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HYDRODYNAMICS OF EMULSION FILMS

I.Bs,Ivanov, T,T,Traylkov and E,D,Manev

The correct interpretation of experimental results on the
kinetic behaviour of cmulslion films roquires the use of an equation
loxr the rate of thimning which accounts for the motion of the liquid
in the droplets and tho surfactant mass traunster. The problem for
cemulsion ffilwms without surfactant was considered in /'l - 5/« The aim
ot tho present work is to summagise our main theoretical and oexperi-
nentnl results about the influence of surfactants on the thinning of
plane=parallel emulsion films,
de. Theory = lor the sake of simplicity, we are considering the
system shown in Fig,1l: the emulsion film of thickness h and radius
is forwed in a tube of radius llc by sucking out the liquid from a
Licouncave meniscus II /6/.The tube, which is assumed infinitely lo. -
is {illed with the liquid I foruming the dispersion phase, i,o. the
drops, The film is plane=-parallel and sufficiently thin, so that
/R << 1, Lecause of tlie
natural symmetry oi the

\\ system, we shall use cy!l

hrl indrical coordinates uid!

all calculations will Le

done only for =3 0, The
n flow in the film obeys
the equations of the 1.

rication theory.lDonotii,

by an asterisk all quan-
tities refering to the
<Pt
falll}‘r*' _!_H_,_.—- film, we can write those
U“) 2 ” }” or equations in the form
/7/+/8/:
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IFor the dispersion phase we solve the complete set of Navier-Stolkos®

equations
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vhore gravity hds Leen disregarded.In (1) and (2), v. and v_ denote
tho respective velocity components; ¥ - time; p = pressure; ﬁ»- don-
siltys Mooand P o ‘}u? = the bulk liquid dynamic and kinematic vis-
cosities,

Ye are only considering tha case of diffusion controlled sur-
factant transfer., The surfactant repartition in the film obeys the
oaqnation /9/
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(c* is the surfactant concentration) whhle in the dispersion phase
the convective diffusion equation in its approximated form, valid
for tho diffusion boundary layer must be useds
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Hore D is the bulk diffusion coefficient,
The surface tension {~ and the surface and bulk concentration
and ¢ (or c*) can be represented as sums of the corresponding

equilibrium values (7 ,iﬁ, and Co (or cg) and the small perturba-

~

tions 7, f_; and ¢, (or c*) caused by the flow ( &~ = ¢, +, ete.)

)
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When solving equs. (1)=-(3), tho following boundary conditious

are used:
N\

( JI-H].) 'V;" = 'Vr = U( 1") ( Z&b) V'; = Vz ﬂ—V/z l
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(ha) T (TU) = Dgn, m=-0"5 at z = h/2
(he) p¥= p* y (4f) c*= c¥ at r = R
(!lg) L V= 0 y (4n) p = P, » (44) c=c -at z =00

vhore V =-dh/dt is the rate of thinning of the film, U(r) is the
radial velocity on the interface, P, is the pressure in the disperx
sion plhaso far from the interfaceo, ns is the surface diffusion coe
ficient and '{.)g is the pressureo in the hypolthetical equlibrium f£ilm
of" the same thiclhuecss.This pressure is related to the pressure P,
Lhe menlscus through the equation P; = P, + 1 » whore Il is the «
Joluing  pressure., Vhen tho surtactant is soluble in the dispersio
phase, ¢ is substituted for c* in (‘c) and (4d) and D is substitut
for D* in (A4d).

Since tho methods of solution are similar to those, describe.
in /4/,/5/ and /9/, we shall only discuss here some of the more im-
portant steps.VWe shall consider further two limiting cases of sur-
factant soluble only i) in tho disporsion medium and ii) in the di:
persion phase, ‘

The particular symmetry of the system suggests the followin;

form ct v 3.
r

(5) v, = () 2y ) |

whore n = (z=n/2)(U/xy )*? is a dimensionless coordinat8®,lhen i
the case i) (lhc) yiolds the following algebraic equation for the
ratio U/r 3
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and a,= (df/d? ) o* Eqn.(()) is satisfied Ly the solution



(9) U = Ar 3 A=V/2h(l +€(* ?f)

The function f(? ) is obtained by numerical solytion of the equatiu

(10) gruge o gn2, papR L (2£8% - 3002) ¥ L 0
with
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tollowing from (5),(9),(2a) and (4).This solution shows /5/, that
in ¢secneral case al(x ) dcpends slishtly on h , while for stecady flow
ﬂl:;l-l. 190

The velocity of thinning is found from the balance of forces

acting unon the film surface:
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where P, and p;zn;-p* are the normal components of the stress
tensor.The problem could be solved without any further approximation
/ 5/, but in order to obtain simpler final results, we assume P,,="P,
Then we obtain

(13) V/V =14 1/(:C 467
o]

where

(14) Vv + 2h° 4 p/3/‘*n2

is Reynolds’ velocity of thinning of a film formed Letween tworigid
parallel disks /8/, and , P = P -l is the driving force (per unit
aroa) of the process (Pc= Py~ P, is the capillary pressure).

In the case ii) we assume that (9) is still valid, but A wust
be determined by solving (2b).Since f is accurately represcuted by
£ = exp(alg )s we may introduce it as a new variable (instoad of? Y.

