = 34 and 42 remain at the 

time of coalescence (see Fig. 3.12 for We = 42) and inertia continuously drives the fluid 

to the center.  By contrast, the drops change from prolate to oblate before they coalesce 

for We < 30.  Therefore, any trails have disappeared by the coalescence time.  The 

deformation energy increases as We increases.  The deformation energy is maximal near 

tmax = 0 except for We = 34.  For coalescence, the film ruptures either at tmax = 0 or 

shortly after. 
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Figure 3.25 Time evolution of kinetic and deformation energy of a drop.  Open symbol 

is kinetic energy at the time of frame.  Solid symbol is deformation energy at the time of 

frame.  t* = tUrel/D where D is diameter of drop and Urel is relative velocity. 
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Figure 3.26 Time evolution of kinetic and deformation energy of a drop.  Open symbol 

is kinetic energy at the time of frame.  Solid symbol is deformation energy at the time of 

frame.  tmax = t’Urel/D, where D is diameter of drop and Urel is relative velocity. 
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3.1.6 Characteristic times for rebounding and coalescence 

 Figure 3.27 shows the dimensionless and absolute times of maximum film length 

and rebound/coalescence for several collision cases.  Drops rebound or coalesce 

sometimes at the maximum film length.  In other cases, the drops continue to deform 

after the film length is maximum before they rebound or coalesce. 

 In Fig. 3.27, the dimensionless time of the maximum film length generally 

increases as We increases.  This is because collision angle becomes shallower and the 

velocity of drop is higher as We increases, such that the drops took longer to reach the 

maximum film length.  As We increases, the drops deform slightly after the film is a 

maximum in length and delay rebound or coalescence.  Depending on other parameters, 

this delay varies for each case.  For 9 < We <12, time to reach the maximum film length 

varies in Fig. 3.27.  This is probably caused by case-to-case variation or maybe by other 

parameters that affect the film draining time.  For coalescing cases for We < 30, the 

times of the maximum film length and rupture increase in both dimensionless and 

absolute time as We increases. 

 Figure 3.28 shows the time to reach the maximum interfacial film length (tmax = 0) 

vs. collision We.  The drops took longer to reach the maximum film length as We 

increases until We = 30.  The line in Fig. 3.28 gives the general trend.  Above We > 30, 

coalescence occurs earlier in absolute and dimensionless time than for We < 30.  This is 

because higher inertia drops do not change shapes the same as We < 30 cases; the drops 

are elongated when coalescence occurs.  Note that theses drops have shorter film 

draining times, but still coalesce; for example, drops coalesce for We = 34 at t* = 1.2 (t 

= 34 ms) while drops start moving outward to rebound for We = 9 at t* = 1.39 (t = 66 

ms).  For We = 9, although the drops are in contact for a longer time to drain the 

intervening film than for We = 34, the film does not rupture.  The results show that film 

drainage time is not the only parameter that determines whether the film breaks. 
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(a)  

(b)  

Figure 3.27 Time to reach maximum film length (tmax) and either rupture (coalescing 

cases) or beginning of outward motion (rebounding cases): (a) Dimensionless time t* 

and (b) Absolute time t. 
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Figure 3.28 Time at the maximum interfacial film length (tmax) in dimensionless time t* 
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3.2 Coalescence in detail 
3.2.1 Coalescence mechanism 

 The thin film between colliding drops for We = 15 through film rupture was 

viewed in detail to understand motion near the interface between drops and characterize 

the coalescence mechanism.  Data from the small field of view is presented in Figs. 3.29 

and 3.30.  These images were taken at the time that the film length in the vertical 

direction was maximized.  For comparison with the large field of view (Fig. 3.17), Figs. 

3.29 and 3.30 correspond with t* = 1.37, the time of film rupture (Fig. 3.17e).  Note that 

the magnitudes of vorticity and velocity are higher in these cases than the ones in Fig. 

3.17 due to finer resolution.  Every fourth velocity vector is plotted.  Each drop contains 

a tilted vortex ring structure that induces flow downward and inward toward the center 

plane similar to the rebounding cases in Fig. 3.8.  In Fig. 3.29, the maximum downward 

velocity of approximately 0.8Urel occurs at the center plane between the vortices in the 

coalescing case.  Figure 3.30 shows contours of the local vertical velocity component 

and vectors for the same times in the falling drop reference frame.  The drop falling 

velocity has been subtracted from the field.  As previously, magnitudes are normalized 

by Urel.  In the color map, blue represents downward velocity while red is upward.  The 

maximum relative downward velocity (0.47Urel) occurs immediately adjacent to the 

interface, with the region of strongest relative downflow located near the downstream 

edge of each drop.  The maximum relative upward velocity (0.34Urel) is limited to a 

smaller region on the interface downstream of the corresponding regions for rebound 

for We = 4 and We = 9 (see Fig. 3.9). 

 In the We = 15, θ = 28° case, each vortex ring is tilted inward so that the 

downstream and upstream core sections are both located close to the center plane and 

thin film.  The inwardly facing rings induce strong inflows toward the interface.  The 

inflow has been enhanced by the deformation of the inwardly moving interface on the 

outside of each drop.  A very strong downflow that is maximized at the center plane 

results which acts to thin the film between the drops eventually causing the film to 

rupture in this region.  By examination of these fields as well as related sequences, it 

can be concluded that strong drop deformation combined with vortex induction yields 
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Figure 3.29 Vector and vorticity fields at the time of maximum film length for 

coalescence: We = 15 (t* = 1.37).  Field of view is 13 × 13 mm2.  Vectors show absolute 

velocity.  Colors show normalized vorticity.  Red is counterclockwise, and blue is 

clockwise. 

 

 

                                                                                    
Figure 3.30 Vector and vertical velocity fields at the time of maximum film length for 

coalescence:  We = 15, θ = 28° (t* = 1.37).  Vectors show in-plane velocity relative to 

falling drops.  Colors show normalized vertical velocity relative to falling drops.  Red is 

upflow, and blue is downflow. 
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the appropriate conditions for thin film rupture and drop coalescence. 

 Figure 3.31 shows a time sequence surrounding the coalescence event for We = 15.  

As in Fig. 3.30, the vectors show velocity in the reference frame relative to the falling 

drops.  At t* = 0.88 (Fig. 3.31a), each drop is deforming, and the flow within moves 

toward the center plane.  The patterns of the original pair of vortex rings are present in 

each drop.  Figure 3.31b shows the frame immediately after film rupture (t* = 1.40), 

and the rupture location is marked by a red dot.  Over the course of this interval, the 

vorticity magnitudes associated with the upper and lower parts of each vortex ring 

decrease (maximum vorticity strength ω* = ωD/Urel decreases from 5.1 to 4.7 in the 

lower part of each leading vortex).  Also, the circulation in the upper part of the leading 

rings clearly decreases with increasing time as the vortical motion is dissipated, 

possibly by the presence of the nearby interfaces and intervening ambient fluid which 

has a significantly higher viscosity than the drop fluid (μdrop/μoil = 0.14).  The 

dissipation of the vorticity in the upper part of the rings is also aided by the opposing 

vorticity developing on the outer part of the drops’ trailing edges (Fig. 3.31b) as the 

drops accelerate downward due to gravity.  After the film ruptures, strong localized 

vorticity is observed at the top of the remaining single drop due to the rapid upward 

motion of the retracting interface (Fig. 3.31c).  The vorticity strength in this region then 

decreases as the local curvature smoothes out (Fig. 3.31d).  The vorticity pattern at the 

drops’ leading edges also changes through the coalescence sequence.  Whereas some 

reverse vorticity, i.e. counterclockwise for lefthand drop, is present in Figs. 3.31a and b, 

it disappears after the retraction of the interface downstream of the rupture point.  This 

reverse vorticity appears to be caused either by the rotation of the interface itself or by 

opposing shear stresses along the interface related to drainage of the thin film. 

 The film rupture event is examined in more detail in Fig. 3.32.  The two frames 

presented are separated by 1 ms.  In the image before coalescence, the tracer particles 

within and bounding the thin film appear distorted (elongated in the horizontal 

direction) due to imperfect index matching which becomes apparent when the camera 

views a relatively flat section of interface at a glancing angle (see e.g. Mohamed-

Kassim and Longmire, 2003).  Nevertheless, viewing of individual particles within 
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Figure 3.31 In-plane vectors and normalized vorticity contours during coalescence 

event (We = 15), (a) t* = 0.88; (b) t* = 1.40, Red dot marks film rupture location; (c) t* 

= 1.66; (d) t* = 1.92. Vectors show velocity relative to falling drops.  Colors show 

normalized vorticity.  Red is counterclockwise, and blue is clockwise.  Red dot in b 

shows the film rupture location. 
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Figure 3.32 Film rupture and coalescence (We = 15).  White squares show magnified 

regions for which velocity fields are plotted.  Vectors show absolute velocity.  Color 

contours show normalized vorticity.  Red is counterclockwise, and blue is clockwise. 
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image sequences indicates that the velocity vectors in this zone are accurate (and that 

most of these particles are associated with the drop fluid). 

 The magnified views of velocity and vorticity fields are centered on the location 

of film rupture which occurs near the downstream end of the thin film and coincident 

with the strong downflow region described above.  When Fig. 3.32b is compared with 

Fig. 3.32a, the velocity vectors in the vicinity of the interface have begun to vary in a 

wave-like form.  This variation probably occurs because of the sudden localized change 

in velocity associated with the film rupture.  In fact, the film has ruptured in the lower 

portion of the magnified zone in Fig. 3.32b.  From the raw image in Fig. 3.32b, the 

rupture is observable by distorted tracer particles that have reverted to spherical shapes, 

and the disappearance of the cusp in interface curvature at the downstream edge of the 

thin film.  It is also clear that particles near the interface experience sudden changes in 

velocity.  Figure 3.33 shows the full field shortly after film rupture (t* = 1.52). 

 

 
Figure 3.33 Field shortly after film rupture (We = 15), t* = 1.52.  Vectors show 

absolute velocity.  Colors show normalized vorticity.  Red is counterclockwise and blue 

is clockwise. 

 

Note the sudden increase in downflow downstream of the rupture location (local 
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downward velocity changes from 0.33Urel in Fig. 3.30b to 0.94Urel in Fig. 3.31) caused 

by the local increase in surface tension and strong increase in curvature generated by the 

rupture.  In subsequent images, the sharply curved interface above the rupture location 

retracts rapidly upward.  The disappearance of the upper ‘cusp’ in curvature occurs 

within 7 ms of the film rupture at t* = 1.55. 

 Previously, the characteristics of several rebounding and coalescing cases were 

investigated.  In the following sections, effects of the Weber number and collision angle 

in drop collision are discussed further.  Rebounding and coalescing cases for different 

Weber numbers at a constant collision angle are compared.  Then, two coalescing cases 

for different collision angles with the same Weber number are examined. 

 

3.2.2 Effects of the Weber number 

Time evolution in shape 

 Collisions between pairs of drops were investigated by varying initial injection 

angles to control the eventual collision angles.  Figure 3.34 and 3.35 show 

visualizations of two sequences from the large field of view with the same collision 

angle θ = 34°:  a rebounding case with We = 11 (D = 0.87 cm, Urel = 18.3 cm/s) and a 

coalescing case with We = 22 (D = 0.96 cm, Urel = 24.6 cm/s).  The initial injection 

angles were 0° in the rebounding case and -10° (downward direction) in the coalescing 

case respectively. 

 In the rebounding case (Fig. 3.34), the drop shapes appear symmetric about the 

horizontal at t* = -0.76.  The shapes evolve so that the drops are close to spherical 

before they collide (t* = 0).  The drops initially contact each other at a position above 

their centers due to their downward trajectory angle and then rotate toward each other 

so that the flat interface between them lengthens.  After the collision, the drops become 

oblate in shape (Figs. 3.34c-e).  At t* = 0.94 (Fig. 3.34e), the film length between the 

drops reaches a maximum, and at t* = 2.22 the drops are moving apart while continuing 

to rotate.  As the drops separate, their shapes revert to spherical. 

