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CHAPTER 6

PARTICLES AT INTERFACES:
DEFORMATIONS AND HYDRODYNAMIC INTERACTIONS

Here we consder some aspects of the interaction of colloida particles with a phase boundary, which
involve deformations of a fluid interface and/or hydrodynamic flows. First, we discuss the energy
changes accompanying the collison of afluid particle (emulsion drop of gas bubble) with an interface
or another particle. If the interaction is governed by the surface dilatation and the DLV O forces, the
energy of the system may exhibit a minimum, which corresponds to the formation of a floc of two
attached fluid particles. If oscillatory-structura forces are operative, then the energy surface exhibits a
series of minima separated by barriers, whose physica importance is discussed. The radius of the
liquid film formed between a fluid particle and an interface can be determined by means of force
balance consderations. For smal contact angles the film radius is proportiona to the squared radius
of the particle.

Next we consder the hydrodynamic interactions of a colloida particle with an interface (or another
particle), which are due to flows in the viscous liquid medium. The theory relates the velocity of mutud
approach of the two surfaces with the driving force. The respective relationships depend on the shape
of the particle, its deformability and surface mobility. The gradua gpproach of two fluid particles may
terminate when the thickness of the gap between them reaches a certain criticd vaue, a which
fluctuation capillary waves spontaneoudy grow and cause rupturing of the liquid film; the comparison
of theory and experiment is discussed.

Finaly, we consider the factors and mechanisms for detachment of an oil drop from a solid surface in
relation to the process of washing. The destabilization of the oil- water interface and of the three-
phase contact line are known as, repectively, “emulsfication” and “rolling-up” mechanisms of drop
remova. Some surfactants are able to produce penetration of agueous films between oil and solid,
which is a purdy physicochemicd “digoining film” mechanism for drop detachment. Attention is paid
to the detachment of ail drops from the orifice of a porein relaion to the methods of emulsification by
ceramic and glass membranes.
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6.1. DEFORMATION OF FLUID PARTICLESAPPROACHING AN INTERFACE

6.1.1. THERMODYNAMIC ASPECTS OF PARTICLE DEFORMATION

As demondrated in Section 5.2.10, the deformation of a droplet at fixed volume leads to an
expansion of its surface area, Eq. (5.133). In addition, the flattening of the droplet surfaces in the zone
of their contact is accompanied with a variation of the interfacid bending energy of the droplets, Eq.
(5.134). Last but not leadt, the formation of athin liquid film between the two drops much enhances
the role of the surface forces, such as the van der Wads attraction, electrostatic repulsion, oscillatory
structural forces, steric interactions, etc., see Section 5.2.

In Ref. [1] it was demongtrated that the energy of interaction between two fluid particles (drops or
bubbles) caculated for the model shape of truncated spheres (Fig. 5.19) quantitatively agrees very
well with the energy caculated by means of the “red profile’, i.e. by accounting for the trangition zone
between the flat film and the gohericd portions of the drop surfaces. Therefore, below we will usethe
configuration of truncated spheres.

Equation (5.50) with hy © h reads:

¥

U (h,re) =(2pR/ j) Of (h) dh +pr? f (h) (6.1)
h

where j = 1,2 for the systems depicted in Fig. 5.19a and 5.19Db, respectively. One sees that the
energy of interaction between two deformed fluid particles, U, depends on two geometrica
parameters, the film thickness, h, and the film radius, r.. However, it is natural to present the
interaction energy as a function of a single parameter, which can be the distance z between the
droplets mass centers, i.e. U = U(2). In the rigorous approach to this problem, the dependence of
the interaction energy on the digance z is characterized by the potentia of the mean force,
un(2) = - kT Ing(2), where, as usud, k is the Boltzmann congant, T is temperature, and g(2) isthe
pair (radid) corraion function, see Ref. [2]. The latter function is determined by Satistical averaging
over al possible droplet configurations (of various h and r.) corresponding to agiven z
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9(2) :1.103§’R:T ; (‘p(p{- Ulh(r,,2),r.]/ KT} dr, (6.2)
Here Rand s are the radius and the interfacid tenson of the fluid particdle; h(r.,2) represents the
geometrica relation between h and r. for a given z and fixed drop volume. To caculate u.¢(2) one
needs to know the function U = U(h,r.), which may contain contributions due to the various effects
mentioned in the beginning of this section.

As an illugration, let us consder the function U(h,ro) in atypicd case, in which the interaction energy
between two identical emulsion drops (Fig. 5.19b) is determined by the van der Wadls atraction, the
eectroddic repulson and the interfacia dilatation:

U(h,rc) ° U+ Ug + Ugi (63)

Here U,,, and Uy are determined by Egs. (5.64) and (5.133). To obtain an expression for Uy one
can subgtitute P 4(h) from Eq. (5.93) into Eq. (5.9), and then the calculated fq - into EQ. (6.1) with |
= 2; theresult reads [1- 3]

64p n, KT é 2, Ru _ Z%"n,

—_ + -— 2 N
Ug(hrd = ” tanh 2 §4k ﬂe<p( kh)gr +kH =

(6.4)

where k! is the Debye screening length, n is the concentration of a symmetric Z:Z dectrolyte, e
denotes the dielectric permittivity; y s isthe surface potentid of the particle.

Figure 6.1 shows a contour plot of U(h,r¢), calculated by means of Eq. (6.3) with parameter vaues R
=1mm,ys=100mV, s =1 mN/m, n, = 0.1 M and Hamaker constant Ay, =2 10 % J; theterm
with the Gibbs dadticity Eg in Eq. (5.133) is neglected. The minimum of the potentid surface U(h,r.)
corresponds to an equilibrium doublet of two attached drops with a film formed between them; the
thickness and the redius of this film will be denoted by he; and r¢e. The depth of the minimum in Fg.
6.1a is U(heg, r'ceq) = - 60KT. Hence, the equilibrium doublet should be rather stable. The numerical

computations [2] show thet the radius of the equilibrium film rce, and the area of attachment,

increases with the rise of both dectrolyte concentration ng and drop radius R
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Fig. 6.1. (a) Contour plot of the total drop-drop interaction energy, U(h,ro) © Uy + Ug + Ug; for various
values of h/Rand r. /R, see Fig. 5.19b. The parameter values are: R=1 mm, y s =100 mV,
So=1mN/m, ng = 0.1 M, Ay = 2" 10%° J The distance between two neighboring contours
equals 2 KT; the minimum of the potential surface is U(heg, ceq) = - 60 KT. (b) Plot of DUg Vs.
electrolyte concentration np for Ay=1" 10 20 3 and three values of the drop radius. R=0.5, 1.0
and 2.0 mm for the dashed, continuous and dotted line, respectively [4,5].

Let U(h*,0) be the minimum vaue of U dong the ordinate axis r. = 0 in Fig. 6.1 the points on this
axis correspond to two sphericad (non-deformed) drops. Figure 6.1b shows the caculated
dependence of DUg © U(he feeq) - U(h*,0) on the bulk €ectrolyte concentration ng for three
different vaues of the drop radius R In fact, DU« characterizes the gain of energy due to the
trangtion from two interacting spherical drops to two deformed drops (Fig. 5.19b). Thisenergy gain
is due to the interactions of the two drops across the formed film; see the term pr.2 f (h) in Eq. (6.1);

note that a equilibrium f(h) < O, cf. Eqg. (5.10). Figure 6.1b shows that the effect of deformation,
characterized by DU¢, strongly incresses with the rise of ng and R this can be atributed to

suppression of the electrogtatic repulsion and enlargement of the contact area.

