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Coalescence in emulsions containing inviscid drops with 
high interfacial mobility 
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U&ever Research Labovatorium, P.O. Box 114, 3130 AC Vlaardingen, The Netherlands 

(Received 19 January 1994; accepted 4 March 1994) 

Abstract 

The drainage process of a thin liquid film between two droplets of low viscosity is analyzed in order to specify 

conditions for coalescence. The time available for drainage of the film is confined by the duration of a collision. A.K. 

Chesters (Int. J. Multiphase Flow, 2 (1975) 191) considered a similar problem and obtained an expression for the rate 

of drainage which neither contained the extent of flattening of the droplets nor the strength of the flow, field. The same 

hydrodynamic analysis was used to evaluate the rate of drainage in the case of fully mobile interfaces at a vanishing 

viscosity ratio for the dispersed and continuous phase, from the balance of the driving and resistance forces of the film 

drainage. In the first stage of film drainage, the droplets remain perfect spheres. Once the pressure in the film exceeds 

the Laplace pressure, deformation sets in. The extent of flattening follows from an energy equation. The drainage 

process is described by two dimensionless groups: the Capillary number, which gives the strength of the flow field, and 

the Flow number, which is the ratio of the hydrodynamic and van der Waals forces. The time available for film 

drainage is obtained from the duration of a collision, which is determined by the rotation of the collision doublet. It is 

shown that flattening of the droplets retards drainage and reduces the coalescence probability considerably above a 

value of 0.02 for the Capillary number. Generally, drops with fully mobile interfaces are found to have a much higher 

coalescence probability than those having rigid interfaces. 
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Introduction 

Coalescence is an important phenomenon in 

industrial processes such as emulsification and in 

separation technology, where droplet sizes are 

determined by the interplay of droplet break-up 

and coalescence. The actual number of coalescence 

events per unit time is termed the coalescence 

frequency, which is given by the product of the 

collision frequency and the probability that a colli- 

sion results in coalescence: 

coalescence frequency = collision frequency 

x coalescence probability 

Groeneweg et al. [l] presented the collision 

*Corresponding author. 

SSDI 0927-7757(94)02848-M 

frequency (CF) in a simple viscous shear flow as a 

function of the shear rate 3 and the volume fraction 

4 of the dispersed phase: 

CF = 8&j/n (1) 

The coalescence probability depends on the details 

on the drainage of the film between the droplets. 

The objective of the present work is to determine 

the coalescence probability in purified systems with 

very low viscosity ratios, (2 = qd/ylc<< 1, where qd is 

the viscosity of the dispersed phase and 11~ is the 

viscosity of the continuous phase) e.g. for emulsions 

of water in paraffin oil for which A=O.O2. To this 

end, the mutual approach of two droplets at small 

distances needs to be analyzed. During a collision 

in a viscous flow field, droplets move on different 



256 Ph.T. Jaeger et al./Colloids Surfaces A: Physicochrm. Eng. Aspect.s 83 (1994) 255-264 

streamlines which forces them to rotate around 

each other (Fig. 1). The distance between the drop- 

lets only decreases in the first half of the rotation. 

If coalescence has not yet taken place here, the 

droplets will separate again. The drainage of the 

thin film may be analyzed by means of a force 

balance comprising the force exerted on the drop- 

lets by the flow field and the resistance to drainage 

due to the viscous flow in the film. 

A detailed solution for the motion of two equal- 

sized rigid spheres approaching each other along 

their line of centres at any distance under viscous 

how conditions was obtained by Stimson and 

Jeffery [2] and Faxen [S] by solving the respective 

stream functions. Haber et al. [4] extended this to 

spheres of unequal size having a finite viscosity, 

thus providing an exact analysis of the mutual 

approach of two droplets along their line of centres 

in a viscous flow field. The force resisting the 

mutual approach of the droplets was given a 

constant relative velocity. 

Approximate solutions using lubrication theory 

can be obtained in the limit of small separations 

where the resistance force is mainly dominated by 

the flow in the thinning film between the two 

spheres. The analysis of Haber et al. appears to be 

comparably inconvenient with respect to this limit 

as the flow around the entire droplets is taken into 

consideration. 