 In the coalescence case (Fig. 3.35), the drops are initially more elongated with 

tails due to higher injection velocities (t* = -0.51).  Also, the drops do not display 
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Figure 3.34 Time evolution of drop collision: We = 11, θ = 34° (rebound).  t* = tUrel/D, 

where D is drop diameter and Urel is relative velocity. 
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Figure 3.35 Time evolution of drop collision: We = 22, θ = 34° (coalescence).  t* = 

tUrel/D, where D is drop diameter and Urel is relative velocity. 
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horizontal symmetry and initially travel on a more downward trajectory due to the 

downward injection angle (-10°).  As the drops move closer (t* = 0), their heads flatten, 

and the tails become less prominent.  Inertia drives the drop centroids closer together, 

and the film area grows while the drops change from prolate to oblate in shape (t* = 

0.59).  At this Weber number, the inertia is large enough to generate a local concavity in 

the curvature (t* = 1.34).  At t* = 1.34 (Fig. 3.35e), the film length reaches a maximum, 

and the drops coalesce at t* = 1.78.  After the film ruptures, the resulting single drop 

oscillates in shape as it then falls downward.  The most striking difference between the 

two cases is the stronger deformation that occurs in the higher We, larger inertia case. 

 

Detailed view of thin film region 

 In this study, even though the thin film between drops is not observable, a zoomed 

smaller field of view centered on the film as described in 3.2.1 is used to view the 

coalescence event.  To understand motion near the thin film, data from the ‘small’ field 

of view are presented in Figs. 3.36-3.38.  These images correspond with the time of 

maximum film length for the rebounding case and the time of film rupture for the 

coalescing case.  Only every fifth vector is plotted in Fig. 3.36, and every fourth vector 

is plotted in Fig. 3.37 and 3.38.  Figure 3.36 shows the normalized vorticity and the 

normalized absolute velocity vectors.  In Fig. 3.37, the drop falling velocity has been 

subtracted from each field in Fig. 3.36 in order to understand the velocity pattern 

relative to each drop.  The drop falling velocities are 0.44Urel in the rebounding case 

(Fig. 3.37a) and 0.42Urel in the coalescing case (Fig. 3.37b).  Figure 3.38 shows the in-

plane velocity vectors relative to the falling drops and normalized vertical velocity 

relative to falling drops.  In Figs. 3.37b and 3.38b, a red dot shows the film rupture 

location. 

 The velocity vectors and vorticity contours in Fig. 3.37 indicate that the two lower 

core sections in both cases have merged into one.  The fact that the vectors swirl about 

these cores indicates that the cores are propagating with the same velocity as the drops.  

The plots also show more clearly the locations of strong inflow toward the interface. 
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Figure 3.36 Vector and vorticity fields at the time of maximum film length, (a) We = 11, 

θ = 34°, t* = 0.94, and at the time of film rupture, (b) We = 22, θ = 34°, t* = 1.77.  

Vectors show normalized velocity.  Colors show normalized vorticity.  Red is 

counterclockwise rotation and blue is clockwise rotation.  
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Figure 3.37 Vector and vorticity fields at the time of maximum film length, (a) We = 11, 

θ = 34°, t* = 0.94, and at the time of film rupture, (b) We = 22, θ = 34°, t* = 1.77.  

Vectors show in-plane velocity relative to falling drops.  Colors show normalized 

vorticity.  Red is counterclockwise rotation and blue is clockwise rotation.  Red dot in b 

shows the film rupture location. 
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Figure 3.38 Vector and vertical velocity fields at the time of maximum film length, (a) 

We = 11, θ = 34°, t* = 0.94, and at the time of film rupture, (b) We = 22, θ = 34°, t* = 

1.77.  Vectors show in-plane velocity relative to falling drops.  Colors show normalized 

vertical velocity relative to falling drops.  Red is upflow, and blue is downflow.  Red 

dot in b shows the film rupture location. 
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It is also interesting to note the directions of the vectors crossing the interface at the 

outer portion of each drop.  The inward pointing vectors in the rebounding case indicate 

that locally the drop deformation is continuing to increase while the outward pointing 

vectors in the coalescing case indicate that the local deformation is beginning to 

decrease.  (Typically, the film rupture occurs after the film length is maximized).  

Notice also the sharp changes in velocity near the outer trailing edges of the drops that 

generate strong vorticity.  This vorticity is generated by the upper cores within each 

drop and the trailing drop surface which combine to drive drop fluid downward relative 

to the fluid immediately outside each drop. 

 The velocity variation near the thin film can be examined in more detail in this 

smaller field of view.  In Fig. 3.36, the maximum downward velocity of ~0.73Urel for 

rebounding occurs away from the interface in the streaming region inside of each vortex 

ring while the maximum downward velocity of approximately 0.76Urel occurs at the 

center plane between the vortices in the coalescing case.  When comparing downflow 

and upflow at the centerplane, for We = 22 (Fig. 3.38b), the maximum downward 

velocity (0.36Urel) in the thin film region is stronger than the maximum upward velocity 

(0.08Urel) immediately before film rupture.  By contrast, for We = 11, the maximum 

downward velocity of 0.26Urel is weaker than the upward velocity (0.40Urel).  In the 

coalescing case, the thin film ruptures in the lower portion where the local downflow is 

strong.  The remaining film above the rupture location then has a much stronger 

distortion than the film below the rupture location, and it retracts upward at a very large 

velocity.  In this case, the film retracting velocity is ~1.1 m/s.  The film retracting 

velocity is computed by visually tracking a particle at the interface or by observing the 

time between film rupture and the time when the upper cusp between the drops becomes 

smooth.  The velocity gradient normal to the retracting film is very strong so that the 16 

× 16 PIV interrogation area does not resolve the true maximum. 

 For both cases in Figs. 3.36 and 3.37, the vortex ring structure is tilted downward.  

For We = 11, the maximum vorticity in the upper (2.9D/Urel) and lower portion 

(3.1D/Urel) of each vortex ring are similar.  The largest magnitude of inward velocity is 

higher for We = 11 than We = 22:  0.48Urel for We = 11 and 0.35Urel for We = 22.  For 
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We = 22, the lower portion of each vortex ring (3.6D/Urel) is more focused and 

generates stronger rotation than the upper portion (2.2D/Urel).  The vortex pair and the 

previously deforming interface on the outside of each drop in the higher inertia case 

induce a local downflow that is maximized at the center plane as shown in Fig. 3.36b 

and 3.37b.  Although the maximum normalized magnitude of inward (horizontal) 

velocity for We = 22 is lower than We = 11, the lower parts of vortex ring are tilted so 

that they induce downflow at the centerplane.  By contrast, for We = 11, the lower part 

of each ring is tilted such that the strongest flows are inward, not downward, and the 

downflow at the interface is weaker than for We = 22.  For We = 22, the downflow acts 

to thin the film between the drops eventually causing the film to rupture in this region.  

Strong drop deformation combined with vortex interaction yields the appropriate 

conditions for thin film rupture and drop coalescence as discussed in 3.2.1.  The time t* 

to reach the maximum film length took longer in the coalescing case; t* = 0.94 (t = 47 

ms) for rebounding vs. 1.34 (t = 52 ms) for coalescence.  This is consistent with the 

previous result discussed in Section 3.1.6 that the drops reach the maximum film length 

later as We increases (Fig. 3.27a).  For the two cases discussed here, the time when 

drops coalesce (t* = 1.77, t = 69 ms) is later than the time when drops for the lower We 

rebound (t* = 1.32, t = 63).  Thus, the time t* to reach the maximum film length and 

available time t* for drainage are both longer for the higher We.  Note that, as described 

in Section 3.2.1, the absolute times at the maximum film length and the 

rebound/coalescence vary with We so that is not consistent with t*. 

 

3.2.3 Effects of collision angle 

Time evolution in shape 

 Two sequences of coalescing cases with like Weber number (We = 16) but 

different collision angles are compared in Figs. 3.39 and 3.40: θ = 17° vs. θ = 40°.  Both 

Urel = 21.2 cm/s and D = 0.92 cm are matched.  The initial injection angles were +15° 

(upward) for θ = 17° and -10° (downward) for θ = 40°. 

 For the shallower collision angle case (Fig. 3.39, θ = 17°), gravitational 

acceleration causes the drops to move downward at t* = 0, even though their tails are 
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Figure 3.39 Time evolution of drop collision: We = 16, θ = 17° (coalescence).  t* = 

tUrel/D, where D is drop diameter and Urel is relative velocity. 
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Figure 3.40 Time evolution of drop collision: We = 16, θ = 40° (coalescence).  t* = 

tUrel/D, where D is drop diameter and Urel is relative velocity. 
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still lower than their heads (due to the initial upward injection).  The drops initially 

contact each other at a position near the centers, and the tails rotate downward (t* = 0 

and 0.55).  When the film length is maximized (t* = 1.41), the drops are horizontally 

symmetric.  In this case, the drops coalesce when the film length is near maximum (t* = 

1.43).  For the steeper collision angle case (Fig. 3.38, θ = 40°), the drop heads point 

downward due to the initial downward trajectory (t* = -1.01).  The drops initially come 

in contact at a location above their centers (t* = 0) before they become compressed into 

oblate shapes.  At t* = 1.10, the film length is maximum, and the drops are not 

horizontally symmetric.  Instead, the bottom section of each drop is wider than the top.  

The drops eventually coalesce at t* = 1.35 after the maximum film length is observed.  

The times when maximum film length reached is shorter for the steeper collision angle 

case (t* = 1.10, t = 48 ms) than for the shallower collision angle case (t* = 1.41, t = 61 

ms).  However, the times when the drops coalesce are similar (t* = 1.43, t = 61 ms for θ 

= 17°, and t* = 1.35, t = 59 ms for θ = 40°).  Thus, the collision angle does not appear to 

significantly affect the coalescence time. 

 

Detailed view of thin film region  

 Zoomed views for the two cases are presented in Figs. 3.41-3.43.  Figures 3.41a, 

3.42a, and 3.43a, and Figs. 3.41b, 3.42b, and 3.43b correspond with the time of film 

rupture, t* = 1.43 and t* = 1.35 respectively.  The drop falling velocities are 0.5Urel in 

Figs. 3.42a and 3.43a, and 0.42Urel in Fig. 3.42b and 3.43b. 

 As observed previously, the drop shapes for the shallow collision angle are close 

to symmetric about the horizontal while the shapes for the steeper collision angle are 

broader toward the bottom.  In these plots, the different shapes correspond with 

different vorticity distributions.  The paired ring cores near the bottoms of the drops for 

θ = 40° appear stronger and are focused further from the interface than for θ = 17°.  The 

resulting ring structure is tilted more downward for θ = 40° with the solid lines in Fig. 

3.41 showing the angle of each ring.  The difference in the direction of the streaming 

flow moving through each ring is obvious. 

 In the drop reference frame shown in Fig. 3.42 and 3.43, the streaming flow 
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Figure 3.41 Vector and vorticity fields at the time of rupture: (a) We = 16, θ = 17°, t* = 

1.43, (b) We = 16, θ = 40°, t* = 1.35.  Vectors show normalized absolute velocity.  

Colors show normalized vorticity.  Red is counterclockwise rotation and blue is 

clockwise rotation.  
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Figure 3.42 Vector and vorticity fields at the time of rupture: (a) We = 16, θ = 17°, t* = 

1.43, (b) We = 16, θ = 40°, t* = 1.35.  Vectors show in-plane velocity relative to falling 

drops.  Colors show normalized vorticity.  Red is counterclockwise rotation and blue is 

clockwise rotation.  Red dot shows the film rupture location. 
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Figure 3.43 Vector and vertical velocity fields at the time of rupture: (a) We = 16, θ = 

17°, t* = 1.43, (b) We = 16, θ = 40°, t* = 1.35.  Vectors show in-plane velocity relative 

to falling drops.  Colors show normalized vertical velocity relative to falling drops.  Red 

is upflow, and blue is downflow.  Red dot shows the film rupture location. 
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moves directly toward the centerplane for θ = 17°, while it tilts downward for θ = 40°.  

In Fig. 3.43, the maximum downward velocities measured at the center plane are about 

0.28Urel for θ = 17° and 0.32Urel for θ = 40°.  The location of this maximum for θ = 17° 

occurs closer to the bottom of the interface than for θ = 40°.  Note that the location of 

maximum downward velocity is in the centerplane for θ = 17° while the location is 

slightly away from the centerplane for θ = 40° in Fig. 3.43.  For θ = 40°, downward 

velocity is 0.20Urel at the centerplane and 0.30 at the location slightly away from 

centerplane.  This is because the lower portion of vortex ring is away from the interface 

due to tilting of the ring structure.  In Fig. 3.43, upward film draining velocity (0.46Urel) 

is significant for θ = 17° while this upward velocities is not substantial (0.14Urel) at the 

interface. 