Effect of the oscillatory structural force. Very often the fluid dispersons contan smdl
colloidd particles (such as surfactant micelles or protein globules) in the continuous phase. As
described in Section 5.2.7, the presence of these smdl particles gives rise to an oscillatory structura
force, which affects the stability of foam and emulsion films as well as the flocculation processesin

various colloids. At higher particle concentrations (volume fractions
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Fig 6.2. Contour plot of the energy, U(hrc) = Uy + Ug + Ugii + Uosc, between two ail drops of radius
R =2 mm in the presence of ionic micelles in water. The parameters correspond to a micellar
solution of SNP-25S, see Fig. 512:d =9.8nm, j =038, s = 7.5 mN/m, A; = 5 10% J,
ys=-135mV, no = 25 mM, k'! = 1.91 nm. The points on the contour plot denote three local
minima U/KT = - 406; - 140, and - 37, corresponding to film containing O, 1 and 2 micelar
layers, respectively [4,5].

above c.a 15%) the dructurd forces sabilize the liquid films and emulsons. At lower particle

concentrations the structural forces degenerate into the depletion attraction, which is found to have a

degtabilizing effect. To quantify the contribution of the oscillatory forces, a respective term, U g, iStO

be included in the expression for the interaction energy:
U(h,re) = Uy + Ua + Uit + Uos (6.5)

cf. Eq. (6.3). Uos Can be cdculated by a substitution of f,s(h) from Eqg. (5.108) into Eq. (6.1); the
other termsin theright-hand side of Eq. (6.5) are determined as explained above.

Figure 6.2 shows a contour plot of U (h,ro), which is smilar to Fig. 6.1a, but computed by means of
Eq. (6.5). The oscillatory term U, leads to the appearance of severd local minima separated by
"mountain ranges'. If the particle volume fraction is smdler than c.a. 10% in the continuous phase, the
height of the taler "range” is smdler than kT, and it cannot prevent the flocculation of two dropletsin
the deep "depletion” minimum - the degpest minimum (down right in Fig. 6.2). On the other hand, a
higher micdlar volume fraction these "ranges’ become
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Fg. 6.3. Plot of the height of the water column, separated below a 20% styrene-in-water emulsion, as a
function of time. The curves correspond to different surfactant (SNP-25S) concentrations,
denoted in the figure, all of them above the CMC [5,6].

taler than kT and act like barriers againgt the closer gpproach and flocculation of the two fluid
particles. In such case the oscillatory sructural forces have a stabilizing effect, which could be a
possible explanation of the experimenta data shown in Fig. 6.3.

The three curves in Fig. 6.3 correspond to three oil-inwater emulsons containing different
concentrations of sodium nonylphenol polyoxyethylene-25 sulfate (SNP25S) in the aqueous phase,
viz. 22.3, 33.5 and 67 mM, dl of them much above (from 80 to 240 times) the critical micdlization
concentration, CMC = 0.28 mM. The height of the column of the aqueous phase, below the emulson
cream, is plotted in Fig. 6.3 as afunction of time. The cream represents oil drops concentrated below
the upper surface of the emulsion owing to the buoyancy force. The initid dope of the curves shows
that the rate of water separation diminishes as the surfactant concentration increases. In addition, the
more concentrated system findly produces a more loosely packed cream (note the positions of the
plateaus, Fig. 6.3), possibly due to hampered flocculation. One can atribute the observed effects to
the oscillatory sructura forces, which impede the flocculation of the emulsion drops and thus
decelerate the separation driven by the Archimedes force; see Refs. [5-7] for more detalls.

In conclusion, we have to mention that for each specified system an estimate should be done to reved
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which of the termsin Eq. (5.53) are predominant, and which of them can be neglected; see dso Egs.
(6.3) and (6.5). Similar approach can be applied to describe the multi-droplet interactions in flocs,
because in most cases the interaction energy is pair-wise additive. Application of this gpproach to the
description of the kinetics of amultaneous flocculation and codescence in emulsions can be found in

Ref. [8].

6.1.2. DEPENDENCE OF THE FILM AREA ON THE SIZE OF DROP/BUBBLE

In Figs. 6.1a and 6.2 the equilibrium position of two attached fluid particles was determined as a
minimum of the energy surface U(h,r.). Alternaivdly, it is possble to determine the radius, r, of the

equilibrium (or quas-equilibrium) film with the help of macroscopic force balances.

As an example, let us consder afluid particle from phase 1, which gpproaches the boundary between
the phases 2 and 3 driven by the buoyancy force; the drop is immersed in the heavier phase 3, see
Hg. 6.4. For example, the fluid particle could be an oil drop or air bubble in water. For sufficiently
short distance between the fluid particle and the interface aliquid film of uniform thickness h isformed;
as arule, h decreases dowly with time due to a viscous outflow of liquid, until eventudly an
equilibrium film is formed [9]. The pressures acting on the film surfaces are shown schemdticdly in Fig.
6.4. At equilibrium the net force exerted on the particle should be equa to zero; this yidds the
following force baance, which is equivaent to Eq. (5.14):

prZP, =2pr.t cosq + F, (6.6)
P, + Ps isthe pressure indde the liquid film; t is the transversd tenson; sinq © rJ/R where R isthe
curvature redius of the film surface; F,, is the buoyancy (Archimedes) force, which is equd to the

integral of the outer pressure, P,(2) = P,(0) - Dr gz, over the surface of the particle:

F, =€, %dsP,(2) =4p RSDr g; (6.7)
a the last step, the Gauss- Ostrogradsky theorem has been applied; zisthe vertica coordinate; Dr is
the difference between the mass densities of phases 3 and 1; g isthe accdleration due to gravity; Ry is
the radius of the nondeformed (spherical) fluid particle. The transversd tenson t accounts for the

interaction in the trandtion zone film-meniscus and is rdated to the contact
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Fig. 6.4. Sketch of a fluid particle from phase 1, which is attached to the boundary between phases 2
and 3; s; and s, are the surface tensions of the boundaries 1/3 and 2/3; t is transversa
tension. The pressure balances at the two film surfaces illustrate the derivation of Egs. (6.9)
and (6.10).

anglea by Eq. (5.6), viz. t =s;9na; Psisthe excess pressure (with respect to the bulk pressure P,)
exerted on the film surface. In generd P; can be presented as a sum of a viscous and a digoining

pressure term:
Pf = I:)visc +P (68)
In thick films the digoining pressure P is negligible, and consequently P » Py in contrad, in thin

quasi-equilibrium films the rate of thinning is low, P » 0 and then Ps » P. However, a any
thickness the Laplace equation is satisfied for the lower and upper film surfaces (Fig. 6.4):

Z1-p.(R+P)=DP- P, (6.9)
Rf
=, :(p2 +P; ) P, =P (6.10)

f
In Egs. (6.9) and (6.10) the surface tensons of the liquid film are set approximately equd to the
surface tensions of the boundaries between the respective bulk phases, s, » s;and s} » s, see

Fig. 5.5. The pressure difference, across the drop surface, DP° P, - P, is

=1

—+=0P (6.11)



256 Chapter 6

The three equations (6.9), (6.10) and (6.11) form a system for determining the three parameters, R,

Ps and DP. The resulting expression for Ps reads

p =2 where go BiS2 (6.12)
R S;+S,
Next, we substitute Egs. (6.7) and (6.12) into Eq. (6.6) to obtain
prf%- 2prgcosy - 2pR°Drg=0 (6.13)

we have set R» Ry, which is a good approximation in the case of small deformations, thét is (r/R)*
<< 1; see Eq. (5.131). The solution of the quadratic equation (6.13) for r reads

2 2

&
r.= R;:cosq + ngl_—zcoszq ;409

R4

(6.14)

(the other root is physicaly meaningless). For smdl contact angles ¢ 1 gna << 1), Eq. (6.14)

reduces to the smpler expression

aDr
r. = AR?, A° ?g (6.15)

If phases 1 and 2 are identical fluids, then s; = s, =s and Eq. (6.12) yidlds § =s. In contrag, if
phase 2 is solid and we ded with the configuration in Fig. 5.19a, onemay sets;=s,s,® ¥, and
then Eq. (6.12) yidds § = 2s. Versons of Eq. (6.15) with § = 2s have been derived by Derjaguin
and Kussakov [10] and Allan et d. [11]. Expression equivaent to Eq. (6.15) follows from the theory
of sessile drops/bubbles for zero contact angle measured across the outer phase (a = 0); see Ref.