The flow in the film is coupled to the flow inside 

the approaching particles via the mobility of the 

interfaces, which is especially relevant for pure 

fluids. In liquid-liquid systems containing surfac- 

Fig. 1. Motion of two colliding droplets 

tants in the continuous phase. the film drainage 

leads to interfacial tension gradients, which imobil- 

ize the film surfaces. These surfaces may then be 

considered to be rigid with respect to tangential 

stresses. The resistance against drainage of a film 

between rigid spherical interfaces was derived by 

Taylor, as cited in Ref. 5. 

If the dispersed phase has a relatively low vis- 

cosity compared with the continuous phase (Pb = 

qd/yc< 1) and no surfactants are present, the 

motion of the interfaces is not impeded. 

Consequently, the film flow is not retarded near 

the fully mobile interfaces and a plug flow profile 

is established in the film. Davis et al. 163 derived 

the resistance force for this case and for the case 

in which the film flow is determined by the circula- 

tion within the particles. For the latter case they 

assumed the pressure drop in the film to be deter- 

mined by the tangential stress balance at the 

interfaces, but they did not account for the resis- 

tance originating from the continuous-phase vis- 

cosity. The same case was considered by other 

workers, who arrived at slightly different expres- 

sions for the resistance to drainage [7-93. It was 

shown by Davis et al. [6] that the resistance 

against flow due to the viscosity of the film could 

be neglected down to a viscosity ratio of jL ~0.1. 

Below i, = 0.1, the film viscosity must be considered. 

Up to now, no model for film drainage was 

retrieved from lubrication theory for spheres at a 

vanishing viscosity ratio. Beshkov et al. [S] derived 

an asymptotic solution from the exact theory for 

very low viscosity ratios (i-+0) but as their solu- 

tions for higher viscosity ratios deviate from results 

that were shown to coincide with the exact solution 

[6], the reliability of their approach is not 

confirmed. 

At moderate viscosity ratios (jL& l), the inter- 

faces are considered to be partially mobile and the 

film flow is described by a superposition of the par- 

abolic and the plug flow profiles [ 63. The viscosity 

ratio appears as a parameter in order to define the 

rigidity of the interfaces. Rigid interfaces are 

regained in the limit of very high viscosity ratios 

(;l-?co). 
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Particles consisting of a fluid, e.g. drops or 

bubbles, may deform when they collide. A model 

developed by Mackay and Mason [lo] was 

applied by Groeneweg et al. [I] to describe the 

coalescence of flattened drops having rigid inter- 

faces. The thinning of a flattened film between 

partially mobile side walls was considered by 

Ivanov and Traykov [ 111. The result was com- 

bined with relationships from Ref. 6 for spheres by 

Kumar et al. [ 121 in order to calculate the coalesc- 

ence probabilities of deformable drops. The flow 

conditions in Ref. 12 remain somewhat unclear: 

the authors applied models that were derived under 

viscous flow conditions, but determined the colli- 

sion duration and the driving force via inertia- 

driven collisions. 

Chesters [7] introduced a model describing the 

situation of significantly flattened droplets at very 

low viscosity ratios (j_--+O). By this model, the 

drainage is controlled by the viscosity Q of the 

film. Chesters derived the rate of drainage from 

boundary conditions for the pressure in the film 

and not from a force balance. The obtained expres- 

sion is 

h(t) = h, exp( - 2ot/3v,R) (2) 

where k, is the film thickness at which drainage 

starts, 0 is the interfacial tension, t is time and R 
is the radius of the droplet. The equation includes 

neither the extent of deformation nor the driving 

force. However, during a coalescence process, the 

droplets will be flattened and as the resistance is 

in the film, the extent of flattening is expected to 

affect the drainage rate. 