 In Figs. 3.41, 3.42, and 3.43, the red dots show the location of film rupture for 

each collision angle.  If a dimensionless film rupture location, R* is defined as the 

distance from the bottom of the film divided by the film length, then the case with the 

shallower angle (θ = 17°) breaks at R* = 0.19 where the local downward velocity is 

near maximum (see Fig. 3.43a) while the case with the steeper angle (θ = 40°) breaks at 

R* = 0.27.  Therefore the film rupture location moves upward as the collision angle 

steepens.  For each case examined, the film rupture location occurs slightly downstream 

of the location of maximum downward velocity in the thin film. 
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3.3 Collision of unequal size drops  
In the previous section, collisions for equal size drops were investigated.  In this 

section, characteristics of unequal size drop collision are described.  First, the rebound 

and coalescence for unequal size drop collisions are compared.  Then, the effect of drop 

size, the Weber number (We*), and impact parameters on unequal size drop coalescence 

will be presented.  When generating the drops through the tubes, the inclination angle of 

each tube was adjusted independently in order to ensure collisions.  In general, for head-

on collisions of two different sizes of drops, the large drop is heavier that it falls faster 

than the small drop.  Therefore, the initial injection angle and tube height were adjusted 

to access appropriate impact parameters.  In the current study, the collision angle of the 

large drop was, in general, shallower than that of the small drop.  This incidence angle 

difference resulted in variations in velocity ratio and impact parameters, and therefore 

affected on the collision outcomes.  Typically, if the velocity ratio (uL/us) was greater 

than 1 (the large drop moves faster than the small drop), the intervening film between 

the drops did not bend significantly.  The detailed effects of these parameters are 

discussed below. 

 

3.3.1 Outcomes of unequal size drop collisions 

 Figure 3.44 shows the results of unequal size drop collisions where We* and B 

were varied.  The inertia driven We* is defined in Eq. 2.23. 
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where the subscript L is for the large drop and S is the small drop for head-on collisions.  

The impact parameter B is defined as the projection of the distance between the centroid 

of each drop normal to the direction of the relative velocity (Eq. 2.25).  Therefore, if B 

= 0, the drop collision is head-on, and if B > 0, the collision is glancing.  In Fig. 3.44, 

the closed and open symbols represent coalescence and rebound, respectively.  The drop 

pair has an approximate drop size ratio (Ds/DL) of either 0.71 or 0.48.  In this study, the 
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regions of rebound and coalescence are limited to when We* < 42 and B < 0.6.  When 

We* < 8, many cases, not shown in Fig. 3.44, were observed, and all rebounded. 

 

 
Figure 3.44 Region of rebound and coalescence for unequal size drops.  Closed symbol 

is a coalescing case and open symbol is a rebound case.  The black symbol is for drop 

size ratio, Ds/DL ≈ 0.71 and red is for Ds/DL ≈ 0.48. 

 

 Two boundaries are drawn in Fig. 3.44.  All cases to the left of boundary I 

rebound.  All cases to the right of boundary II coalesce.  When We* < 8 at B = 0, the 

drops rebound.  Based on the current data, this critical Weber number (We* = 8) applies 

for impact parameters in the range 0 < B < 0.25.  As B increases, this boundary shifts to 

the higher We*: critical We* = 29 in the boundary I at B = 0.56.  Coalescence always 

occurs for when We* > 11 and B = 0.  The boundary tends to shift to higher We* at 

larger impact parameters: critical We* = 42 at B = 0.26.  Between the regions of 

rebound and coalescence (between I and II), the collisions can result in either a rebound 

or coalescence.  By comparing head-on collisions for equal and unequal size drops, the 
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location of boundary II for unequal size drop collision is similar to the one for equal 

size drop collision (We = 10). 

 Figure 3.44 includes two drop size ratios, Ds/DL ≈ 0.71 and 0.48.  For both ratios, 

the boundaries and critical We* of rebound and coalescence are similar.  In their studies 

on water drops in air, Ashgriz and Poo (1990) reported that as the drop size ratio 

decreases, the critical We* dividing the coalescence and reflexive separation regions 

increases and the coalescence region becomes larger while the reflexive and stretching 

separation regions become smaller (see Figs. 1.2 and 1.4).  They did not observe 

separate regions of rebound and coalescence.  In the current study, although the 

reflexive and stretching separation regions were not assessed, no changes in critical 

We* based on drop size ratio were observed. 

 

3.3.2 Details of collisions between unequal size drops 

In this section, coalescence cases for two drop size ratios are presented: We* = 15 

(Ds/DL = 0.69) and We* = 34 (Ds/DL = 0.47).  A coalescence sequence for We* = 15 

from the large field of view is shown in Fig. 3.46: Ds/DL = 0.69 (Ds = 0.73 cm and DL = 

1.06 cm), Urel = 20.9 cm/s, us/uL = 0.98 (us = 13.1 cm/s and uL =12.8 cm/s), and B = 0.  

This different size drop collision can be compared with the equal size drop collision 

with We* = 15 (D = 0.84 cm and Urel = 21.7 cm/s) from section 3.2 (Fig. 3.10).  

Dimensionless time t* from Eq. 2.31 (equivalent to t* = tUrel/D for equal size drop 

collisions) is used. 
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 As the drops approach each other (Fig. 3.45a, t* = -0.64), the smaller drop (right) 

is initially elongated with a tail while the larger drop (left) is close to spherical.  For 

equal size drops in Fig. 3.10, both drops are elongated with tails.  When the drops first 

contact at t* = 0 (Fig. 3.45b), the tail of the small drop disappears, so that both appear 

relatively spherical in shape.  As the drops collide (Fig. 3.45c), the head of the large 
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Figure 3.45 The time evolution of unequal size drop collision: We* = 15 (coalescence), 

B = 0, Ds/DL = 0.69 where DL and Ds are the diameter of large and small drop, 

respectively. 
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drop deforms into a concave shape because the small drop pushes the large drop at the 

interface.  At the same time, the small drop changes from prolate to oblate in shape.  

This is significantly different from equal size drop collisions where the heads of drops 

symmetrically flatten at the centerplane until the film ruptures (Fig. 3.10c-e).  At t* = 

1.21 (Fig. 3.45d), inertia drives the drop centroids closer together and both drops are 

oblate in shape.  The deformed front of the large drop becomes flat, and the small drop 

elongates in the vertical direction.  The drops coalesce at t* = 1.85 while they are 

moving apart (Fig. 3.45e).  At this We*, in contrast to the dimpled shapes in Fig. 10e, 

no dimples were observed at the back end of either drop before coalescence.  After 

coalescence, the fluid from the small drop rotates.  The resulting drop oscillates in shape 

and falls downward and to the right (Figs. 3.45f-h).  For equal size drop collisions, the 

coalesced drop falls straight downward (Figs. 3.10f-h). 

 Figure 3.46 shows the computed velocity vectors and vorticity contours for We* = 

15 (every sixth vector is plotted).  Velocity magnitudes and vectors are normalized by 

the relative velocity Urel.  The vorticity is non-dimensionalized using Urel and average 

of drop diameter (DL+Ds/2).  Red on the color map shows the counterclockwise rotation 

of flow, and blue represents clockwise rotation. 

 The upper portion of the vortex ring on the large drop stands apart from the lower 

portion (Fig. 3.46a).  The maximum vorticity in the upper portion of the ring is 

~4.2Urel/(DL+Ds/2) while the value in lower portion is 3.0Urel/(DL+Ds/2).  The fluid 

flows through the vortex ring and moves downward toward the collision plane.  The 

vectors are directed more downward than for the smaller drop due to the steeper 

collision angle (42° compared to 31° for the small drop).  The leading and trailing 

vortex ring in the small drop are initially elongated.  The average vorticity in the upper 

portion of the ring is similar to values in the lower portion (~3.3Urel/(DL+Ds/2)).  As the 

drops collide and start to deform, the higher velocity toward the rear of each drop 

pushes the trailing fluid closer to the interface.  Note that both the upper and lower 

portions of the vortex ring in the small drop lie close to interface while, for the large 

drop, only the upper portion of the ring is located close to interface.  At t* = 0.49, the 

upper portion of vortex ring (4.3Urel/(DL+Ds/2)) of the large drop is more focused than 
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Figure 3.46 Absolute in-plane velocity vectors and normalized vorticity contours: We* 

= 15 (coalescence), Ds/DL = 0.69.  Red is counterclockwise, and blue is clockwise. 
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the lower portion (2.5Urel/(DL+Ds/2)).  Upper and lower portion vorticity of the small 

drop is similar (3.0Urel/(DL+Ds/2).  This may be because the small drop drives the large 

drop to deform concavely at the interface during the collision.  At the same time, the 

velocity vectors show that the intervening silicone oil is draining out of the zone 

between the drops.  In Fig. 3.46c, the small drop continuously pushes the larger drop 

while it changes from prolate to oblate in shape, and for the large drop, the fluid 

streaming through the rings appears to rotate more downward compare with the vectors 

in Fig. 3.46b.  This concavely deformed interface may direct the fluid more downward.  

At t* = 1.21 (Fig. 3.46d), the lower portion of the ring in the large drop moves 

downward as the drop shape changes (Fig. 3.46c and d) resulting in a broader shape at 

the bottom.  At this moment, the upper portion of the large drop and lower portion of 

the small drop become focused.  Note that vortex ring and velocity vectors in the small 

drop are similar to those in the equal size drop collision in Fig. 3.10e. 

 In Fig. 3.46e, the small drop vectors are directed downward while larger drop 

vectors are directed downward and to the right, toward the collision plane.  The 

concavely deformed head of the large drop now changes to be convexly deformed.  

When the inertia of the small drop dissipates as its centroid comes close to the interface, 

the large drop still has enough inertia to push the inwardly curved intervening film out 

toward the small drop.  Therefore, a wave-like interface is formed as represented in Fig. 

3.46e.  While the drops move apart, the interface ruptures at t* = 1.85.  Afterward the 

resulting drop rotates counterclockwise due to the inertia of the large drop and oscillates 

to form a spherical drop.  The drop falls downward with a single downward-moving 

ring.  For unequal size drop collision, the symmetry is lost during the collision due to 

the unbalanced drop size and velocity, and the coalesced drop moves away from the 

initial contact plane (Figs. 3.46e-h). 

 For a pair of equal size drops, the interface did not deform as shown in Fig. 3.10.  

The drops deformed to form dimples at their back side.  The vortex ring pair induces the 

fluid to move toward the centerplane and strong downflow is experienced at the film.  

When the downflow is strong, the film ruptures. 

 Normalized vertical velocity contours are plotted in Figs. 3.47 to emphasize 
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Figure 3.47 Absolute in-plane velocity vectors and vertical velocity contours: We* = 15 

(coalescence), Ds/DL = 0.69.  Red is upflow, and blue is downflow. 
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patterns of local upflow and downflow as the drops collide in both cases.  In the color 

map, blue represents strong downflow while red is upflow.  As the drops approach and 

collide, the local upflow is observable until t* = 0.49 (Figs. 3.47a-c).  The upflow 

region gets smaller as the fluid layer between the drops drains.  Similar to equal size 

drop collisions, a single maximum in downward velocity near the interface is observed 

beginning at t* = 0.49 through t* = 1.21 (Figs. 3.48c-d) before the film ruptures.  Note 

that once the small drop changes its shape to oblate and its horizontal inertia dissipates, 

downward velocity at the upper portion of the large drop becomes significant as the 

interface of the large drop changes from concave to convex (Figs. 3.47d-e).  At t* = 

1.85 when the drops coalesce (Fig. 3.47e), downward velocities at the upper part of the 

interface (0.85Urel) are more focused than at the lower part (0.76Urel).  The local 

maximum in downward velocity occurs at the upper portion of the interface in the 

coalescing case with We* =15 for unequal size drops, but at the lower portion of the 

interface in the coalescing case when We* =15 for equal size drops (see Fig. 3.47e and 

Fig. 3.10e). 

 Figure 3.48 shows the time of film rupture for We = 15 (Ds/DL = 1.00, t* = 1.37) 

and We* = 15 (Ds/DL = 0.69, t* = 1.85).  The vectors show velocity in the reference 

frame relative to the falling drops.  The red dots show the film rupture locations.  In Fig. 