[12] and Eq. (31) in Ref. [13)].

Equation (6.15) holds irrespective of whether the pressure in the film, Py, is dominated by the viscous
pressure Pyis Or digoining pressure P . This equation has been derived neglecting the terms with the
transversal tendon t. The effect of t could show up for smdl drops (bubbles) for which the
contribution of the buoyancy force (the term p R in Eq. 6.14) is vanishing. Hence, a deviation from
the dependence r. = AR for small drops could be interpreted as an effect of t , see Eq. (6.14), and

could serve for determination of the contact angle, a = arcan(t/s).
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Fig. b.b. EXperimental dependence of the TiIm radius re on the “equatorial” radius R ar xylene ol drops
situated below the phase boundary water- xylene, see Fig. 6.4. The straight line is the best fit
with linear regression [14].
In Fig. 6.5 we present experimental data of Basheva [14] for small xylene drops; the systlem is smilar
to that in Fig. 6.4 where phases 1 and 2 are of xylene. Phase 3 is a 0.01 M solution of sodium
dodecyl sulfate (SDS), preequilibrated with xylene. The data are plotted as r. vs. R in accordance
with Eq. (6.15). The density difference between water and xylene is Dr = 0.12 glent; theinterfacial
tenson xylene - agueous solution is s = 5.1 mN/m. With the latter parameter values from Eq. (6.15)
one calculates A = 5.54 cmi'*; on the other hand, the best linear fit of the datain Fig. 6.5 gives adope
A =552 cm'*. Apparently, there is an excellent agreement between Eq. (6.15) and the experiment.
One may check that the experimentd data for r. and R, published in tables in Ref. [15], also agree
wel with Eq. (6.15).

Taking square of Eq. (6.15) and using the expression for the buoyancy force, F, =3p R3Dr g, one
obtains[10]:

2 _Fhy

S e (6.16)

r

A generdization of EQ. (6.16) was obtained by Ivanov et d. [16] for two fluid particles (drops,
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bubbles) of different radii, R and Ry, pressed againgt each other by an externd force F:

r2 :%, where RO % (6.17)
R and S can beinterpreted as mean diameter and surface tension, see aso Eq. (6.12). If one of the
two drops is a samiinfinite liquid phase, then R.® ¥, R, =R R = 2Rand Eq. (6.17) reducesto Eq.
(6.16). The latter two equations have found gpplications in the sudies of the hydrodynamic

interactions of emulsion drops (see Fig. 6.6 below).

6.2. HYDRODYNAMIC INTERACTIONS

The motion of a colloida particle toward an interface (or another particle) is aways affected by the
viscous drag force. The strongest viscous disspation of energy happens in the narrow zone of
collision, where the two surfaces approach close to each other. The friction, accompanying the
expulson of the liquid from the collison zone, can cause aloca deformation of fluid particles (gas
bubbles, emulson droplets or lipid vesicles), see e.g. Ref. [9]. The present section is devoted to such
hydrodynamic interactions which are related to the viscous friction. We review the most useful
theoreticd expressons. One could find additiond information in the comprehensve tregtises on

hydrodynamic interactions, Refs. [5, 9, 17-22].

Sokes regime of particle motion. At comparatively large surface-to-surface separations a
spherical particle, noving under the action of a total driving force F, will obey the known Stokes
equation for the velocity, see eg. Ref. [23],

F

- (6.18)

Vg

where h is the dynamic viscodty of the liquid medium, and R is the radius of the particle. Equation
(6.18) is obeyed not only by solid beads, but adso by smal (spherica) drops and bubbles in the
presence of surfactant dissolved in the liquid medium. The role of surfactant, even a comparatively
low concentrations, is to render the surface of the fluid particde tangentidly immohbile owing to the

formation of a dense adsorption monolayer.
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6.2.1. TAYLOR REGIME OF PARTICLE APPROACH

At shorter distance between a sphericd particle and an interface (or another particle) the
hydrodynamic interaction between them becomes sgnificant. This results in a dependence of the
velocity of mutua gpproach on the surface-to-surface distance, h. For h/R << 1 the latter
dependence is given by the Taylor formula[24] for the velocity:

_2E 4 619
3phR

Ta

R

Since R << 1, it follows that Vry << Vg, i.e. the velocity of mutua approach is consderably
decreased by the hydrodynamic interactions. Note that Eq. (6.19) is valid for two identical spheres
of radius R This equation can be generdized for two spheres of different radii, R, and R, [18]:

Vi, = ;2; 5 (6.20)
where R isdefined by Eq. (6.17). In the limit of two identical spheres(R,=R,=R)onehas kK =R,
wheress for the interaction of a sphericd particle with a planar interface (R, = R, R:® ¥) one obtains
R = 2R In generd, the total force acting on the paticle, F, can be expressed as a sum of some
externd driving force, Fg, and the surface force Fs:

_du(h)

F=Fe- Fs, .o
TS S dh

(6.21)

where U is defined by Eq. (5.53). The opposite signs of Fg and Fs sem from the convention, thet the
“externd” force Fe pushes the particle toward the interface (the other particle), whereas a repulsive
“surface” force, Fs > 0, opposes the thinning of the gap. (Attractive surface force, Fs< 0, isaso
possible) The external force Fe can be the gravitationd, buoyancy or Brownian force. The time of
mutual gpproach of two particles (the drainage time of aliquid film) is[18]
™ dh

= 6.22
(vo © (6.22)

ta

where V denotes velocity and h, issomeinitid vaue of the surface-to-surface distance. For constant
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F, the subdtitution of Vo i h for V(h) in Eq. (6.22) yidds t, ® ¥, i.e infinitdy long timeis needed
for the two surfaces to come into direct contact. On the other hand, if the force at short distances is
dominated by the van der Wadls interaction, then in view of Egs. (5.61) and (6.21) F » Fsp 1/h?
V7ot Vh, and Eq. (6.22) gives afinite value for the time of approacht ..

6.2.2. INVERSION THICKNESSFOR FLUID PARTICLES

Two fluid particles (drops, bubbles) approaching each other are initidly spherical. With the decrease
of the distance between them, the interfacid shape in the gap changes from convex to concave. The
thickness corresponding to this inverson of the Sgn of the interfacid curvature is cdled the inversion
thickness, hi,. From a physica viewpoint this is the beginning of the deformation of the droplets
(bubbles) in the contact zone, with subsequent formation of a thin film between them (see Fig. 5.19).

One can edimate the inversion thickness from the following expresson [18, 25, 26]

o »— (6.23)

inv 2pS_ d

where § is related to the interfacid tensons of the two fluid particles, s; and s ,, by means of Eq.
(6.12). If one of the particlesissolid (s; ® ¥, s,=s),then § = 2s. Equation (6.23) isvdid for
relatively large surface-to-surface distances between the two drops, for which the surface forces can
be neglected (F » Fg). A generdization of EQ. (6.23), taking into account the effects of the surface
forces and the particle Sze, was reported in Ref. [27]:

F _ R

iy = 25 + Ehinvp (M) 5 (6.24)

asusd, P (h) isdigoining pressure. In generd, Eq. (6.24) holds for two dissmilar droplets of radii R,
and R,, and surface tensons s; and S»; see Egs. (6.12) and (6.17). One can determine h;,, by

numerica solution of Eq. (6.24) if the dependencies P (h) and F(h) are given, seeeg. Ref. [5].