The aim of the present investigation is to obtain 

a simple two-dimensional model which is based on 

lubrication theory and describes the drainage of a 

viscous film between fully mobile interfaces at LO, 

allowing flattening of the droplets. Similar to the 

approach of Chesters, the starting point will be 

the pressure distribution in the draining film but 

the rate of drainage will be derived from the 

balance of forces, enabling both the treatment of 

spherical and flattened drops. The degree of defor- 

mation during the coalescence process will be 

analyzed and taken into account for the drainage 

rate. The version of the drainage model obtained 

will be linked to an expression describing the 

rotation of the collision doublet analogous to the 

procedure followed by Groeneweg et al. [ 11. The 

speed of rotation governs the time available for 

drainage. Coalescence takes place if the draining 

film ruptures before the rotation is completed. 

The drainage model and the time-scale enable 

the calculation of the coalescence probability as a 

function of the strength of the flow field. A dimen- 

sionless format will allow a more general evalua- 

tion of the results. 

Film-viscosity-controlled drainage between fully 

mobile interfaces 

If the viscosity of the droplets is much lower 

than that of the continuous phase, the flow in the 

film can be described as plug flow; this has been 

analyzed in detail by Chesters [13], where the 

consequence of the flattened geometry of the drop- 

lets for the pressure in the film has been taken into 

account. Spheres are considered as a special case 

of flattened droplets with a vanishing flattening 

radius a = 0 (Fig. 2). The force of resistance against 

thinning of the film will be obtained by integrating 

the pressure over the whole film. Incorporating the 

result into a balance of forces will lead to an 

expression for the rate of drainage between spheri- 

cal drops and for flattened drops at a vanishing 

viscosity ratio LO. In order to describe the entire 

hf 

r 
v 

Fig. 2. Geometric defintions for flattened spheres. 



drainage process, spherical and flattened drops 

need to be treated separately. During a collision, 

drops are only assumed to flatten if the pressure 

in the film exceeds the Laplace pressure. In that 

case, a second condition is required in addition to 

the balance of forces for evaluating the extent of 

flattening. For that purpose the energy conserva- 

tion principle will be applied. 

Force balance 

In the coalescence process, the flow exerts a 

hydrodynamic force on the droplets. which are 

pushed towards each other if they are on different 

streamlines. If the droplets are close to each other, 

the drainage of the film in between them retards 

their relative motion. The interaction forces 

between the droplets at small distances can either 

increase the drainage rate (in case van der Waals 

forces are operational) or decrease it in the pres- 

ence of repulsive forces. Here only the former case 

will be considered. The interplay of all these forces 

leads to the following force balance 

F,,,, + Fcl, + F”dW = 0 

The terms are discussed separately below. 

(3) 

The hydrodynamic force Fhydr for a doublet of 

spheres with a viscosity ratio i, = qd/17, is treated 

analogously to that for rigid spheres. based on 

Jeffery’s theory [ 141 on the behaviour of rigid 

ellipsoids in a viscous shear flow. The hydrody- 

namic force experienced by a rigid prolate spheroid 

(Fhydr.rigld ) along its principle axis was applied to 

a collision doublet with an axis ratio of 2 by Allan 

and Mason [ 151. The results presented for drops 

in the same plane as the plane of shear depends 

on the angle of inclination x (Fig. 1) 

F hydr, rigid = 4.347~17~ R’;’ sin( 2%) (4) 

The sin 2a term arises from the proportionality of 

the force to the distance of the streamlines which 

carry the droplets (cos x) and the component of 

the force perpendicular to the film between the 

droplets (sin a). In Eq. (4) : is the shear rate and 

R is the radius of the droplets. To account for the 

viscosity of the droplets. a correction term was 

introduced into the expression for the hydrody- 

namic force on spherical drops by Hadamard and 

Rybczinski [ 161. The application of a similar 

correction for doublets results in 

F ~11, R’;; sin( 23) 

In the limit i,+O, the resulting force 

8.68 
F hydr - - 7nqcRZ;: sin(2sc) 

(5) 

is 

(6) 