3.48b (unequal size drops), the bottom section of the large drop is wider than the top 

while the small drop is horizontally symmetrical in shape and somewhat tilted 

counterclockwise toward the top of the large drop.  The flow within the large drop 

moves toward the collision plane.  The flow in the small drop moves outward, away 

from the collision plane.  At this time (compared with large view from Fig. 3.45), the 

flow within the small drop is moving outward after being deformed vertically.  In Fig. 

3.48a (equal size drops), the two drops are identical in shape and vertically symmetrical.  

The flow within both drops moves toward the collision plane.  When comparing these 

two cases, the coalescence time for We* = 15 (Ds/DL = 0.69) is later than the time for 

We = 15 (Ds/DL = 1.00). 

The patterns of the pair of vortex rings in the large drop differ from those in the 

small drop in Fig. 3.48b.  The vortex ring in the large drop tilts downward while the 
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Figure 3.48 The vector and vorticity fields at the time of rupture: (a) We = 15 (Ds/DL = 

1.0), t* = 1.37, (b) We* = 15 (Ds/DL = 0.69), t* = 1.85.  Vectors show in-plane velocity 

relative to the falling drops.  Colors show normalized vorticity.  Red is 

counterclockwise, and blue is clockwise rotation.  The red dots show the film rupture 

location. 
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ring in the small drop is horizontally symmetrical.  For equal size drops (Fig. 3.48a), the 

vortex ring of both drops is tilted downward.  In Fig. 3.48b, the maximum vorticity 

strengths in the large drop are 4.2D/Urel and 2.8D/Urel for the upper and lower portion of 

the ring, respectively.  The maximum vorticity strengths in the small drop are 2.5D/Urel 

and 3.1D/Urel for the upper and lower portion of the ring, respectively.  The large drop 

distribution is therefore different than that observed either in the smaller drop or in the 

equal size drop pair. 

The intervening film between drops is flat for equal size drops (Fig. 3.48a).  By 

contrast, the film is irregularly curved for unequal size drops (Fig. 3.48b).  In Fig. 3.49a, 

the vectors near the interface move vertically along the film.  For unequal size drops, 

the velocity vectors in the vicinity of the curved interface vary.  Above the stagnation 

point (near the center of the film), the flow in the large drop moves upward and warps 

the film outward (toward the small drop).  Below this point, the flow moves downward 

and causes the drops to rotate slowly counterclockwise.  The film ruptures near this 

center stagnation point for unequal size drops (the red dot in Fig. 3.48b).  For equal size 

drops, the film rupture always occurs near the downstream end of the interface as 

shown in Fig. 3.48a.  The film rupture location for unequal size drop collisions varies 

and depends on the shape of the intervening film. 

Figure 3.49 shows a time sequence during the coalescence event for We* = 15.  

As in Fig. 3.48, the vectors show velocity in the reference frame relative to the falling 

drops.  Figure 3.49a shows the field just before the film ruptures.  Figure 3.49b shows 

the frame when the film ruptures, and the rupture location is marked by the red dot.  

These two fields are separated by 1 ms.  When Fig. 3.49b is compared with Fig. 3.49a, 

sudden changes of the velocity vectors near the interface are observed.  The film breaks 

at this location, and retracts rapidly upward and downward as shown in Figs. 3.49b and 

c.  The fluid in the downstream section of the large drop flows downward into the lower 

portion of the small drop.  In the subsequent image (Fig. 3.49d), the upper and lower 

apexes in the film disappear, and strong localized vorticity is observed at the top and 

bottom of the remaining single drop due to the rapid film motion of the retracting 

interface.  The vorticity strength in this region then decreases as the local curvature 
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Figure 3.49 The in-plane vectors and normalized vorticity contours during coalescence 

event for We* = 15 (Ds/DL = 0.69).  Vectors show velocity relative to the falling drops.  

Colors show normalized vorticity.  Red is counterclockwise, and blue is clockwise 

rotation.  The red dot in b shows the film rupture location (Film ruptures at t* = 1.85). 
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smooths out: The vorticity at the upper portion of the large drop decreases from 

4.2D/Urel at t* = 1.85 to 3.2D/Urel at t* = 2.02.  The vorticity pairs in the resulting drop 

rotate counterclockwise while the two drops mix.  The upper portions of the ring for 

each drop eventually disappear.  The asymmetry of the resulting vectors and vortex pair 

of a coalesced drop causes it to oscillate for a longer time before forming a spherical 

drop as opposed to equal size drop cases. 

 The coalescence sequence for a smaller size ratio with We* = 14 is shown in Fig. 

3.50: Ds/DL = 0.47 where Ds = 0.55 cm and DL = 1.17 cm, B = 0, Urel = 15.7 cm/s, and 

us/uL = 1.61 (us = 7.1 cm/s and uL =11.4 cm/s).  The two drops have slightly different 

fluorescence dye concentrations so that their colors differ somewhat on the image, and 

show the mixing of the drops during coalescence. 

 As the drops approach, they are initially elongated with tails.  The small drop is 

elongated more than the large one.  The collision is near head-on (Fig. 3.50b).  The 

small drop changes from prolate to oblate after the two drops initially meet.  The inner 

curvature of the large drop in the intervening film deforms slightly inward but not as 

significantly as when We* = 15 (Ds/DL = 0.69) (Fig. 3.50c).  The interface becomes flat 

as the small drop elongates vertically at t* = 0.98.  The tail of the large drop disappears 

as the drop is compressed, and the drop continues to move to the right.  Then, similar to 

Ds/DL = 0.69, the large drop causes the small drop to move in the opposite direction.  

The vertically compressed small drop expands horizontally as it moves apart, and the 

film ruptures at t* = 1.51.  Unlike Ds/DL = 1.0 for the same We, dimpled drops were not 

observed similar to We* = 15 (Ds/DL = 0.69).  Afterward, the small drop portion of the 

resulting volume is horizontally elongated with a tail at t* = 2.14.  This elongation of 

the resulting drop was never observed for Ds/DL = 1.0 and was not obviously seen for 

Ds/DL = 0.69.  Afterward, the small drop fluid retracts toward the resulting drop, and the 

tail disappears (Fig. 3.50g).  The small drop fluid moves to the top of the coalesced 

volume and mixs with the large drop fluid as the coalesced drop oscillates and falls 

(Figs. 3.50g and h).  Rapid mixing shortly after the film rupture is not observed during 

coalescence. 
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Figure 3.50 The time evolution of unequal size drop collision: We* = 14 (coalescence), 

B = 0, Ds/DL = 0.47 where DL and Ds are the diameter of the large and small drops, 

respectively. 
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 Figures 3.51 and 3.52 show the time sequence during the coalescence event and 

corresponding vector fields for We* = 14 (Ds/DL = 0.47).  At t* = 0.93 (Figs. 3.51a and 

3.52a), the small drop is near maximum deformation.  It is horizontally symmetrical.  

Both upper and lower portions of the vortex ring in the small drop are close to the 

interface.  The vorticity at the upper and lower portion of the vortex ring are 3.9D/Urel 

and 4.6D/Urel, respectively.  At t* = 0.93, the head of the large drop flattens.  The flow 

moves toward the collision plane.  The upper portion of the vortex ring in the large drop 

is located close to the interface and the lower portion is away from the collision plane.  

Unlike the small drop, the vorticity in the upper portion of the ring is stronger than that 

of the lower portion: 4.3D/Urel and 3.2D/Urel, respectively.  At t* = 1.51, the small drop 

broadens horizontally compared to the shape at t* = 0.93 (Figs. 3.51a and b).  The large 

drop continues to drive the small drop to the right that both drops translate to the right.  

The drops coalesce at t* = 1.51 while the drops are moving apart.  At this time, the 

vorticity magnitudes associated with the upper and lower parts of each vortex ring 

decrease.  The vorticity strength of the large drop decreases from 4.3D/Urel to 3.6D/Urel 

in the upper part of the leading vortex (Figs. 3.52a and b).  The vorticity of the small 

drop significantly decreases from 4.6D/Urel to 2.6D/Urel in the lower part of the vortex 

ring.  The vortex ring of the large drop continues to induce flow inward and toward the 

right.  Unlike when We* = 15 (Ds/DL = 0.69), the intervening film is flat through the 

course of this time interval.  The red dot in Fig. 3.52b shows the film rupture location.  

The location is near the lower end of the film.  By comparing this with Fig. 3.53, the 

film rupture location is lower than the location for We* = 15 (Ds/DL = 0.69).  It can be 

concluded that the film rupture location varies for unequal size drop coalescence.  By 

contrast, the rupture location was always in the lower part of the film for equal size 

drops.  After coalescence, the large drop fluid continues to move toward the right and 

causes the resulting drop to rotate counterclockwise (Fig. 3.52c).  The fluid from the 

small drop elongates horizontally with a tail after the film ruptures as shown in Fig. 

3.52c.  Afterward, the small drop fluid moves toward the top of the coalesced drop and 

the tail disappears at t* = 2.79.  The circulation in the upper part of the rings decreases 

with time. 
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Figure 3.51 The sequential zoomed views  during the coalescence event for when We* 

= 14 (Ds/DL = 0.47). 
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Figure 3.52 The in-plane vectors and normalized vorticity contours during the 

coalescence event for We* = 14 (Ds/DL = 0.47).  Vectors show the velocity relative to 

the falling drops.  Colors show the normalized vorticity.  Red is counterclockwise, and 

blue is clockwise rotation.  The red dot in b shows the film rupture location (Film 

ruptures at t* = 1.51).  Dashed line shows boundary of the fluid from small drop. 
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Figure 3.53 The vector and vorticity fields at the time of rupture: (a) We* = 15 (Ds/DL = 

0.69), t* = 1.85, (b) We* = 14 (Ds/DL = 0.47), t* = 1.51.  Vectors show the in-plane 

velocity relative to the falling drops.  Colors show the normalized vorticity.  Red is 

counterclockwise, and blue is clockwise rotation.  The red dots show the film rupture 

location. 
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3.3.3 Effect of differing Weber numbers 

 In this section, a higher Weber number We* = 34 (Ds/DL = 0.47) is compared with 

the previous case of We* = 14 (Ds/DL = 0.47) (Fig. 3.50).  Both collisions are head-on 

(B = 0).  The coalescence sequence for We* = 34 from the large field of view is shown 

in Fig. 3.54: Ds/DL = 0.47 where Ds = 0.56 cm and DL = 1.18 cm, Urel = 32.3 cm/s (uL/us 

= 0.81, us = 18.3 cm/s and uL = 14.9 cm/s), B = 0.  Velocity ratio (uL/us) is lower than in 

the We* = 14 case (uL/us = 1.61). 

 As the drops approach, the small drop is initially elongated with tails.  This drop 

later separates into a main drop with three satellite drops during the collision sequence.  

The collision is head-on as shown in Fig. 3.54b.  After the drops make initial contact, 

the curvature of the intervening film for the large drop is deformed inward as the small 

drop changes prolate to oblate shape (Figs. 3.54c and d).  Note that the deformation of 

the film also can be seen for We* =14, but the deformation is weak, and the film 

becomes flattened before coalescence (Fig. 3.54c through d).  Afterward, the large drop 

continues to move along its trajectory and drives the small drop in the opposite direction 

of its initial trajectory.  The tail of the large drop disappears, and the inwardly deformed 

interface decreases in curvature at t* = 1.62 (Fig. 3.54e), but is still not flat.  The 

deformation of the small drop is maximized.  Although We* is high, in this case 

dimpled drops are also not observed.  The drops coalesce at t* = 1.62 (Fig. 3.54e).  By 

contrast, dimples were observed when We = 15 for equal size drop collisions.  Unlike 

for We* = 14 (Ds/DL = 0.47), a subsequent elongation of the small drop fluid, which can 

be viewed in Fig. 3.50f and 3.51c for We* = 14, is not observed.  Instead, the small drop 

fluid expands vertically after coalescence as shown in Fig. 3.54f.  After coalescence, the 

small drop fluid moves into the upper part of the coalesced drop as shown in Figs. 3.54f 

through g. The resulting drop oscillates in shape and falls downward to the right (Figs. 

3.54g through h). 

 Figures 3.55 and 3.56 show a time sequence during the coalescence event and the 

corresponding vector fields for We* = 34 (Ds/DL = 0.47).  At t* = 0.77 (Fig. 3.55a), the 

small drop moves toward the large drop.  The tail of the small drop is still seen at t* = 

0.77. The interface is significantly curved toward the large drop.  For both drops, the 
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Figure 3.54 The time evolution of unequal size drop collisions: We* = 34 (coalescence), 

B = 0, Ds/DL = 0.47, and uL/us = 0.81 where DL and uL, and Ds and us are the diameter 

and horizontal components of velocity for the large and small drops, respectively.
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Figure 3.55 The sequential zoomed views during the coalescence event for We* = 34 

(Ds/DL = 0.47). 
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Figure 3.56 The in-plane vectors and normalized vorticity contours during coalescence 

event for We* = 34 (Ds/DL = 0.47).  Vectors show velocity relative to falling drops.  