6.2.3. REYNOLDSREGIME OF PARTICLE APPROACH

For h < hi,, aliquid film is formed in the zone of contact of the two surfaces (Fig. 5.19). The viscous
dissipation of energy in thisfilm is srong enough to dominate the net hydrodynamic force. In such case
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the rate of approach of two fluid particles obeys the Reynolds formula, which describes the rate of
thinning of a planar film between two solid discs[28, 23]:

_ 2h°F

= o (6.25)

Re

h is the distance between the discs (the film thickness), r. is the radius of the disc (film) radius. In the
case of fluid particlesr, can be estimated from Egs. (6.14)- (6.17).

Since Vge = dh/dt, by integration of Eq. (6.25) one can deduce an expression for the time needed to
bring two pardld discs (the two film surfaces) from an initid separation h; to afind separation h,

under the action of a constant force F:

t

‘e 0
_3dphr &1 ii (6.26)
aF gy W
The latter equation was derived by Stefan [29] in 1874. One can combine Egs. (6.25) and (6.17) to
obtan[5]:

—s N 6.27
HR°F (6.27)

Re

It is interesting to note, that in Reynolds regime (in which there is flattening and Eq. 6.27 holds) the
veodity Vge decreases with the rise of the driving force F. This tendency is exactly the opposite to
that for the particle motion in Stokes or Taylor regimes, cf. Egs. (6.18) and (6.20). The latter fact
leads to a non-monatonic dependence of the droplet life-time, t 5, on the drop radius R, see Fig. 6.6
below.

6.2.4. TRANSITION FROM TAYLOR TO REYNOLDSREGIME

It is possible to describe smoothly the trandtion from Taylor to Reynolds regime, i.e. the trandtion
from spherica to deformed fluid particles. The following generalized expresson was derived in Ref.
[30]:
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(6.29)

F :—phV—él hZRZ_

where R isdefined by Eq. (6.17). For smdl film radii, r.® 0, Eq. (6.28) reduces to the Taylor's Eq.
(6.20), whereas for large films, rZ/(h R ) >> 1, Eq. (6.28) yidds the Reynolds Eq. (6.25). Expressing
the velocity from Eq. (6.28) one obtains [5]

1_ i+ 1 + 1 (6.29)
\ V VTaVRe VRe

To cdculate the life time of a doublet from two emulsion drops moving towards each other under the

action of aconstant force F one can use the expression [5]

ha 2 é 2 N 2 @
t, = q/dh 3th an—A h rc_ - hgq- rZC_Z g[ —2r:u (6.30)
(h) 2F é hcr hch hA (%] 2hch hA 18]

which is derived by integration of Eq. (6.28); hy denotes the criticd thickness of rupture of the liquid
film; as before, ha isaninitid thickness of the film.

In the case of codescence of an ail drop with its homophase (oil drop below aflat oil-water interface,
see Fig. 5.194) one has R = 2R where Ris the radius of the drop, which experiences a buoyancy
force F, =3p R3gDr , with g and Dr beng the gravity acceleration and the density difference.

Setting F » Fp, and combining Egs. (6.16) and (6.30), one can caculate the dependencet , = t4(R) if
an edimate for the critica thickness, hy, is available; see Eq. (6.36) below. The caculations show that
the curves of t, vs. Rshould exhibit aminimum in theregion R=10 - 200 mm.

To check the predictions of the theory experiments with soybean oil droplets in aqueous solution of
the protein bovine serum abumin (BSA) have been carried out by Basheva et d. [31]. The ail drops
of various sze have been released by means of a syringe in the aqueous solution; then the drops move
upwards under the action of the buoyancy force and gpproach a horizontd oil- water interface. The
life-time t , of the drops benesth the interface was measured as a function of the drop radius, R The
data are presented in Fig. 6.6. The theoretica curve is caculated by means of Egs. (6.16) and (6.30).
For al drops ha = 15 nm was used.
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Fig. 6.6. Lifetime t, plotted versus the radius, R, of oil-in-water drops approaching from below the
water- oil interface. The circles are experimental points for aqueous solutions of bovine serum
abumin (BSA) with 0.15 M NaCl; the oil phase is soybean oil [31]. The theoretica curve is
drawn by means of Egs. (6.16) and (6.30).

The arbitrariness of this choice does not affect substantidly the results for t,. The criticd thickness,
he, Was caculated by means of Eq. (24) in Ref. [5] assuming predominant van der Waals forces in
the film. One sees in Fig. 6.6 that the theory agrees well with the experiment. The left branch of the

curve corresponds to the Taylor regime (non-deformed droplets), whereas the right branch
corresponds to the Reynolds regime (planar film between the droplets); for details see Refs. [5, 31].

6.2.5. FLUID PARTICLESOF COMPLETELY MOBILE SURFACES (NO SURFACTANTS)

If the surface of an emulsion droplet is mobile, it can tranamit the mation of the outer fluid to the fluid
within the droplet. This leads to a circulation pattern of the inner fluid and affects the disspation of
energy in the system. The problem about the gpproach of two nondeformed (spherical) drops or
bubbles in the absence of surfactants has been investigated by many authors [32-41] and a number of
solutions, generdizing the Taylor equation (6.20), have been obtained. For example, the velocity of
central gpproach of two spherica drops in pure liquid, V,, isrelated to the total force, F, by means of
a Padé-type expression derived by Daviset d. [40]
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2
v, =V 1+1711x +0.461x* « = o
Ta  1+0.402x h,

n

R
— 6.31
o (6.31)

where, as usud, h is the closest surface-to-surface distance between the two drops; h,, and h, are

the viscosities of the liquids ingde and outside the droplets. In the limiting case of solid particles one
has hi,® ¥ and Eq. (6.31) reducesto the Taylor equation, Eq. (6.20). In the case of close approach
of two drops (h® 0 and x >> 1) the velocity V,, is proportiona to Jh. Consequently, theintegrd in
Eqg. (6.22) is convergent and the two drops can come into contact (h = 0) in afinite period of time
(ta < ¥) under the action of congtant force F. In contragt, in the case of immobile interface (hi\® ¥
andx << 1) onehas V;,M handt® ¥ for F = const.

In the limiting case of two sphericd gas bubbles (hijx® 0) in pure liquid, Eq. (6.31) cannot be used;
instead, VV, can be calculated from the expression due to Beshkov et dl. [37]

- F L A
P thoutﬁln(ﬁ/h)

Note that in this case Vp U (Inh)* and the integrd in Eq. (6.22) is convergent, that is the

Vv

(6.32)

hydrodynamic theory predicts a finite lifetime of a doublet of two colliding sohericd bubbles in pure
liquid. Of course, the red lifetime of a doublet of bubbles or dropsis affected by the surface forces for
h < 100 nm, which should be accounted for in F, see EQ. (6.21); this may lead to the formation of a
thin film in the zone of contact, as discussed above.