The force resulting from the resistance to drainage 

(Fdr) depends on the degree of flattening of the 

droplets. Figure 2 represents the geometry and the 

relevant coordinates. The film is divided into two 

regions: a flattened one containing a film of thick- 

ness lzr, and a non-flattened region, the film thick- 

ness of which is approximated by the Taylor 

expansion of a circle, h(r) = h,+(r ~ n)‘F for a << R, 
where I’ is the radial position in the film. The force 

F,, is given by 

R 

F,, = 

s 
27cr( - z,,(r)) dr (7) 

where ~~~(1.) is the normal component of the stress 

tensor in the film, which is defined as 

rij(r) = - pCjij + (iii (8) 

where p is the pressure, 6,, is the kronecker delta 

(cS,~= 1 if i=j, hi,=0 if i #j). and dij is the aniso- 

tropic part of the stress tensor, which depends on 

the fluid velocity gradients. For the analysis of 

Eq. (7) the pressure and velocity gradients in the 

film have to be evaluated. The pressure distribution 

is obtained from the NavierGtokes equation 

neglecting gravitational terms 

where u is the velocity vector in the film. t is the 

time variable, p is the pressure and p is the density 

of the film phase. According to the plug flow 
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assumption and neglecting any radial flow, Eq. (9) 

simplifies to 

(10) 

where u, indicates the radial component of the 

velocity in the film. 

Introduction of the following dimensionless 

quantities (denoted by *): I = ?pj, ur= ti,(;‘R), r= 

iR, a=bR, h=iiR, p=$a/R, leads to a dimension- 

less form of Eq. (10). Defining the Capillary 

number as G = qc?jR/g and the Weber number by 

We = ,~$jR)~R/cr, Eq. (10) becomes 

(11) 

The radial velocity U, is related to the rate of 

drainage dhdt by the condition of continuity, 

which, for the flattened region using cylinder coor- 

dinates [ 131, is given by 

2nrhu r = - w2 d’l 
dt 

(12) 

The pressure is obtained by integrating the 

Navier-Stokes equation, Eq. ( 11). Defining 

A=1/2lnh^ 

the integral for the flattened region follows as [ 131 

(13) 

where c is an integration constant. 

The resulting pressure, fiI(r) consists of an inertia 

term depending on the position in the film, and a 

viscous term invariant with respect to i 

(14) 

where a, is the sum of the last two terms on the 

right-hand side of Eq. ( 13) and is determined from 

the balance between the Laplace pressure and the 

stress tensor ~ij at the centre of the film (r=O) 

where the second term on the right-hand side of 

Eq. (8) vanishes. The axial velocity in the aniso- 

tropic part of the stress tensor u,, is related to the 

drainage rate by u,(z) = (z/h) dhjdt, where z indi- 

cates the axial position in the film (Fig. 2) 

- 2olR = --Po+ 

dH 
= -Po+4%~ 

which may be given a dimensionless form 

(15) 

(16) 

Substituting &, in Eq. (14), the pressure in the 

flattened region of the film becomes 

The resulting pressure in the flattened part of the 

film seems to contradict the assumption of really 

plane interfaces: the pressure inside the drops (and 

thus the Laplace pressure) is constant as a con- 

sequence of its low viscosity; whereas the pressure 

in the film depends on I”. A plane film can only 

be established if the r-dependent term may be 

neglected. If not, the film will tie in at the edges 

and form a dimple. 

An estimate of the terms can be obtained by 

comparing the Capillary number to the Weber 

number for chosen system parameters. Typical 

values for a water-vegetable oil emulsion in a 

stirred vessel yield Q =O.Ol and We= 5.0 x 10P5. 

Since We is much lower than !Z, fiI(l’) will be 

constant in the film and dimple formation will be 

suppressed. For air bubbles in water, SL! and We 

become of a comparable order of magnitude 



because of the lower viscosity of the film phase, 

and dimple formation can be expected [ 171. 