Colors show normalized vorticity.  Red is counterclockwise, and blue is clockwise 

rotation.  The red dot in b shows the film rupture location (Film ruptures at t* = 1.62).  

The dashed line shows the boundary of fluid from the small drop. 
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upper and lower part of the leading ring is close to the interface.  The vorticity in the 

vortex ring of the small drop is stronger than that of the large drop:  the vorticity values 

in the lower part of the vortex ring in the large and small drops are 2.5D/Urel and 

6.6D/Urel, respectively (Fig. 3.56a).  The vorticity magnitudes associated with the upper 

and lower parts of each vortex ring decrease.  In Figs. 3.56a through 3.56b, the vorticity 

strength of the small drop decreases from 6.6D/Urel to 4.7D/Urel in the lower part of the 

vortex.  For the large drop, the strength of the vortex ring decreases less than in the 

small drop: the vorticity strength of the small drop decreases from 2.5D/Urel to 2.3D/Urel 

in the lower part of the vortex ring.  In general, for equal size drops, the vortex ring pair 

in the colliding drops dissipates as they collide and deform.  For unequal size drops, the 

vortex strengths of both drops dissipate, but the small drop dissipates more as the 

interface changes shape (the shape change generates opposing vorticity). 

 Similar to when We* = 14, the upper portion (3.3D/Urel) of the vortex ring in the 

large drop is stronger than the lower portion (2.3D/Urel), and the lower portion 

(4.7D/Urel) of the ring in the small drop is stronger than its upper portion (4.2D/Urel).  

However, unlike when We* = 14, the vortex ring of the small drop is still stronger than 

the large drop when the film ruptures (t* = 1.62).  By contrast, for when We* = 14, the 

strength of vortex ring in the small drop decrease less than the large drop in Fig. 3.57.  

Also, in Fig. 3.57, the intervening film for when We* = 14 is vertically flat while the 

film for We* = 34 remains curved.  When We* = 34, the film is less curved at t* = 1.62 

than t* = 0.77 since the large drop pushes out the small drop at the interface as it moves 

toward the small drop.  However the film is obviously not flat when the film ruptures.  

Since the velocity ratio for We* = 34 (uL/us = 0.81) is lower than for We* = 14 (uL/us = 

1.61), the interface for We* = 34 is initially more bent, and although the curvature 

decreases with time, the interface is still bent when the drops coalesce.  With this 

curved interface, the vortex ring of each drop dissipates somewhat, but the upper part of 

the ring in the large drop and the lower part of the ring in the small drop are focused 

more.  In Fig. 3.56b, the interface motion opposes the vorticity in the small drop.  In 

contrast, for We* = 14, the interface initially deforms less and is almost flat before 

coalescence as shown in Fig. 3.57a since the velocity of the large drop is faster than that 
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Figure 3.57 The vector and vorticity fields at the time of rupture: (a) We* = 14 (Ds/DL = 

0.47), t* = 1.51, (b) We* = 34 (Ds/DL = 0.47), t* = 1.62.  Vectors show in-plane velocity 

relative to the falling drops.  Colors show normalized vorticity.  Red is 

counterclockwise, and blue is clockwise rotation.  The Red dots show the film rupture 

location. 
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of the small drop.  Therefore, when the velocity ratio (uL/us) is below 1, the vortex ring 

pair is less symmetric. 

 The film ruptures near its center where the downflow is strong and curvature of 

the film changes.  In Fig. 3.57, the rupture location is higher for We* = 34 than for We* 

= 14.  As discussed earlier, the rupture location varies for unequal size drop collisions 

depending on the intervening film shape, velocity vectors and vorticity near the film.  In 

Fig. 3.57, the relative velocity vectors in the small drop for We* = 34 differ from those 

for We* = 14.  The vectors in Fig. 3.57b show the circulation of fluid in the small drop 

corresponding with the vortex ring and bent interface.  However, the vectors in the 

small drop in Fig. 3.57a point to the right as both drops translate to the right.  After 

coalescence, the top and bottom of the small drop fluid enclose the large drop fluid at t* 

= 2.54 (Fig. 3.56c) and the large drop fluid moves toward the lower portion of small 

drop fluid.  Counterclockwise circulation at the upper part of the resulting drop is 

observed (Figs. 3.56c and d).  The small drop fluid eventually moves to the top of the 

resulting drop and mixes with the large drop fluid (Fig. 3.56d). 

 In summary, for higher Weber number cases, the curvature of the intervening film 

is deformed more inward toward the large drop than for lower We* cases when the 

drops collide and deform.  As We* decreases, the deformation of the film is weaker, and 

it becomes flattened before coalescence.  Also, a subsequent horizontal elongation of 

the small drop fluid after coalescence is observed for We* = 14.  This may be because 

the velocity ratio (uL/us = 1.61) is higher than for We* = 34 (uL/us = 0.81).  For We* = 

34, the small drop fluid expands vertically after coalescence.  For both cases, the upper 

portion of the vortex ring in the large drop and the lower portion of the ring in the small 

drop are more focused.  When We* = 34, the interface decrease in curvature but is still 

not flat before the film ruptures.  In contrast, for We* = 14, the concavely deformed 

interface changes to convexly deformed just before coalescence.  Observation of 

additional cases suggests that at the higher We* (We* = 34), even if the velocity ratio 

uL/us > 1, the concavely deformed interface does not become convex.  Instead, it 

becomes flat before coalescence.  Further details are discussed below. 
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 For previous depictions when We* = 34, the initial velocity of the large drop has 

been slower than the small drop: us = 18.3 cm/s and uL =14.9 cm/s (uL/us = 0.81).  In the 

following paragraphs, We* = 34 (uL/us = 2.12), a case where the large drop is faster than 

the small drop is compared.  Figure 3.58 shows the coalescence sequence for We* = 34 

from the large field of view: Ds/DL = 0.44 where Ds = 0.54 cm and DL = 1.22 cm, Urel = 

22.3 cm/s (uL/us = 2.12, us = 7.7 cm/s and uL = 16.3 cm/s), B = 0.  For this case, small 

view sequences and vector fields are not available.  To match the Weber number and 

impact parameter, the incidence tube angles and tube heights were adjusted so that the 

collision angles of the large and small drop were 23° and 24°, respectively.  For We* = 

34 (uL/us = 0.81), the collision angles of the large and small drop were 22° and 5°, 

respectively. 

 As the drops approach, in Fig. 3.58a, the small drop is initially elongated with 

tails similar to the case with uL/us = 0.81 (Fig. 3.54a).  The drop later separates into a 

main drop with two satellite drops during the initial collision.  After the drops initially 

make contact, unlike uL/us = 0.81, the interfacial film between them is flat at t* = 0.56.  

The film remains flat as the small drop changes from prolate to oblate (Figs. 3.58c and 

d).  The drops move more to the right than for uL/us = 0.81 due to the higher velocity 

ratio (uL/us = 2.12).  The drops coalesce at t* = 1.55.  Unlike uL/us = 0.81, the film is flat 

and the small drop is vertically elongated at coalescence.  Similar to uL/us = 0.81, the no 

significant elongation of the small drop fluid after coalescence is observed in Fig. 3.58f, 

although it forms a slight cusp on the right.  After coalescence, the small drop fluid 

rotates counterclockwise and moves toward the top of the resulting drop (Fig. 3.48g).  

The coalesced drop falls downward to the right as it oscillates to form a spherical drop 

(Figs. 3.58g and h). 

 The key effects of the velocity ratio are that, when uL/us > 1, the drops deform less 

and the interface is near flat through the drop deformation sequence before coalescence.  

After coalescence, the small drop fluid forms a tail and later retracts toward the large 

drop fluid to mix.  When uL/us < 1, the drops deform significantly.  The interface is 

initially curved toward the large drop after the drops initial collide.  As the small drop 

changes from prolate to oblate, the interface decreases in curvature and reverts to the 
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Figure 3.58 The time evolution of unequal size drop collision: We* = 34 (coalescence), 

B = 0, Ds/DL = 0.44, and uL/us = 2.12 where DL and uL, and Ds and us are the diameter 

and horizontal components of velocity for the large and small drops, respectively. 
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initial state.  However, the interface is still bent when it ruptures.  After coalescence, no 

tail or strong cusp is observed at the edge of the small drop fluid. 

 Unlike in previously discussed coalescence cases, an exceptional coalescence case 

was observed for We* = 8 as shown in Fig. 3.59: Ds/DL = 0.53 where Ds = 0.58 cm and 

DL = 1.10 cm, Urel = 14.7 cm/s (us = 8.0 cm/s and uL = 8.8 cm/s), B = 0.15. 

 In this case, the drops collide and deform over t* = 0.00-0.86 (Fig. 3.59b-d).  The 

small drop deforms less than in previous cases with unequal size drops.  The 

intervening film remains flat through the collision event.  The drops move apart at t* = 

1.68.  When the drops almost separate from each other at t* = 2.80, they coalesce.  This 

is similar to the coalescence seen when We = 3 (equal size drops, Fig. 3.14).  The time 

evolution of drop images and velocity vector fields are presented for completeness in 

Fig. 3.60 and 3.61.  The film ruptured in the lower end of the film as shown in Fig. 

3.61b.  As in Fig. 3.61, the coalescence mechanism in this case is unclear.  Figure 3.62 

shows the vorticity and downward velocity contours at the time of rupture at t* = 2.80.  

The most important point noted is that there is one local maximum downward velocity 

at the outer edge of the large drop at this frame (Fig. 3.62b).  Similarly, for coalescence 

when We = 3 (equal size drops, Fig. 3.16b), there are two local maxima away from the 

interface through the entire sequence.  Before the drops coalesce, the two drops rotate 

clockwise as they fall downward.  In subsequent images (Fig. 3.61c), the film near the 

rupture location retracts rapidly upward and downward.  Therefore, the upper and lower 

cusp in the curvature disappear at t* = 2.90 (Fig. 3.61c).  At t* = 3.37 (Fig. 3.61d), the 

small drop fluid rapidly moves into the resulting drop. 

 

3.3.4 Effect of impact parameter, B 

 All drop collisions were near head-on (B = 0) for the previous coalescence cases 

in Sections 3.3.2 and 3.3.3.  However, in realistic situations, drop collisions usually are 

off-center (B > 0).  In this section, the characteristics of off-center collisions are 

presented. 

 Figure 3.63 shows the coalescence sequence when We* = 22 with B = 0.51 from a 

large field of view: Ds/DL = 0.47 where Ds = 0.57 cm and DL = 1.21 cm, Urel = 17.2 
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Figure 3.59 The time evolution of unequal size drop collision: We* = 8 (coalescence), 

B = 0.15, Ds/DL = 0.53 where DL and Ds are the diameter of the large and small drops, 

respectively. 
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Figure 3.60 The sequential zoomed views during the coalescence event when We* = 8 

(Ds/DL = 0.53). 
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Figure 3.61 The in-plane vectors and normalized vorticity contours during coalescence 

event for We* = 8 (Ds/DL = 0.53).  Vectors show the velocity relative to the falling 

drops.  Colors show normalized vorticity.  Red is counterclockwise, and blue is 

clockwise rotation.  The red dot in b shows the film rupture location (Film ruptures at t* 

= 2.80). 
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Figure 3.62 The fields at the time of the film rupture (t* = 2.80) for We* = 8 (Ds/DL = 

0.53): (a) Normalized vorticity contour.  Red is counterclockwise, and blue is clockwise.  

(b) Normalized vertical velocity contour.  Blue is downflow.  Vectors show velocity 

relative to the falling drops.  The red dots show the film rupture location. 
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cm/s (us = 4.5 cm/s and uL = 13.3 cm/s).  In Fig. 3.64, the boundary of the small drop is 

not clear due to the low concentration of fluorescent dye within the drop.  Therefore, a 

zoomed view and movie are used to track the boundary of the small drop. 