6.2.6. FLUID PARTICLESWITH PARTIALLY MOBILE SURFACES (SURFACTANT IN CONTINUOUSPHASE)

The presence of surfactant in the continuous phase and a the surface of fluid particles decreases their
surface mohility. Thisis due mostly to the effect of Gibbs eadticity, Eg, which leads to the appearance
of surface tension gradients (Marangoni effect). The latter oppose the viscous stresses due to the
hydrodynamic flow and suppress the two-dimensiona flow throughout the phase boundary. In the
limt Ec® O the interface becomes tangentialy immobile. When the effect of the driving force F is
smal compared to that of the capillary pressure of the dropletsbubbles, the deformation of the two
sphericd fluid particles upon callison is only asmall perturbation in the zone of contact. Then the film
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thickness and the pressure within the gap can be presented as a sum of a non-perturbed part and a
amdl perturbation. Solving the resulting linearized hydrodynamic problem for negligible interfacid
viscogty, an andytica formulafor the velocity of gpproach was derived by Ivanov et d. [16]:

-1

VoDt ). 1§ (6.33)

V;, 2h&d

where, as usud, Vr,isthe Taylor velocity given by Eq. (6.20); the dimensionless parameter d and the

characterigtic surface diffusion thickness h, are defined as follows

hs h. © 6houtDs bo 3P]outDeqﬁg — moutDa‘:’ﬁﬁg

h{1+b) ’ ° Eg E; &Gy, G &Tsg, (634
and D denotes the bulk diffugvity of the surfactant (dissolved in the continuous phase); Ds isits
surface diffusvity; as before, s and Eg are the surface tensgon and surface (Gibbs) eadticity, cand G
are surfactant concentration and adsorption; the subscript “eq” denotes equilibrium vaues. In the
limiting case of very large Eg (tangentidly immobile interface) the parameter d tends to zero and one

can verify that Eq. (6.33) predictsV ® Vr,, asit should be expected.

Equation (6.33) is gpplicable when the surfactant is dissolved in the continuous phase. In contragt, if
the surfactant is dissolved in the emulsondrop phasg, it can efficiently saturate the drop surface and
to suppress the effect of surface dadticity [42, 43]. In such case, the drop surface behaves as dmost
completely mobile and one could apply Eg. (6.31) to estimate the velocity of approach [5]. The
relative solubility of the surfactant in the water and oil phases is characterized by the hydrophile-
lipophile balance (HLB) - see the book by Krugljakov [44].

6.2.7. CRITICAL THICKNESSOF ALIQUID FILM

The surface of a fluid particle is corrugated by capillary waves due to thermd fluctuations or other
perturbations. The interfacid shape can be expressed mathematically as a superpostion of Fourier
components with different wave numbers and amplitudes. If attractive digoining pressure is present, it
enhances the amplitude of corrugationsin the zone of contact of two droplets (Fig. 5.19) [45-48]. For
every Fourier component there is a film thickness, cdled trangtiond thickness, hy, & which the

respective surface fluctuation becomes ungable and this surface corrugation begins to grow
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spontaneoudy [18, 26]. For hy, > h > h the film continues to thin, while the ingtabilities grow, until the
film ruptures a& a certain critica thickness h = h,. The trangtiond thickness of the film between two
deformed drops (Fig. 5.19b) can be computed solving the following transcendental equation [5, 27]:
2+d _ _hrl[P&h)]” | pe TP
1+d &[5 /R- P(h,) 1h
As before, r. denotes the radius of the film formed between the two fluid particles. The effect of

(6.35)

surface mohility is characterized by the parameter d, see Eq. (6.34); note that d dependson hy, viz. d
= (hdhy)/(1 + b); for tangentialy immobile interfaces h{® 0 and hence d® 0. In addition, Eq. (6.35)
shows thet the digoining pressure sgnificantly influences the trangtiond thickness hy,; this equetion is
vaidfor P < 257 /R, i.e for afilm which thins and ruptures before reaching its eguilibrium thickness,
corresponding to P = P.= 25 /R ; see. Eq. (5.1). The calculation of the transitional thickness hy isa
prerequidite for computing the critica thickness h,. For the case of two identical atached fluid
particles of surface tenson s and radius R (Fig. 5.19b) the critica thickness can be obtained as a
solution of the equation [48, 49]

kT él(hy.h)u
h2_ r r7- 636
o) OPE 4 d (6.30)

where | (h,hy) Stands for the following function

e P ddh

— 2 X
I(hcr’htr)_th[r)r hSFV(h)[ZS /R- P(h)] (637)

Here F , isa mobility factor accounting for the tangentiad mobility of the surface of the fluid particle;

expressons for F, can be found in Ref. [22]. In the pecid case of tangentialy immobile interfaces
and large film (negligible effect of the trangtion zone) one has F (h) ° 1; then the integration in Eq,.
(6.37) can be carried out analytically [48, 49]:

€2s /R- P(h,)u
€25 IR- P () {
Equations (6.35)- (6.38) hold for an emulson film formed between two attached liquid drops, and for

| (hy,hy) =P &h,)r %In (6.38)

a foam film intervening between two gas bubbles. In Fig. 6.7 we compare the prediction of Egs.
(6.35)- (6.38) with experimenta data for hy vs. re, obtained by Manev et d. [50] for free foam films
formed from aqueous solution of 0.43mM SDS+ 0.1 M NaCl.
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Fig. 6.7. Critica thickness, hg, vs. radius, r,, of afoam film formed from agueous solution of 0.43 mM
SDS + 0.1 M NaCl: comparison between experimental points, measured by Manev et d. [50],
with the theoreticd mode based on Egs. (6.35)-(6.38) - the solid ling; no adjustable
parameters. The dot-dashed line shows the best fit obtained using the smplifying assumptions
that hg » hy and that the electromagnetic retardation effect is negligible.

It turns out that for this sysem the solution air surface behaves as tangentialy immobile, and then
F,° 1, see Ref. [22]. The digoining pressure was attributed to the van der Wadls attraction:
P =- Ay/(6ph’), where A, was caculated with te help of Eq. (5.75) to take into account the
electromagnetic retardation effect.

The solid line in Fig. 6.7 was cdculated by means of Egs. (6.35)- (6.38) without using any adjustable
parameters, one sees that there is an excdlent agreement between this theoreticad model and the
experiment [22]. The dot-dashed line in Fig. 6.7 shows the best fit obtained if the retardation effect is
neglected Ay = condt.) and if the critical thickness is gpproximately identified with the trangtiond
thickness (hy » hy), cf. Ref. [51]. The difference between the two fits shows that the latter two effects
are essentia and should not be neglected. In particular, the retardation effect turns out to be important
in the experimental range of critica thicknesses, which is 25 nm < hy < 50 nmin this specific case.
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6.3. DETACHMENT OF OIL DROPSFROM A SOLID SURFACE

The subject of this section is the detachment of oil drops from a solid substrate by mechanical and
physicochemical factors, such as shear flow in the adjacent agueous phase and modification of the
interfaces due to adsorption of surfactants. These processes have practica importance for enhanced
oil recovery [52, 53], detergency [54] and membrane emulsification [55-57]. Andogous experiments
on deformation and detachment in shear flow have been carried our to explore the mechanicd
properties of biologica cells and their adhesion to subgtrates [58, 59]. Despite its importance, the
drop detachment has been investigated only in few studies. Our purpose here is to briefly review the
available works, to systematize and discuss the accumulated information and to indicate some non

resolved research problems.

6.3.1. DETACHMENT OF DROPSEXPOSED TO SHEAR FLOW

The detachment of solid colloidd particles from a flat surface (substrate) is studied better than the
andogous problem for liquid drops. Hydrodynamic flows norma and pardld to the substrate were
conddered. The incipient motion of a detaching particle can be described as a superpostion of three
modes. diding, ralling and lifting. Expressons for the hydrodynamic force and torque acting on an
attached spherica particle were derived. The comparison of the computed and experimentaly
measured critical hydrodynamic force for particle release show a good agreement, indicating thet the
essentia physics of the problem has been captured in the modd; for details see the studies by Hubbe
[60], Sharmaet al. [61], and the literature cited therein.