The pressure distribution in the non-flattened 

region j&(r) is obtained analogously to that in the 

flattened region. Here, the boundary condition is 

given by the reference pressure far from the film 

centre. Neglecting the inertia terms in this case 

yields [ 131 

A A ^* 

fi2(?)) &)E l-4-a)lh! 
d; [ 1 + (r--d)2/hh]” 

(18) 

where b is the radius of curvature at the edge of 

the flat part of the film. For the evaluation of Fdr 

in Eq. (7), the integration is the sum of two parts: 

in the first Eq. (17) has to be included in Eq. (8 1 
and subsequently integrated in Eq. (7) from 0 to 

a. For the second part, Eq. (18) has to be used. 

These standard algebraic manipulations (neglect- 

ing inertia terms, and assuming i? = 1) lead to 

2Li2 
F,,=-5+3 (19) 

Van der Waals forces (Fvdw) enhance the drainage 

at small film thicknesses. In the calculation below, 

the non-retarded van der Waals force will be 

considered only. As at small distances the droplets 

will be flattened, the van der Waals force for 

flattened droplets has to be taken into account; 

this is much larger than the force for perfect 

spheres. The result of an analysis by Klahn et al. 

[ 181 is used here 

AU2 
F vdW = 

_- 
611: 

(20) 

where A is the Hamaker constant. 

The force balance equation results from Eqs. (6) 

(19) and (20) 

8.68 1 6” 24’ 
--sin2c(+ -- -y 

3 Fi /? 

1 di 

l-4)” dtl -’ l-- (21) 

where the Flow number as introduced by Chesters 

[7] is Fl=6n,u;;R3iA (where ,U is the continuous- 

phase viscosity). The first term is the hydrodynamic 

force, the second is the van der Waals force, the 

third term is the flow resistance in the flat part of 

the film during drainage and the last is the resis- 

tance of the curved parts of the droplets. 

Equation (21) can only be solved if a relationship 

for ii is available. This can be obtained from an 

energy consideration. 

Energy equation 

The flattening of the droplets can be obtained 

from an energy consideration which states that the 

work performed for the movement of the drops 

equals the increase in interfacial energy due to 

flattening. Viscous dissipation in the film is 

neglected because plug flow is assumed and the 

film volume is small. Here the approach of Denkov 

et al. [ 191 is applied. The energy of movement is 

accounted for by the replacement of the mass 

centre of a droplet towards the flattened film 

assuming constant film thickness. The situation 

may be illustrated by a drop that is deformed while 

being squeezed against a flat surface. Denkov et al. 

[ 191 calculated the distance between the flattened 

film and the mass centre depending on the state of 

deformation (Fig. 2) 

(22) 

where R, is the actual radius of the flattened drop 

and u is the radius of the flattened film. The work 

performed is given by the exerted force (hydrody- 

namic and van der Waals forces) multiplied by the 

difference between the original (R,) and the actual 

(zm) position of the mass centre. This work is 



Ph.T. Jaeger et al./Colloids Surfaces A: Physicochem. Eng. Aspects 85 (1994) 255-264 261 

transformed into interfacial energy 

(F,,,, + F”dW 1 Kl - &I) = crd s (23) 

where dS is the difference between the interfacial 

areas of the original spherical droplet and the 

actual flattened droplet (Fig. 2) 

AS=~~R;-TC(R,-Q)~-~XR; (24) 

Equation (23) may also be presented in a dimen- 

sionless form by relating all length variables to the 

original drop radius 

( 8.68 1 ii2 
7sin2a+ ZQ 

1 
(l-2,) 

4l?: -(i&&-4 

D (25) 

The drop lengths R,, Q and a (see Fig. 2) are 

related to each other via the drop geometry 

R;=Q2+$ (26) 

and the conservation of the volume of the deformed 

drop 

(Q+R,)'(+-;Q)=; 

Time-scale of drainage 

(27) 

During coalescence, not only does the transla- 

tional motion of the droplets have to be considered 

but also the rotation. At large distances particle I 

approaches particle II along a straight line. When 

resistance to flow becomes noticeable, the collision 

sets in under a collision angle c(~ (Fig. 1). The two 

particles form a quasi-rigid dumb-bell that rotates 

around the centre of particle II, until the mirror 

situation occurs. At this point, particle I leaves the 

dumb-bell, again along a straight line. During the 

first half of the rotation, until the rotation angle 

reaches O”, the hydrodynamic force facilitates film 

drainage. If coalescence has not occurred at LX= 

O”, the hydrodynamic force will work against 

thinning in the second half of the rotation until 

the particles definitely separate. The model of Allan 

and Mason [15] related the angle of rotation to 

the time by 

arctan -arctan = 4 (28) 