 When the drops approach, both are initially elongated with tails.  In this case, the 

collision is not head-on as shown in Fig. 3.63b.  The small drop collides at the upper 

head of the large drop (B = 0.51).  After the initial collision, the large drop deforms 

slightly while the small drop pushes the interface film into the large drop.  The small 

drop changes from prolate to oblate, rotates counterclockwise and moves to the upper 

part of the large drop as shown in Fig. 3.63c.  The drops coalesce at t* = 0.70.  A 

dimple at the back of each drop is not observed.  Compared to previous coalescing cases, 

the rupture time is shorter (t* = 0.70).  In general, for B > 0, the film ruptures earlier 

than in a head-on collision case with the same Weber number.  After coalescence, the 

small drop fluid moves downward into the large drop fluid at t* = 1.76.  Then, the small 

drop fluid rotates counterclockwise within the coalesced drop to mix (Figs. 3.63d-f).  

Unlike B = 0 cases, the coalesced drop rotates counterclockwise while it falls downward 

as shown in Fig. 3.63f.  Overall mixing of the two drop fluids is enhanced for B > 0 

compared to previous B = 0 cases. 

 Figures 3.64 and 3.65 show a time sequence during the coalescence event from 

the small field of view and corresponding vector fields for the same event: We* = 22 

(Ds/DL = 0.47).  Figure 3.66 shows the vorticity and vertical velocity relative to the 

falling drops when the film ruptures.  At t* = 0.40 (Fig. 3.64a), the tail of the small drop 

is observed.  The small drop moves close to interface, and the large drop rotates 

counterclockwise as it moves to the right.  At the time of contact in Fig. 3.65a, the 

vortex ring of the small drop is close to the interface while only the upper part of the 

ring in the large drop is located close the interface.  At this time, the vorticity in the 

vortex ring in the small drop is stronger than that in the large drop:  The vorticity values 

at the upper and lower part of vortex ring in the large drop are 7.1D/Urel and 4.6D/Urel, 

and The values at the upper and lower part of the ring in the small drop are 8.1D/Urel 

and 9.8D/Urel. 

 The vorticity magnitudes associated with the vortex ring of the small drop 
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Figure 3.63 The time evolution of unequal size drop collisions: We* = 22 (coalescence), 

B = 0.51, Ds/DL = 0.47 where DL and Ds are the diameter of the large and small drops, 

respectively. 
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Figure 3.64 The sequential zoomed views during the coalescence event when We* = 22 

(B = 0.51 and Ds/DL = 0.47). 
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Figure 3.65 The in-plane vectors and normalized vorticity contours during coalescence 

event for We* = 22 (B = 0.51, Ds/DL = 0.47).  Vectors show velocity relative to the 

falling drops.  Colors show normalized vorticity.  Red is counterclockwise, and blue is 

clockwise rotation.  The red dot in b shows the film rupture location (Film ruptures at t* 

= 0.70).  Dashed line shows boundary of fluid from small drop. 
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Figure 3.66 The fields at the time of film rupture (t* = 0.70) for when We* = 22 (B = 

0.51, Ds/DL = 0.47): (a) Normalized vorticity contour.  Red is counterclockwise, and 

blue is clockwise.  Vectors show absolute velocity.  (b) Normalized vertical velocity 

relative to the falling drops.  Red is upflow, and blue is downflow.  Vectors show the in-

plane velocity relative to the falling drops.  The red dots show the film rupture locations. 
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decrease at t* = 0.70.  In Figs. 3.65a through 3.65b, the vorticity strength decreases 

from 8.1D/Urel to 5.2D/Urel in the upper part of the ring, and from 9.8D/Urel to 7.9D/Urel 

in the lower part of the ring.  By contrast, unlike previous cases, the vorticity values of 

the vortex ring increase for the large drop at t* = 0.70.  The vorticity strength increases 

from 7.0D/Urel to 8.1D/Urel in the upper part of the ring, and from 4.9 to 5.1 in the lower 

part of the ring.  The film ruptures at t* = 0.70 while the film remains slightly curved.  

The vectors show a  strong upflow located at the upper end of the film while the fluid is 

draining out (Fig. 3.65b).  Figure 3.66b shows the vertical velocity relative to the falling 

drops when the film ruptures.  Strong upflow near the interface of the small drop can be 

observed.  Also, there is strong downflow in the upper part of the large drop.  Compared 

with Fig. 3.66a (absolute velocity vector field), the vortex ring of the small drop drives 

fluid to move toward the interface film, and together with the vortex ring of the large 

drop, the fluid near the film rapidly moves upward.  The upper part of vortex ring for 

the large drop induces the fluid near the film to move upward to drain out and also 

causes the fluid away from the film to move downward.  This downflow merges with 

the lower part of the large drop flow, and causes the drop to fall and rotate 

counterclockwise.  The rupture location is near the center of the film. 

 After coalescence, the large drop fluid continues to move to the right, and the 

small drop fluid rotates counterclockwise and moves downward into the large drop fluid 

as shown in Fig. 3.65c.  As the resulting drop falls, the two fluids mix as shown in Fig. 

3.65d, and eventually the remaining drop rotates counterclockwise. 

 In summary, as B increases, the film rupture time occurs earlier than for head-on 

collision cases with the same We.  The coalesced drop rotates as it falls downward while 

the resulting drops do not rotate for B = 0 cases.  The mixing of the drops after 

coalescence is enhanced as B increases.  After the drops collide, the interface between 

them moves.  This is because the strong upflow near the interface of the small drop and 

the strong downflow in the upper part of the large drop drain the fluid out from the 

interface.  For B = 0 cases, this strong upflow region is not observed.  For B > 0, the 

interface is not flat when it ruptures.  Similar to previous unequal size drop collisions, 

the rupture location varies. 
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3.4 The effects of tracer particles 
 The characteristics of coalescence for both equal and unequal size drops have 

been previously investigated using the particle image velocimetry (PIV) technique.  

Tracer particles of approximately 1 μm in diameter were applied for all of the 

experiments.  It has been reported that the presence of liquid surface contaminants can 

affect the collision behavior of the colliding drop pairs (Hu et al. 2000 and Ha et al. 

2003).  However, there has been little discussion concerning surface contaminants such 

as tracer particles for PIV on the interfacial surface.  Therefore, it is necessary to 

understand how tracer particles affect drop coalescence.  In this section, cases with 

tracer particles which measure 1 μm diameter are used and compared with cases 

without tracer particles in the fluid surrounding the drops.  Also, cases with tracer 

particles of 10 μm diameter in the surrounding fluid are tested to see whether larger 

sized particles affect the collision outcomes.  In this study, silver coated hollow spheres 

(diameter Dp ~ 10 μm, density ρp = 1.05 – 1.15 g/cm3, index of refraction n =1.5) were 

used.  For all the cases, the drop fluid was seeded with tracer particles (TiO2) of 1 μm 

diameter.  All drop collisions were head-on (B = 0), and used two drops of equal size. 

 Figure 3.67 shows the results of equal size drop collisions over which We and 

collision angle were varied.  The closed symbols represent coalescing cases and open 

symbols represent rebounding cases.  Red symbols are drop collisions with tracer 

particles (TiO2) of 1 μm diameter in the surrounding fluid (including all cases from Fig. 

3.1), blue symbols are collisions with no tracer particles in the surrounding fluid, and 

black symbols are collisions with tracer particles of 10 μm diameter in the surrounding 

fluid. 

 The boundary between rebound and coalescence was drawn for the cases with 1 

μm tracer particles in the ambient fluid as previously described in Section 3.1.1.  The 

critical Weber number is We = 10.  The drops rebound when We is below 10 and 

coalesce when We is greater than 10.  For cases in which there are no tracer particles in 

the silicone oil, overall outcomes are similar to the cases with tracer particles.  However, 

when compared to cases with tracer particles, the boundary between rebound and 

coalescence is not obvious.  Rebound can be observed up to We = 18.  The lowest
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Figure 3.67 The region of rebound and coalescence for equal size drops.  Closed 

symbols represent coalescing cases and open symbols represents rebounding cases.  The 

red symbols are drop collisions with tracer particles (TiO2) of 1 μm diameter in the 

surrounding fluid, blue symbols are collisions with no tracer particle in the surrounding 

fluid, and black symbols are collisions with tracer particles (silver coated hollow 

spheres) of 10 μm diameter in the surrounding fluid.  The drop fluid used for all cases is 

seeded with tracer particles (TiO2) of 1 μm diameter.  NS represents initial nozzle 

separation and NIA is the initial nozzle injection angle. 

 

Weber number in which the drops coalesce is We ~ 8 which is below the previous 

critical We = 10.  The dotted block in Fig. 3.67 shows the region where both rebound 

and coalescence can occur for cases with no tracer particle in surrounding fluid.  

Therefore, for cases with no tracer particles, the drops obviously rebound below We = 8 
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and coalesce above We = 18, but exhibit mixed results in between. 

 Figure 3.67 shows that cases with tracer particles of 10 μm diameter correspond 

closely with the cases with tracer particles of 1 μm diameter, i.e. the minimum We for 

coalescence is consistent.  Thus, it does not appear that particle size difference 

significantly affects the drop collisions.  However, some rebounding cases are seen 

above We = 10 in Fig. 3.67.  When adding 10 μm particles in surrounding fluid, the 

number of particle is less than that of 1 μm particles cases.  If the same number of 10 

μm particles were added to the fluid, the particles would scatter too much light for 

proper imaging.  The possibility for the 10 μm particles to be in the right location within 

the thin film during the collision is less than in the 1 μm particle cases.  Therefore, the 

lack of particles in the film may cause a rebound occasionally above We = 10.  Since 

vector and vorticity fields are not available, it is hard to understand the flow motion 

inside of the drops, but, by examining several cases, the drop shapes at the time of 

coalescence are similar to those in the 1 μm particle cases.  The image sequences 

suggest that the difference in particle size in this experiment does not significantly 

affect the time of coalescence.  In the following discussion, collisions with and without 

tracer particles are compared to study how the particles affect coalescence. 

 Figure 3.68 shows coalescence when We = 16 (D = 0.86 cm, trajectory angle θ = 

28°, and Urel = 21.7 cm/s).  For this case, tracer particles in the silicone oil were 

removed.  Although the tank was cleaned before the experiments, tracer particles were 

not completely removed.  Thus, a few particles can be still seen in Fig. 3.68.  However, 

compared with the particle density in the drops, the relative number of particles in 

silicone oil is very small.  Comparing Figure 3.68 with the coalescence case where We 

= 15 in Fig. 3.10, both cases have similar We and collision angle.  Overall drop shape 

evolution is very similar for both cases, but there are some small differences.  In Fig. 

3.68, the drops initially elongate as they approach.  After the drops collided, they 

change from prolate to oblate in Fig. 3.68b-d.  The drops reach the maximum film 

length between them at t* = 1.21.  For We = 15 in Fig. 3.10, the film length is maximum 

at t* = 1.37, and the drops coalesce in this time frame.  However, for the case with no 

tracer particles in Fig. 3.68, the drops move apart after they reach the maximum film 
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Figure 3.68 The time evolution of drop collision for We = 16 (with no tracer particle in 

the surrounding fluid), θ = 28° (coalescence).  t* = tUrel/D, where D is drop diameter 

and Urel is relative velocity. 
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length (Fig. 3.68e).  While the drops move apart, they coalesce at t* = 2.10 (Fig. 3.68f).  

For the cases with no tracer particles in the ambient fluid, coalescence occurs later than 

in cases with tracer particles.  Therefore, the absence of tracer particles in the film may 

delay coalescence. 

 Figures 3.69-3.72 show the detailed view of the thin film region for small fields of 

view.  Figures 3.69-3.71 show the fields at the maximum film length, and Fig. 3.72 

shows the film rupture time for drops with no tracer particles in the surrounding fluid.  

Figures 3.69, 3.70, and 3.72a show vorticity contours, and Figs. 3.71 and 3.72b show 

vertical velocity contours relative to falling drops.  The vectors in Fig. 3.69 are 

normalized absolute velocity and in Figs. 3.70-3.72, velocity is relative to the falling 

drops. 