What concerns the more complicated problem about the detachment of liquid drops from substrates,
specific theoretica difficulties arise from the deformability of the drops and from the boundary
conditions a the three-phase contact line. Technologically motivated studies [62, 63] established
linkages between the vdue of the interfacid tenson and the removad of oil drops. Thompson [54]
examined experimentaly the effects of the oil-water interfaciad tenson and the three-phase contact
angle on the efficiency of washing of fabrics in that study the mechanism of oil detachment was not
directly observed.
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Mahé et a. [64-66] investigated experimentally the detachment of akane drops from a glass substrate
by shear flow in the agueous phase. According to them, a liquid drop detaches when the exerted
hydrodynamic drag equas the maximum retentive capillary force (the integrd of the oil-water surface
tension dong the contact line) [64]. The hydrodynamic drag force, Fn, was estimated by means of a
formula due to Goldman et d. [67]:

Fiu hgR (6.39)

where h is the viscodty of the continuous (water) phase; Risthe radius of the oil droplet; g° w/iz
characterizes the rate of the gpplied shear flow (the x and z axes are oriented, respectively, tangentia
and normdl to the substrate). On the other hand, the adhesion force F 4 has been evauated by means
of aformula derived by Dussan and Chow [68]:

Fa =sL(cosga - COSOR) (6.40)
where L is the width of the drop, g and gr are the advancing and receding contact angles (see Fig.
6.9 below); as usud, s isthe interfacia tension. According to Mahé et d., the critical shear rate, g,
corresponds to

Fu=Fa (integrd criterion for drop detachment) (6.41)

Equating (6.39) and (6.40) and setting L |4 1. one obtains [64]
. re
g.Rus F(coqu - COSOR) (6.42)

Asusud, r.istheradius of the contact line, see Fig. 5.19a Experimenta plots of g, R vs. r. showed
a good linear dependence [64, 66], as predicted by Eq. (6.42). This theoreticadl modeling seems
adequate; note however, that it has not yet been proven whether or not the dopes of the experimenta
draight lines are proportiona to s (cosga - cosgr)/h.

For the time being, the “ integral” criterion for drop detachment, Eq. (6.41), is a hypothes's, whose
vaidity needs additiond experimenta proofs. There is neither detailed theoreticd mode, nor
systematic experimenta data about the detachment of oil drops in tangentia shear flow (note that the
sudies by Mahé et d. are focused mostly on atachment, rather than on detachment, of drops).

Moreover, there could be an alternative “ local” criterion for detachment
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EMULSIIICATION MECHANISM
(Destahilization of the Qil-Water Intertace)
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Fig. 6.8. Scheme of the emulsification mechanism of oil-drop detachment by a shear flow. (a) Anaill
drop attached to the boundary water-solid. (b) If shear flow is present in the water phase, the
hydrodynamic drag force deforms the drop, which could acquire unstable shape and (c) could
be split on two parts: resdua and emulsion drop, the latter being drawn by the flow away.

of the drop (related to alocd violation of the Y oung equation), which is discussed below.

Basu et d. [69] described theoreticaly the diding of an oil drop dong a solid surface in shear flow.
Thisis a specid pattern of motion of an aready detached drop; however the mechanism and criteria
of detachment have not been investigated in Ref. [69)].

It should be noted that from a theoretical viewpoint the drop detachment from a solid subsirate
resembles the hydrodynamic problem for diding of a liquid drop down an inclined plate [68, 70-73].
Another, related problem is the detachment of emulsion drops from the orifices of pores; thisis a
centrd issue in the method of emulsification by means of microporous glass and ceramic membranes,

which has found various practical gpplications [55-57].

Hydrodynamic mechanisms of drop detachment. Based on the preceding studies one may
conclude that two mgor hydrodynamic mechanisms for detachment of a liquid drop from a solid
substrate by a shear flow can be distinguished [54]:

(a) Emulsification mechanism due to destabilization of the oil-water interface;
(b) Ralling-up mechanism related to destabilization of the three-phase contact line.

(a) The emulsification mechanism (Fig. 6.8) involves a deformation of the attached oil drop

by the shear flow until a ungtable configuration is reached. Then the il drop splits into an emulsion
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drop convected by the shear flow, and a residual drop, which remains attached to the subdtrate.
Lower oil-water interfacial tenson and greater contact angle (measured across the oil phase) are
found to facilitate the drop detachment by emulsfication. At our best knowledge, the emulsfication
mechaniam, termed aso the "necking and drawing” mechanism, was firg explicitly formulated by
Dillan et d. [62].

(b) The rolling-up mechanism, as a disbaance of the interfacia tensons acting at the three-
phase contact line, was proposed by Adam [74] long ago. This mechanismisrelated to the notion of
advancing and receding contact angle. Let g be the contact angle measured across the ail. If ail is
added to a quiescent oil drop, its volume and contact angle increase until a threshold value, the static
advancing angle g = @», is reached (Fig. 6.98). Then the contact line begins to expand and the ail
spreads over the solid; usualy the dynamic advancing angle, &, is smaler than the threshold static

advancing angle, ga. In this aspect, there is an andogy with static friction (body dragged over a
surface). Moreover, some theoretica studies attribute the hysteresis of contact angle to static friction
[71,72].

Likewise, if oil is sucked out from a quiescent ail drop, its volume and contact angle decrease until a
threshold vaue q = gg, the static receding angle, is reached (Fig. 6.9b). Then the contact line begins
to shrink; usudly the dynamic receding angle, qg‘) , islarger than the threshold static receding angle,

Or; agan thereis an andogy with gatic friction. The hysteresis of the contact angle congstsin the fact
that for quiescent dropsgr £ g £ Qa.

Advancing drop Receding drop

a) Water b) Water

O\

N N

Fig. 6.9. (@) The static advancing angle ga is the threshold value of the contact angle just before the
advance d the contact line. (b) The static receding angle gr is the threshold vaue of the
contact angle just before the receding of the contact line.

Ol
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Static drop on inclined plane
91 < H < 92
D= 0;<0,=0,

Hysleresis ol contact angle
(cquivalent to static friction)

Fig. 6.10 An immobile liquid drop over an inclined plate.

A liquid drop is able to rest over an inclined plate owing to the fact that the contact angle can vary
aong the contact line [70]; in generd, g, £ q £ O, See Fig. 6.10. The necessary condition the contact
lineto beimmobileisgr £ 01 < 0 £ ga.

Smilarly, if aliquid drop is exposed to a shear flow (Fig. 6.11a), the contact line will be immobile if
QR £ L < G2 £ Q.

If we have ¢, > ga a the leeward Side of the drop, Fig. 6.11b, the contact line will advance in this

zone and the oil-wet area will increase, i.e. the shear will produce a spreading of the oil drop (rather

than detachment).

If ga ® 180°, then the contact line at the leeward zone remains immobile, but the deformed oil drop
could form awater film in this zone, Fig. 6.11c. Such events have been observed by Mahé et d. [64].

When the magnitude of the shear increases, the contact angle g, at the stream-ward edge of the drop
decreases. At the instant when ¢ = g the contact line in this zone begins to recede and the oil-wet

area decreases (Fig. 6.11d). Further, two scenarios are possible:

(A) Progressive ghrinkage of the oil-wet area until full detachment of the oil drop; this has been
observed by Mahé et al. [64].

(B) During the shrinkage of the oil-wet area the contact line g, could become again greater than g,
and the shrinking of the oil-wet area ceases. Further, oil-drop detachment is possible a higher

shear rate by means of the emulsification mechanism, i.e. with the appearance of a
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ROLILING-UIP MECITANISM
(Destabilization of a Three-Phase Contaet Ting)
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Fig. 6.11. (&) For g; > gr and gz < ga the flow cannot cause motion of the contact line. (b) For gz > ga
the contact line advances at the leeward side and the oil-wet areaincreases. (c) For g.® 180°
the deformation of the drop leads to the formation of a water film at the leeward side. (d) For
01 < gr the contact line at the leeward side recedes and the ail-wet area decreases.
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resdua drop, see the photographs in Fig. 6.12. In other words, this is a mixed mechanism of drop

detachment.