From Eq. (28) the angle of rotation is obtained at 

any instance; this is required to calculate the 

hydrodynamic force driving the drainage of the 

film (the first term in Eq. (21)). If the collision 

begins at small angles, the hydrodynamic force is 

too small to drain the film fast enough to a 

thickness where van der Waals forces are strong 

enough to prevent separation of the droplets at 

SI ~0”. Collisions at large a are more favourable 

for coalescence, as will be shown below. 

The onset of drainage 

For the numerical integration of Eqs. (21) and 

(25) an initial thickness has to be calculated. This 

can be performed as follows. The resistance sets in 

when the resistance force for the drainage of spheri- 

cal droplets (Eq. ( 19) for a = 0) equals the hydrody- 

namic force (dimensionless form of Eq. (5)). For 

A-0 this leads to 

8.68 
7 sin 2c(-3 0 (29) 

where the first term is the hydrodynamic force and 

the second term is the resistance to drainage for 

non-flattened spheres. As long as the resistance 

force does not exceed the hydrodynamic force, 

particle I will be carried along by the flow. This 

means that dh/dt*% 1. Equating the two forces using 

d&/d?= 1 leads to fi, = h/R =0.0369. This is an 

order of magnitude smaller than that found by 

Groeneweg et al. [l] for rigid deformable spheres. 

Calculations on the film thickness and deformation 

At large separations where droplets are still 

assumed to be undeformed, the film thickness as a 



function of time is calculated by Eqs. (29) and 

(28). At the moment that the pressure due to the 

model of spherical droplets reaches the Laplace 

pressure, deformation sets in and Eqs. (21) (25) 

and (28) need to be solved for the evaluation of 

the drainage and the extent of flattening. The 

equations were solved numerically using the 

Euler method. 

In Figs. 3-6, the calculated film thickness and 

the radius of flattening are depicted for different 

collision angles and capillary numbers. Some 

important conclusions may be drawn from the 

resulting curves. Under the chosen conditions (Q, 

FI), a certain critical collision angle zcrit exists 

below which the film is not sufficiently thinned in 

order for van der Waals attractions to have influ- 

ence and hold the drops together (Fig. 3). 

Above the critical collision angle, drainage has 

advanced so far before x=0- is reached that the 

film ruptures and the drops coalesce (Fig. 4). Just 

before coalescence occurs, flattening of the film 

sets in and the flattening radius a diverges, followed 

by rupture of the film. Choosing a stronger flow 

field, the drops are pressed against each other more 

vigorously. They are then strongly deformed, which 

slows down the drainage process, and the droplets 

are prevented from coalescing (Fig. 5). If the colli- 

sion angle is larger, there is more time available 

for drainage. In the situation shown in Fig. 6, the 

droplets are flattened shortly after the collision 
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/ 
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--.__ -.._ -. -.._ -. I 
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rotation angle [deg] 

Fig. 3. Fihn thickness in the course of a collision starting at 

x,=9.8- (Q=O.Ol: F/=2.4 x 10”). No flattening occurred. 
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Fig. 4. Relative flattening (solid line) and film thickness 

(broken line) during the course of a collision starting at x,,= 
10 (Q=O.Ol; F/=2.4 x 10’) 

100 
1 

10~4 -~~ -1 1 I 

11 9 7 5 3 1 -1 

rotation angle [deg] 

Fig. 5. Relative flattening (solid line) and film thickness 

(broken line) during the course of a collision starting at x= 

11 (Q=O.O5: FI=1.4 x 10”). 

starts. Drainage is slowed down, but finally film 

drainage has advanced so far that van der Waals 

forces become predominant. The flattening radius 

diverges, followed by film rupture. Figure 6 also 

depicts the drainage according to Eq. (1) which 

predicts a slower drainage and thus a lower 

coalescence probability (smaller critical angle). 