 When the drops reach the maximum film length, the vector distributions for both 

cases are similar.  There are some minor differences because the collision is slightly off-

center for the case with no tracer particles.  In Figs. 3.69 and 3.70, fluid flows into the 

centerplane for We = 15.  Vectors in the left drop in Figs. 3.69 and 3.70 are directed 

somewhat downward while the vectors in the right drop are directed toward the 

centerplane.  At this time, the two drops are tilted counterclockwise that the fluid in the 

left drop flows somewhat downward  and the vector distribution in the right drop is 

similar to We = 15.  Overall, the drop orientation slowly rotates counterclockwise.  The 

vortex ring pair is symmetrical for We = 15.  A pair of vortex rings for We = 16 lose 

symmetry due to the drop orientation.  The lower part of the vortex in the left drop is 

located away from the centerplane and induces the flow to point more downward along 

with the upper part of the vortex ring when compared to the right drop.  In this case, a 

dimple at the back of each drop is not observed while dimples for each drop are viewed 

for We = 15.  These differences are probably because of initial offset (B > 0) and the 

rotation of the drops after they collide.  The times at the maximum film length for two 

cases are different.  However, as discussed in Fig. 3.17, the time at the maximum film 

length, even for like We, varies somewhat between events.  Therefore, the differences 

observed here are probably not caused by the lack of tracer particles.  Instead, with or 

without tracer particles, the velocity and vorticity fields are relatively similar up to this 
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Figure 3.69 The vector and vorticity fields at the maximum film length: (a) We = 15 

(with tracer particles in the surrounding fluid), θ = 28°, t* = 1.37, (b) We = 16 (without 

tracer particles in the surrounding fluid), θ = 28°, t* = 1.21.  Vectors show normalized 

absolute velocity.  Colors show normalized vorticity.  Red is counterclockwise rotation 

and blue is clockwise rotation. 
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Figure 3.70 The vector and vorticity fields at the maximum film length: (a) We = 15 

(with tracer particles in the surrounding fluid), θ = 28°, t* = 1.37, (b) We = 16 (without 

tracer particles in the surrounding fluid), θ = 28°, t* = 1.21.  Vectors show in-plane 

velocity relative to the falling drops.  Colors show normalized vorticity.  Red is 

counterclockwise rotation and blue is clockwise rotation.  The red dot shows the film 

rupture location. 
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Figure 3.71 The vector and vertical velocity fields at the maximum film length: (a) We 

= 15 (with tracer particles in the surrounding fluid), θ = 28°, t* = 1.37, (b) We = 16 

(without tracer particles in the surrounding fluid), θ = 28°, t* = 1.21.  Vectors show in-

plane velocity relative to the falling drops.  Colors show normalized vertical velocity 

relative to the falling drops.  Red is upflow, and blue is downflow.  The red dot shows 

the film rupture location. 
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Figure 3.72 Velocity field at the time of the film rupture (t* = 2.10) for We = 16 (with 

no tracer particles in the surrounding fluid): (a) Normalized vorticity contour.  Red is 

counterclockwise, and blue is clockwise.  (b) Absolute vertical velocity contour.  Blue 

is downflow.  Vectors show velocity relative to the falling drops.  The red dots show the 

film rupture location. 
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point. 

 The vertical velocity in Fig. 3.71 shows that local maximum upflow is located 

near the center for We = 15 and at the upper end of the film for We = 16.  Strong 

downflow occurs at the end of film for We = 15.  Near this downflow zone, the film 

ruptures.  For We = 16, maximum downflow is slightly away from the centerplane, 

similar to the rebounding cases described earlier in Section 3.1.2, and causes the drops 

to move apart instead of coalescing at the maximum film length.  For We = 15, the 

maximum relative downward velocity near the downstream edge at the interface is 

0.47Urel and the maximum relative upward velocity is 0.34Urel.  For We = 16, the 

maximum relative downward velocity away from the interface is 0.33Urel and the 

maximum relative upward velocity is 0.31Urel.  As described earlier, the small 

differences are because of the rotation of the drops.  Otherwise, the vertical velocity 

distribution is similar for both cases. 

 Afterward, the drops with no tracer particles move apart, and coalesce at t* = 2.10 

as shown in Fig. 3.72.  The rupture location is at the center of the interfacial film.  The 

drops without tracer particles at t* = 2.10 continues to rotate counterclockwise.  The 

vertical velocity contours show that strong downflow is located in the upper part of the 

left drop, and this downflow encourages the drops to move apart before they actually 

coalesce.. 

 When comparing the two cases, there are some small differences in the initial 

behavior after collision.  But, these differences are due to the difference in drop 

evolution during the collision, and it is unlikely that these are related to the presence of 

tracer particles.  On the other hand, for cases with no tracer particles in the silicone oil, 

the coalescence is obviously delayed, and the rupture location is typically higher and 

variable compared with the tracer particle cases.  The following compares another two 

cases for the same We, collision angle, and similar drop evolution, but a higher We and 

steeper collision angle than in previous cases, to confirm that the delay of coalescence 

and variation of rupture location are due to the existence of tracer particles in the 

intervening film between the drops.  For both cases, the drops do not rotate during the 

collision. 
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 Two sequences of coalescing cases with like Weber number (We = 21) and 

collision angle (θ = 40°) are compared in Figs. 3.73 and 3.74: Urel = 24.4 cm/s and D = 

0.91 cm with tracer particles in silicone oil (Fig. 3.73) vs. Urel = 24.5 cm/s and D = 0.89 

cm without tracer particles in the silicone oil (Fig. 3.74).  The initial injection angles are 

-20° (downward). 

 For both cases, the drop heads point downward due to the initial trajectory (Figs 

3.73a and 3.74a).  After the drops initially come in contact, they compress into oblate 

shapes (Figs 3.73b-d and 3.74b-d).  At t* = 1.02 in Fig. 3.73 and t* = 1.21 in Fig. 3.74, 

the film length is maximum.  The bottom section of each drop is wider than the top at 

this frame of time.  Note that, for the case with no tracer particles, the drops take longer 

to reach the maximum film length (t* = 1.02 vs. 1.21).  After the drops reach the 

maximum film length, they move apart.  The drops coalesce while they are rebounding 

at t* = 1.45 for the tracer particle case (Fig. 3.73e) and later at t* = 2.39 for the no tracer 

particle case (Fig. 3.74f), similar to We = 16 in Fig. 3.68.  After coalescence, for both 

cases, the resulting drop oscillates to form a spherical drop and falls downward. 

 Generally, the initial drop evolutions for both cases are very similar.  The time to 

reach the maximum film length is somewhat shorter for the case with tracer particles (t* 

= 1.02 vs t* = 1.21 for the case with no tracer particles).  However, as discussed in 

Section 3.1.6,  the time of maximum film length for like Weber number can vary from 

event to event.  Hence, the difference in the time at the maximum film length for these 

cases may be uncertainty due to other parameters.  However, the times to rupture for the 

two cases are obviously different.  Therefore, the tracer particles in the film appear to 

cause earlier coalescence.  The detailed view of flow fields when the drops reach the 

maximum film length and coalesce will be presented next to view the velocity and 

vorticity fields near the thin film region. 

 Figures 3.75-3.78 show the zoomed view of the rupture region.  Figures 3.75 and 

3.76 show vorticity and vertical velocity fields at the maximum film length.  Figures 

3.77 and 3.78 show the fields at the film rupture.  The vectors show the velocity relative 

to falling drops.  The two cases are very alike that the vorticity and vector fields are 

similar.  But, there are some small differences. 
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Figure 3.73 The time evolution of drop collision: We = 21 (with tracer particles in the 

surrounding fluid), θ = 40° (coalescence).  t* = tUrel/D, where D is the drop diameter 

and Urel is relative velocity. 
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Figure 3.74 The time evolution of drop collision: We = 21 (with no tracer particle in the 

surrounding fluid), θ = 40° (coalescence).  t* = tUrel/D, where D is the drop diameter 

and Urel is relative velocity. 
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Figure 3.75 The vector and vorticity fields at the maximum film length: (a) We = 21 

(with tracer particles in surrounding fluid), θ = 40°, t* = 1.02, (b) We = 21 (with no 

tracer particle in surrounding fluid), θ = 40°, t* = 1.21.  Vectors show in-plane velocity 

relative to the falling drops.  Colors show normalized vorticity.  Red is 

counterclockwise rotation and blue is clockwise rotation.  The red dot shows the film 

rupture location. 
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Figure 3.76 The Vector and vertical velocity fields at the maximum film length: (a) We 

= 21 (with tracer particles in surrounding fluid), θ = 40°, t* = 1.02, (b) We = 21 (with no 

tracer particle in surrounding fluid), θ = 40°, t* = 1.21.  Vectors show in-plane velocity 

relative to the falling drops.  Colors show normalized vertical velocity relative to falling 

drops.  Red is upflow, and blue is downflow.  The red dot shows the film rupture 

location. 
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Figure 3.77 The vector and vorticity fields at the time of rupture: (a) We = 21 (with 

tracer particles in surrounding fluid), θ = 40°, t* = 1.45, (b) We = 21 (with no tracer 

particle in surrounding fluid), θ = 40°, t* = 2.39.  Vectors show in-plane velocity 

relative to the falling drops.  Colors show normalized vorticity.  Red is 

counterclockwise rotation and blue is clockwise rotation.  The red dot shows the film 

rupture location. 
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Figure 3.78 The vector and vertical velocity fields at the time of rupture: (a) We = 21 

(with tracer particles in surrounding fluid), θ = 40°, t* = 1.45, (b) We = 21 (with no 

tracer particle in surrounding fluid), θ = 40°, t* = 2.39.  Vectors show in-plane velocity 

relative to the falling drops.  Colors show normalized vertical velocity relative to falling 

drops.  Red is upflow, and blue is downflow.  The red dot shows the film rupture 

location. 
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 The drop shapes and vortex ring orientation for both cases are similar in Fig. 3.75.  

The lower parts of the vortex ring for both cases are stronger than the upper parts.  The 

vorticity magnitudes in the vortex ring pair are very similar: the maximum vortex 

strength of the lower part of the ring is 4.9Urel/D in Fig. 3.75a and 4.7Urel/D in Fig. 

3.75b.  The vector distribution for both cases are very similar such that the streaming 

flow through the vortex ring moves toward the centerplane and induces the downflow at 

this region.  The dimples at the back of the drops are similar in shape for both cases, but 

the drops are slightly more elongated in the vertical direction in Fig. 3.75a.  The 

velocity variation near the thin film is be examined in more detail in Fig. 3.76.  In Fig. 

3.76, the maximum relative downward velocity of ~0.59Urel occurs at the center plane 

between the vortices in Fig. 3.76a while the maximum downward velocity of 

approximately 0.57Urel occurs slightly away from the interface in the streaming region 

inside of right drop vortex ring in Fig. 3.76b.  At the centerplane, the downward 

velocity is 0.53Urel in Fig. 3.76b.  However, the vertical velocity contours for both cases 

are very similar.  At this point, it is unclear whether the difference is due to the presence 

of the tracer particles.  Instead, it is more reasonable to say that these differences maybe 

caused by variability in other parameters. 

 Figures 3.77 and 3.78 show the fields when the drops coalesce.  Compared with 

Fig. 3.75 when the film length was maximal, the vortex strengths decrease at this time: 

the lower parts of vortex ring decrease from 4.9Urel/D to 4.0Urel/D for tracer particle 

cases (Fig. 3.77a) and from 4.7Urel/D to 2.2Urel/D (Fig. 3.77b) for cases in which there 

is no tracer particle.  The vortex ring orientation for each drop is still located close to 

the interface for the tracer particle case.  The lower parts of the vortex ring pair are 

distributed and tilted  closer to the interface film than in the no tracer particle case, and 

induce downflow at the centerplane.  For the case with no tracer particles in Fig. 3.77b, 

the upper parts of the vortex ring significantly decrease and the lower parts move away 

from the interface.  The streaming flow between the rings points downward, but is weak.  

The circulation becomes strong at the upper part of outer edge of the drops as they 

move apart.  The film ruptures at the lower portion of the centerplane in Fig. 3.77a.  At 

this region, the local downflow is strong as shown in Fig. 3.78a; the maximum vertical 
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velocity is 0.49Urel.  By contrast, the rupture location is higher in Fig. 3.77b above the 

center of the film.  In this case, the maximum downflow (0.26Urel) is away from the 

interface.  In the coalescing case, the thin film ruptures in the lower portion where the 

local downflow is strong. 

 The drops with tracer particles in the silicone oil coalesce shortly after they 

reached the maximum film length at t* = 1.45.  The drops with no tracer particles 

coalesce much later at t* = 2.39.  Examination of additional collisions in the case with 

no tracer particles suggested that coalescence is often delayed.  The film ruptures after 

the drops reach the maximum film length and are moving apart.  Figure 3.77b shows 

one example which is obviously different from the case with tracer particles.  For other 

cases with no tracer particles for 10 < We < 20, the drops generally coalesce while they 

are moving apart.  The film ruptures sometimes shortly after it reaches the maximum 

length or some time later similar to Fig. 3.77b.  Although the coalescence time for the 

cases with no particles varies from event to event, it is generally later than in the cases 

with tracer particles.  Some collisions for 10 < We < 20 with no tracer particles result in 

rebounds.  Above, We > 20, the drop evolution before coalescence and the coalescence 

time are very similar for both cases with and without tracer particles. 