Discussion. Coming back to the mechanisms for detabilization of an attached oil drop, we

can summarize their features in the following way:

(i) Emulsification mechanism: Ungtable shape (necking) of the ail drop in the shear flow, see Fig. 6.8
and 6.12.

(i) Rolling up mechanism with an “ integral” criterion for the onset of drop detachment, Eq. (6.41):
The totd hydrodynamic drag force exerted on the oil drop becomes greater than the retentive
capillary force [64]. In other words, this is a violation of the integral balance of forces acting on the
drop.

(i) Rolling up mechanism with alocd criterion for the onset of drop detachment: The contact angle at
the stream-ward side becomes smaller than the threshold receding angle,

0. £ Or (locdl criterion for drop detachment) (6.43)

Thus the contact line begins to recede, the oil-wet area decreases, and eventually the drop detaches
(Fig. 6.11d). In other words, this is a violation of the local baance of forces acting per unit length on

the contact line a the stream-ward side.

Intuitively, one may expect that in some cases the criterion (iii) could be satisfied for lower shear rates,
as compared to criterion (ii). It is necessary to verify, both theoreticaly and experimentaly, which is
the redl mechanism of drop detachment, (i), (i), (iif) or a combination of them. It may happen that for
different systems different mechanisms are operative.

As an illudration, in Fig. 6.12 we present consecutive video-frames of the detachment of an ail drop
in shear flow; photos taken by Marinov [75]. The water phase is a 0.5 mM solution of sodium
dodecyl sulfate (SDS) + 50 mM NaCl. The ail drop isfrom triolein, atriglyceride which is completely
insoluble in the surfactant solution. The ail- water interfacia tenson iss = 20 mN/m. The subgtrate is
a glass plate, representing the bottom of the experimental channd. The latter has height H. =5 mm
and width W, = 6 mm; the height of the ail drop is Hy» 1.7 mm. For this geometry the Reynolds
number can be estimated as follows
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Fig. 6.12. Consecutive stages of detachment of a triolein drop exposed to shear flow. The water phase
is a solution of 0.5 MM SDSwith 50 mM NaCl a 25°C; s » 20 mN/m. Each photo correspondsto a
given rate of water delivery Q. The first four frames show steady state configurations, whereas the
last four frames, taken at the same Q = Qg, show stages of the drop detachment (Re; = 112) [75].
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Re= Lwls.
hWWCHC

where r,, and h,, are the mass density and the dynamic viscosity of water; Q (cnv/s) is the rate of

(6.44)

water ddlivery in the channd.

In the absence of hydrodynamic flow (Q = 0) the ail- water interface is sphericd. The video-framesin
Fig. 6.12 show the variation of the drop shape with the increase of Q. The photostakenat Q = 1.61
and 1.64 cm/s show that the contact line on the stream-ward side has moved and the area wet by oil
has shrunk; however, the drop configuration is ftill stationary (no detachment occurs). The detachment
happens a a critica vaue Qy =1.76 cnrls; at this rate of water ddivery the oil- water interface
becomes ungtable, necking is observed and eventualy a resdua drop remains on the substrate; see
the last four photos in Fig. 6.12, dl of them taken a Q = Q.. Hence, in this experimental system the
fina dtage of drop detachment follows the emulsification mechanism. The critica vaue of the
Reynolds number, estimated by means of Eq. (6.44) for h,/r,, = 0.89 " 102 cnf/s at temperature
25°C is Rey » 112.

6.3.2. DETACHMENT OF OIL DROPSPROTRUDING FROM PORES

If an ail drop is located at the orifice of a pore, there is a strong hysteresis of the contact angle. The
experimenta video-frames shown in Figs. 6.13 and 6.14 show two mechanisms of detachment of oil
drops exposed to shear flow. Note that during these experiments the volume of the oil drops has
been fixed (no supply of additiond oil through the orifice).

Hydrophobic orifice of the pore. To mimic such pore we used a glass capillary with
hydrophobic inner wal and inner diameter 0.6 mm, Fig. 6.13. The aqueous and oil phases, and the
temperature are the same as in Fig. 6.12. When carrying out the experiments special measures have
been taken to prevent an entry of the surfactant solution in the capillary, which would cause
hydrophilization of its inner wal. The firg three photos in Fig. 6.13 show dationary configurations of
the drop corresponding to increasing values of the rate of water supply Q. Thelast three frames, taken
a the same Q = Qy, represent consecutive stages of the drop detachment, which again follows the
emulsification mechanism. The height and width of the channe are H. = 3 mm and W, = 5 mm; the
height of the oil drop is Hy » 1.3 mm. From Eq. (6.44) with Qy = 1.39 cm®/s we estimate Rey » 135.
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Q=0cnls Q=0.59 cm’/s

Q=117cnv/s Qo = 1.39 cn/s (detachment- frame # 1)

(detachment- frame# 2) (detachment- frame # 3)

Fig. 6.13. Qil drop at the tip of a glass capillary with hydrophobized orifice of inner diameter 0.6 mm:
consecutive stages of drop detachment due to applied shear flow. The drop has a fixed
volume. The aqueous and oil phases are as in Fig. 6.12. The first three frames show
stationary configurations at three fixed rates of water delivery, Q. The last three frames,
taken at the same Q = Q, show stages of the drop detachment (Rey = 135) [75].
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(detachment - frame # 3) (detachment - frame # 4)

Fig. 6.14. Qil drop at the tip of a glass capillary with hydrophilized orifice of inner diameter 0.6 mm:
consecutive stages of drop detachment due to applied shear flow. The oily and agueous
phases are the same as in Figs. 6.12 and 6.13, with the only difference that the concentration
of SDS is 20 times higher; the interfacia tenson is s =5 mN/m. The first two frames show
stationary configurations at two fixed rates of water delivery, Q. The last four frames, taken
at the same Q = Qg, show stages of the drop detachment (Re; = 42) [75].
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Hydrophilic orifice of the pore. Figure 6.14 shows consecutive video-frames of the
detachment of an oil drop protruding from a capillary with hydrophilized orifice. To achieve
hydrophobization, first aqueous surfactant solution was let to fill the upper part of the capillary, where
its inner wall was hydraphilized owing to the adsorption of surfactant. Next, some amount of oil was
supplied to form a protruding oil drop; smultaneoudy, a water film, sandwiched between oil and
glass, was formed in the hydrophilized zone. Thiswater film essentialy facilitates the detachment of the
oil drop by the shear flow, see Figs. 6.14 and 6.15. The protruding drop is not attached to the solid
edge. At higher shear rates, the drop, deformed by the flow, is cut a the edge of the capillary; we
could cdl thisthe “ edge-cut” mechanism.

In Fig. 6.14 the height and width of the channe are H. = 2 mm and W, = 12.5 mm; the height of the
ail drop is Hg » 0.9 mm. From Eq. (6.44) with Q, = 1.05 cnv’/s we estimate Rey » 42 (compare the
latter value with Re, » 135 for the hydrophobic capillary). We may conclude that the hydrophilization
essentidly facilitates the detachment of an ail drop protruding from an orifice.

EDGE-CUT MECITANISM
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Fig. 6.15 Scheme of the edge-cut mechanism. (a) In the zone, where the inner wall of the pore is
hydrophilized by the surfactant solution, a thin aqueous film separates the oil and solid. (b) In shear
flow the oil drop deforms easier because it is not attached to the solid edge. (c) The latter cuts the

drop on two parts at a higher shear rate. (d) Even a rounded solid edge could cause splitting of the
drop in shear flow because of the instability of the formed aily film.
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The situation becomes more complicated when ail is continuoudy supplied through the capillary (pore)
and oil drops are blown out one after another. The experiments show that the radius of the formed
dropsis from 3.0 to 3.5 times larger than the radius of the capillary, if there is no codescence of the
drops after their formation [55-57]. The latter fact has not yet been explained theoreticaly. Moreover,
it has been observed [76] that if a shear flow is applied, the size of the drops essentially decreases
with the rise of the shear rate for Re > 100.