Coalescence probability 

In the previous section, coalescence was found 

to take place at FI = 2.41 x IO” and D = 0.01, if the 

drops collide at an angle of x0 = 10’ and larger, 

whereas collision at 9.8” did not result in coalesc- 

ence. Hence, if a collison occurs at an angle smaller 
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Fig. 6. Relative flattening (solid line) and film thickness Fig. 7. Coalescence probability as a function of Q for various 

(broken line) during the course of a collision starting at r,,= Flow numbers: comparison with rigid interfaces. 0, F1= 

20’ (Q=O.O5; EI=2.4 x 109). The dotted line gives the film 2.4 x 10”; O.P/=2.4 x 109; ‘j,FI=2.4 x 10’; A,FI=2.4 x 105; 

thickness as calculated from Eq. (2) (dimensionless). V, PI=24 x 106. 

than X,-Fit = 10’) the time available for film thinning 

is not sufficient and coalescence of the colliding 

droplets will not take place. The fraction Q’ of 

collisions occurring at an angle a < C(,,~~ is given by 

1 
Q’ = - ( 1 - COS( 2a,,i,)) 

2 (30) 

The coalescence probability CP is equal to the 

fraction of collision angles above the critical value 

CP=l-Q' (31) 

For the example in which y = 100 sP ‘, q = 0.05 kg 

m s- ‘, R = 50 urn and 0 = 0.025 N m ‘, represent- 

ing the conditions of Figs. 3 and 4, x,,~~= lo”, 

resulting in a coalescence probability of 0.97. 

Consequently, almost every collision results in 

coalescence for this case where the droplets were 

supposed to have fully mobile interfaces. In Fig. 7 

the coalescence probability is presented as a func- 

tion of !Z at three FI numbers. The figures show 

that in a weak flow field, every collision leads to 

coalescence for dispersions at low viscosity ratios. 

Although in a stronger flow field the driving force 

for drainage is larger, at some point the pressure 

in the film exceeds the Laplace pressure during 

collision, and flattening sets in before van der 

Waals attractions are able to pull the drops 

together. The resistance against film drainage is 

thus considerably enhanced, resulting in a decrease 

of the coalescence probability. A greater flow 

number means that the van der Waals attraction 

is weaker with respect to the hydrodynamic forces, 

leading to a lower coalescence probability. 

For a comparison with the coalescence prob- 

ability of drops containing rigid interfaces, results 

obtained by Groeneweg et al. [l] have been trans- 

formed into a dimensionless form and are also 

depicted in Fig. 7. Significantly higher coalescence 

probabilities in the case of mobile interfaces were 

found, as expected. 

Conclusions 

During a collision, the mutual approach of two 

droplets is governed by the drainage of the thin 

film which separates them. Because of the small 

resistance offered by fully mobile interfaces, the 

distance at which this resistance becomes notice- 

able is considerably smaller in this case than for 

immobilized film surfaces, the difference being a 

factor of 10. 

If the capillary number for the draining film is 

much larger than the Weber number, a perfectly 

flat film develops once the pressure in the film 

exceeds the Laplace pressure. The film does not tie 



in at the edges and the formation of a dimple is 

suppressed. 

The results show that the degree of drop defor- 

mation plays an important role during the course 

of film drainage and for the occurrence of coalesc- 

ence. For this reason, flattening must be accounted 

for in the drainage model. In a weak flow field, the 

model predicts that colliding droplets basically 

remain undeformed, resulting in a fast-draining 

film and coalescence after every collision. Once the 

hydrodynamic force is strong enough to deform 

the droplets during a collision, the coalescence 

probabilty falls off because of the enhanced resis- 

tance to drainage of a flattened film. 

In general, the film between drops of low viscos- 

ity and with fully mobile interfaces is found to 

drain much faster than the film between drops 

containing rigid interfaces. Consequently, the 

resulting coalescence probability is much higher in 

the former case. 
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