 Mohamed-Kassim and Longmire (2004) reported that the tracer particles 

enhanced earlier coalescence by bridging the gap between the interfaces.  Similar 

behavior is observed for this inertia driven drop coalescence.  Therefore, it can be 

concluded that the existence of tracer particles in the intervening film between the 

colliding drops may reduce the coalescence time.  However, the coalescence time varies 

from case to case. 

Several works have previously studied the solid particles at the interface 

between drop pairs (Pickering 1954, Tambe and Sharma 1994 and 1995, Ashby et al. 

2004, Stancik, et al 2004, Denkov et al 1992, Aveyard et al. 2003, and Horozov and 

Binks 2006).  These studies were conducted to investigate interfacial film stabilization 

with densely packed solid particles in the liquid drop interfaces to prevent coalescence.  

The results of these studies were opposite to the result from the current study, which 

demonstrates that the presence of particles in the film delays rupture. 
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 In general when drops collide, an intervening film is formed between them.  In 

numerical analysis, the two drop interfaces are bridged by either multiple particle layers 

(Tambe and Sharma 1994 and 1995) or a single layer of particles (Denkov et al 1992, 

Ashby et al. 2004, Stancik, et al 2004, and Horozov and Binks 2006).  When some 

particles in the ambient fluid are caught in the film between the drops, the pressure 

difference between the inside and outside of the drops creates capillary pressure.  Due 

to the capillary pressure, the film around each particle deforms to form a dimple region 

around the particles (Denkov et al 1992).  When this dimpled film reaches a critical 

minimal distance between the two opposing interfaces and the capillary pressure 

reaches a critical value, the film ruptures.  If the particles in the film are densely packed, 

they resist displacement within the film and eventually the emulsion is stabilized.  

Aveyard et al. (2003) also report that different fluids affect the interfacial tension, the 

contact angle of the particles in the film, and the molecular interactions between the 

particles and the liquids.  Previous studies show that as the diameter of particles 

decreases, the critical capillary pressure increases such that the film is more stable and 

does not rupture (Tambe and Sharma 1994, and Denkov et al 1992). 

 The results of the present study may depend on the specific fluid and particle 

material properties.  These properties can affect parameters, such as the contact angle of 

the particle and intermolecular interaction.  Although the particles in the film in the 

current study were not viewed completely, the images show that particle concentration 

in the ambient fluid is not dense enough to form a densely packed layer in the film.  

Therefore, the particles in the film do not contribute to stabilization of the drops, but 

rather enhance coalescence and may accelerate the film rupture when compared to 

coalescence without tracer particles. 
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Chapter 4 
Conclusions and recommendations for future 

work 
 

4.1 Summary and conclusion 
 A dual-field high-speed PIV measurement system was applied to investigate 

binary drop collisions in an ambient liquid so that drop trajectories and small-scale 

motion within drops could be studied simultaneously.  In this way, the initial conditions 

for collision simulations as well as details of drop behavior in the impact zone could be 

provided.  In this study, a number of collision cases were described and compared.  All 

drops (water and glycerin mixture) were injected into silicone oil and were moving 

downward when they collided because of gravitational effects.  After collision, the 

drops changed from prolate to oblate as they deformed.  Drop trajectories and overall 

collision outcomes as well as detailed velocity fields at the collision interface were 

quantified. 

 

4.1.1 Equal size drop collisions 

 For equal size drops, collisions over different Weber numbers were compared first 

to understand the characteristics of rebound and coalescence.  For head-on collisions, 

the drops, in general, rebounded when We < 10, and coalesced when We > 10.  This 

boundary shifted to higher We as the collision angle increased. 

 For We below 10, the drop collisions resulted in a rebound.  The colliding drops 

did not deform significantly, and once they reached the maximum intervening film 
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length, they moved apart.  For rebounding cases, there were two local maxima in the 

vertical velocity contours through the entire sequence.  The maximum downward 

velocity occurred close to, but away from the interface. 

 Coalescence occurred for We > 10.  The drops were initially elongated with tails 

due to the higher injection velocities when they approached each other.  As We 

increased, dimples at the back of the drops were observed.  The drops coalesced, when 

or shortly after, they reached the maximum film length.  After coalescence, the resulting 

drop deformed vertically and eventually oscillated and fell downward.  At the lower end 

of the interface, a strong local downflow region was formed. 

 As the downward drop collision angle was increased, the bottom section of each 

drop became wider than the top, and the vortex ring inside of each drop tilted more 

downward.  The location of strongest downflow near the film interface moved upward 

as the angle was steepened, and the location of film rupture moved upward as well.  

Examination of additional collisions in which the collision angle was varied 

independently of We by tilting the injection tubes suggests that the rebound/coalescence 

of We ~10 boundary is insensitive to this angle over the range 20° < θ < 40°.  Further, 

observation of multiple events lead to the conclusion that the film always ruptures close 

to the plane of symmetry, lending evidence that the rupture location is determined more 

by the macroscopic flow dynamics than by random instabilities. 

 The variations in kinetic and deformation energy during collisions showed that 

deformation energy first decreased as the drops approached and then increased after 

they collided and deformed.  As We increased, the maximum deformation energy 

increased.  The deformation energy was maximal when the film length was near 

maximum.  The inertia of the drop affected the compression of the drops so that the 

deformation energy sharply increased as the horizontal kinetic energy distinctly 

decreased.  The horizontal kinetic energy decreased as the drops collided, and continued 

to decrease until the drops reached the maximum film length and coalesced.  When We 

> 30, the kinetic energy decreased as the drops collided and compressed each other.  

However, the thin film ruptured before the drops lost all of their horizontal kinetic 

energy.  For We > 30, the drops coalesced before they changed from prolate to oblate in 
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shape, such that the tails of the drops remained when they coalesced and inertia 

continued to drive the fluid to the center, which was not observed for We < 30. 

 Coalescence time increased with the Weber number.  When the two drops 

collided, they rebounded or coalesced when or shortly after the intervening film length 

was maximal.  As We increased, the drops took a longer time to reach the maximum 

film length (longer t*).  For higher We cases, coalescence was delayed as the drops 

continued to deform after they reached the maximum film length due to their higher 

initial velocity.  For coalescing cases with We < 30, the times to reach the maximum 

film length and rupture increased as We increased.  However, for We > 30, the drops 

took a shorter time to reach the maximum film length and coalescence occurred earlier 

than for We < 30.  Therefore, the film drainage time was not the only parameter that 

determined the time of coalescence. 

 A detailed view of the thin film regions showed that two key factors are important 

in the coalescence mechanism.  First, the vortex rings within colliding drops must be 

oriented such that they induce a streaming flow oriented toward the centerplane.  

Secondly, the drops must collide with sufficient inertia such that they deform 

significantly, increasing the velocity magnitude in the streaming flow.  If the large 

velocities in the streaming flow approach the center plane, then they can induce a faster 

outflow in the thin film between the drops.  The vortex interaction combined with 

strong drop deformation causes a strong relative downflow in the lower portion of the 

film so that the film ruptures in this region. 

 

4.1.2 Unequal size drop collisions 

 In this study, the drop pair had an approximate size ratio (Ds/DL) of either 0.71 

or 0.48 for unequal size drop collisions.  As shown in Fig. 3.44, two boundaries were 

found.  At B = 0, when We* < 8, the drops rebounded, and when We* > 11, the drops 

coalesced.  In between these two boundaries, the collisions could result in either 

rebound or coalescence.  The boundary of coalescence for unequal size drops was 

similar to the one for equal size drops.  In this study, the drop size ratio did not affect 

the critical We*. 
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 As the drop size ratio (Ds/DL) decreased, the intervening film changed shape as 

the drops collided and deformed.  The interface initially deformed inward toward the 

large drop and then the curvature decreased as the small drop changed from prolate to 

oblate, and the opposing pair of vortex rings lost its symmetry.  The asymmetrical 

vortex ring orientations, associated with strong downflow near the upper portion of the 

film, along with the moving interface caused the film to rupture in this region.  The film 

rupture location for unequal size drops varied, while the location for equal size drops 

was typically at the lower end of the interface. 

As We* increased, the curvature of the intervening film was deformed more 

inward toward the large drop as the drops deformed.  As We* decreased, the 

deformation of the film was weaker and it became flattened before coalescence.  If the 

Weber number was low (for example We* = 14), the concavely deformed interface 

reverted to a convex shape before coalescence.  For We* = 34, the interface decreased 

in curvature but remained concave when the film ruptured. 

When uL/us > 1, the interface deformed less after the initial collision, and the 

curvature of the interface decreased with time before coalescence.  The interface was 

nearly flat through drop deformation sequence.  After coalescence, when uL/us > 1, an 

outward elongation of the small drop fluid was observed, and afterward, the small drop 

fluid retracted toward the resulting drop. 

 As B increased, the film rupture time was earlier than for head-on collision cases 

at the same We*.  Also, the mixing of the drops after coalescence was enhanced as B 

increased.  Similar to previous head-on collisions (B = 0) for unequal size drops, the 

rupture location varied. 

 

4.1.3 The effects of tracer particles in the thin film 

 In all of the experiments described above, 1 μm diameter tracer particles were 

used for PIV.  Separate studies were conducted to determine whether the presence of 

tracer particles in the ambient fluid (and thin film between colliding drops) affected 

coalescence boundaries or dynamics.  Collision cases with tracer particles of 1 μm and 
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10 μm diameters were compared with cases with no tracer particles in the surrounding 

fluid. 

For the case with 10 μm particles, some rebounding cases with 10 μm particles 

were seen for 10 < We < 15.  This might be because of the smaller number of particles 

in the film.  Compared to 1 μm particles, the concentration of 10 μm particles in the 

ambient fluid was much smaller so that the chance for the particles to be in the right 

location in the film was lower.  However, the outcomes of using 1 μm and 10 μm 

diameter particles showed that the particle size difference did not significantly affect 

drop collisions or the minimum Weber number for coalescence in this study. 

For cases without tracer particles, the drops always rebounded when We < 8 and 

coalesce when We > 18.  Between these values, the collision could result in either a 

rebound or coalescence.  When 8 < We < 18, the lack of particles in the film might vary 

the outcomes such that some rebounds occurred above critical minimum Weber number 

for coalescence (We = 10) and coalescence occurred for We < 10.  For cases with 

seeded ambient fluid, the rupture location was always in the lower portion of the thin 

film between the drops.  The presence of the tracer particles in the intervening film did 

not affect the coalescence boundaries, but the rupture location was more variable. 

The coalescence time for the cases without tracer particles varied from event to 

event similar to the cases with tracer particles, but the presence of tracer particles in the 

film induced earlier coalescence than the cases with no tracer particles at similar We. 

 

4.2 Recommendations for future work 
 The study presented here resolves some characteristics of binary drop 

coalescence in liquids.  This work is important for two reasons.  First, it provides new 

understanding of when and how drops coalesce.  Second, the results provide unique 

initialization and test data for numerical models.  Improved understanding and accurate 

numerical codes will lead to more efficient processes in energy extraction, production 

of fuels, and cleanup of nuclear and chemical wastes.  In addition, the ability to model 

coalescence can lead to new methods to control biochemical synthesis and new ideas 

for pollution reduction. 
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 Future works will reveal more details on collision dynamics.  For example, 

although the small zone of the rupture was studied in this work, the intervening film is 

microscopic when it actually ruptures, and the detailed flow and particle behaviors in 

the film were not resolved.  In this study, using non-square interrogation zones to 

examine the specific variations along and normal to the interface enabled the velocity 

pattern close to the interface to be analyzed more thoroughly.  However, better PIV 

resolution or novel flow visualization methods, such as tomographic PIV, might enable 

one to capture the film motion more accurately.  Also, different PIV views, such as a 

horizontal view or an inclined view of the drop motion would shed more light on the 

rebound or coalescence process.  Drop collisions in higher or lower viscosity fluids, or 

drop collisions with two different materials, such as water and oil drops with significant 

surface tension difference, would also be interesting as succeeding experiments. 
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