6.3.3. PHYSICOCHEMICAL FACTORSINFLUENCING THE DETACHMENT OF OIL DROPS

Up to here we consdered mostly the role of mechanical factors: drag force due to shear flow and
retention force related to surface tenson and stress balance at the contact line. These factors presume
an input of mechanica energy in the syssem. However, even for a great energy input some residud oil
drops could remain on the substrate, see Figs. 6.8c and 6.12, i.e. complete remova of the oil may not
be achieved.

An dternative way to accomplish detachment of oil drops is to utilize the action of purdy
physicochemical factors. One of them is related to the mechanism of the digoining film, whichis
described briefly below.

Higoricdly, such a mechanism has been firg observed for polycrystdline solids immersed in liquid,
see Fig. 6.16a. If the tensgon of the solid-liquid interface, s 4, is smdl enough to satisfy the reaionship
2S4 <Sg4, Where s is the surface tenson at the boundary between two crystdline grains, then a
liquid film penetrates between the grains and plits the polycrysta to smal monocrystas. This
phenomenon is obsarved with Znin liquid Ga, Cu in liquid Bi, NaCl in water [77].

An andogous phenomenon (penetration of digoining water film) has been observed by Powney [78],
Stevenson [79, 80] and Kao et d. [81] for adrop of ail attached to a solid substrate. It istermed aso
the "diffusond” mechanism. The condition for penetration of digoining water film between ail and
Slidis

Sow *Ssw <Sso (6.45)

see Fig. 6.16b for the notation. Equation (6.45) means that a Neumann-Y oung triangle does not
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DISTOINING-FITM MECHANTSM
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Fig. 6.16. Scheme of the digoining film mechanism with (a) polycrystalites and (b) oil drop attached to a
substrate.

exis, see Chapter 2. For that reason the solid-ail interface is exchanged with a water film, whose
surfaces have tensgons sow and ssy. Equation (6.45) shows that the formation of such film is
energeticaly favorable. This can hegppen if a “srong” surfactant, dissolved in the agueous phase,

aufficiently lowersthe oil-water and solid-water surface tensions.

In the experiments of Kao et a. [81] drops of crude oil have been detached from glass in solutions of
1 wt% C6-dpha-aldin-sulfonate + 1 wt% NaCl. These authors have observed directly the dynamics
of water-film penetration. Once the digoining film has been formed, even aweek shear flow is enough
to detach the oil drop from the substrate. The study in Ref. [81] was related to the enhanced all

recovery; however, smilar mechanism can be very important aso for oil-drop detachment in other
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gpplications of detergency. It is worthwhile noting that not every surfactant could cause penetration of
digoining water film. For each specific sysem one should clarify which surfactants and surfactant
blends give rise to penetration of digoining films between oil and solid, and how sengtive is ther
action to the type of oil and substrate.

The mgor advantage of the digoining-film mechaniam is that it strongly reduces the input of
mechanica energy in washing, and effectuates complete washing, i.e. no residud oil drops remain on
the substrate. A drawback of this mechanism is that the “strong” surfactant could produce undesirable
changesin the properties of the substrate (change of the color of fabrics, irritation action on skin, €tc.).

6.4. SUMMARY

In this chapter we consider some aspects of the interaction of colloidal particles with an interface,
which involve deformations of a fluid phase boundary and/or hydrodynamic flows. First, from a
thermodynamic viewpoint, we discuss the energy changes accompanying the deformation of a fluid
particle (emulsion drop of gas bubble) upon its collison with an interface or another particle. Formaly,
the interaction energy depends on two parameters:. the surface-to- surface distance h and theradiusr,
of thefilm formed in the callison zone U = U(h,r), see Eq. (6.1). If the interaction is governed by the
surface dilatation and the DLV O forces (van der Wadls atraction and eectrodtatic repulsion), the
enagy may exhibit a minimum, which corresponds to the formation of a floc of two attached fluid
particles with a liquid film between them, see Fig. 6.1a The depth of this minimum increasss if the
electrostatic repulsion is suppressed by addition of eectrolyte, or if the sze of the fluid paticle is
greater, Fig. 6.1b. When oscillatory-structura forces are operative, then the surface U(h,r.) exhibitsa
series of minima separated by energy barriers, Fig. 6.2. When the height of such barrier is greater than
KT, it can prevent the Brownian flocculation of the fluid particles and may decelerate the creaming in
emulsons, Fig. 6.3.

The radius of the liquid film formed between a fluid particle and an interface can be determined by
means of force balance consderations. The theory predicts that for smal contact angles the film radius
must be proportiond to the squared radius of the particle, EQ. (6.15). The latter equation agrees
excdlently with experimentd data (Fig. 6.5).

Next we congder the hydrodynamic interactions of a colloida particle with an interface (or another
particle), which are due to hydrodynamic flows in the viscous liquid medium. Each paticle is
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subjected to the action of a driving force F, which is a sum of an externd force (gravitationd,
Brownian, etc.) and the surface force operative in the zone of contact (the thin liquid film), see EQ.
(6.21). The theory relates the driving force with the velocity of mutua approach of the two surfaces.
The respective relationships depend on the shape of the particle, its deformability and surface mohility.
For example, if the particle is sphericd and its surface is tangentialy immobile, then the veocity is
given by the Taylor formula, Eq. (6.20). If the particle is a drop or bubble, it deforms in the collision
zone when the width of the gap becomes equd to a certain distance hi,, cdled the “inverson
thickness’, see Eq. (6.23). After a liquid film of uniform thickness is formed, then the velocity of
particle approach is determined by the Reynolds formula, Eq. (6.25). The trangtion from Taylor to
Reynolds regime is dso considered, see Eq. (6.28) and Fig. 6.6.

If the surface of an emulsion drop is tangentidly mobile (no adsorbed surfactant), then the streamlining
by the outer liquid gives rise to a crculation of the inner liquid, which makes the relaion between
velocity and force dependent on the viscosities of the two liquid phases, see Eg. (6.31). The most
complicated is the case when the mobility of the particle surface is affected by the presence of
adsorbed soluble surfactant. In this case the connection between velocity and force is given by
Eq. (6.33), which takes into account the effects of the Gibbs eadticity, and of the surface and bulk
diffusvity of the surfactant molecules. The gradua mutuad approach of two fluid particles may
terminate when the thickness of the gap between them reaches a certain criticad vadue, a which
fluctuation capillary waves spontaneoudy grow and cause rupturing of the liquid film and coalescence
of the fluid particles, see Section 6.2.7.

Findly, we congder the factors and mechanisms for detachment of an oil drop from a solid surface -

thisis a crucid step in the process of washing. In the presence of shear flow in the adjacent agqueous
phase, the ail drop deforms, the oil- water interface acquires a ungtable configuration and eventudly
the drop splits on two parts; this is known as the emulsification mechanism of drop removal, see
Figs. 6.8 and 6.12. Alternaively, the deformation might be accompanied with destabilization of the
contact line (violation of the Y oung equation), which would lead to detachment of the drop from the
subgtrate: rolling-up mechanism, see Fig. 6.11. Specid attention is paid to the detachment of oil

drops from the orifice of a pore, which essentialy depends on whether the inner surface of the poreis
hydrophobic or hydrophilic, see Figs. 6.13 - 6.15. The adsorption of some surfactants is able to
modify the interfacia tensons in such away, that an agqueous (digoining) film can penetrate between
the oil drop and the solid surface thus causing drop detachment without any input of mechanicad
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energy: digoining-film mechanism. The latter purely physicochemica mechanismiisillugtrated in Fg.
6.16.

6.5.
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