Thon (2b) (with ) ¢/) t = 0) will read
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The solution of this equation satisfies the boundary conditions (4cd)
and (4i) only if c = c(? )t
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(4> = confluent hypergcometric function), i.es, if ?c/) ra O.The.o=

rore the surfactant will have no effect at all on the velocity of

thinning and in that respect this system will behave as an emulsion
system without surfactant.Putting in (13) ?rn 0O, for this case we
have

(17) | v/von 1+ 1/¢ ¢

' 4
Tho numerical estimate of f'f and ¢ with typical valucs of

the parametors entering in (7) and (8) shows that for surfactants

of moderato surface activity (._)V/?(u)ﬂ:f 106- ) ?Ix 1 and o ‘x
10-5.”9 soe therefore that the emulsioﬁﬁ:;stem can bqhave in two
uholly difforent ways, deopendimg on the splubility of the surfactant:
first, in the caso ol a surfactant soluble in the dispersion mediuwa,
thie velocity of thimiing is sonewlhiat higher but still of the ordor
of Reynolds? velocity, and mainly dotormined by the properties and
concentration of the surfactant; second, in tho case of a surfactant
soluble in tho dispersion phaso, the velocity of thinning is much
groater tian Reynolds® wvolocity and is wholly independent of the
presence of surfactant. This effect is probably related to Launcroft’s
rule /10/ and its explanation, as given by Davies /11/. Our results
indicate that at lcast in the case of the droplets' coalescence boeing:
nreceded by the formation of a thin liquid film, the hydrodynamic
Fuctors for diroct and reverse cmulsions in Davies theory may ditter
substantially and cammot e equated as Davies did,This differonce
may perhaps be immaterial in the casc of h:l.gh:dstablo cuiulsions, who-
re tho encrgoetlc barrier against coalescence is great but for emul-
s5iona of low stablility the ratio of the hydrodynamic factors could
rlay a deelsive role. According to tlie results of the present worl,
the hydrodynamic factor will Lo much greater for the droplets formod
by the liquid where the surfactant is soluble. This will lead toaa
faster coalescence of those drops and will favour the formation of
the ocmulsion in which the continuous phase is formed by the liquid
vhere the surfactant is soluble, This counclusion is in accordanco
with l'ancrot't®’s rule, .

2e IExporimont - Weo have carried out two kinds of experiments. In

thio first of tham, a certain minimum quantity of surfactant was

added to the dispersion medium in order to reduce the velocity of



thirning to such an extent as to enable us to measure the dependency
of thoe film thickness h on the time t with reasonable proecision.At
the same time the concontration of surfactant was sufficiently low
for the velocity of thvinuning to bLe several times liigher than lloeynold
velocity, which ensurecs a considerable tangential mobility of the
1rilm surfaces, and hence = movement of the liquid in the drops. At
suclh concentration of surtactant in the dispersion whdsam, secveral
measurouents of the velocity of thimning were carried out at dif-
teront comcentrations of another surfactant in the dispersion phase:
one at concontration zero aud others at finite concentrations, one
ot them being sufficiently high to ensure a .volocity of thinning
close to Hoyno%ggé_gplocity in the revorse emulsion,

The second. experiments were carried out at zero concentration
of surt'actant in the dispersion medium and different conceuntrations
ot surfactant in the dispersion phase. In this case as the film
thin vory fast, the only value to be measured with sufficient preci-
sion was the film’s lifetime, i.e., tho interval of time bLetweon
the moument of the film’s foriation and the mowent at which it attains
its eritical thickuness of rupture /12/.

The exporiumerts were carried out by the dynamic method of sho-
udko and his collaborators /6/. The film thickness was mecasured i1-
terforomctrically. In tho rango 0,8.10-'5 cm < h < (1,592,0).10"3 crl
it was possible to uneglect #! so that /4 P = 20;/110. The surface
tension f_;*” was mcasurecd by the stalapgmomotric methiod /13/. l.enzene
and water (triple distilled) used as basic compounonts of the oil and
wvh&er phasos respectively were carefully purified. The electrostatic
disjoining pressure in tho water films was supressed by 0,3 mol/d:n:j
la Cl, 'I:Im surlfactants usod = lauryl alcohol and sodium octylsulfo-
nnte (both p.a. grade) were so chosen as to be mainly soluble iu ono
ot the phasos,

The basic results, obtained from the measurements of the velo-
city of thiyring, are presented in Table 1, The concentration of
sodium octylsulfonate c‘; in water and of lauryl alcohol cg in bon=
zeno used for the different kinds of emulsion (coluin 2) are given
in columuis 3 au.d It respectively. Royno_lds' veliocity Vo and the cor-
resnouding slope (c‘thﬂz/dt)vnvo (sce colums 7 and 8) of the depeindeun-

& vs. t arc calculated on the basis of equation (14).The wean

cy h™
slope 4 1'1—2/“1: in column 6 and the velocity of thinning V in coluwn.

5 are calculated from tho oxporinontal data for h(t).



Table 1

No, | Type} cg l cg i a7 an~%/4¢ (an™?/at) | v /v,
, . . g N
l ! mol/dmj | mol/clm'j ydyn/em! .10 9 .10™?
' | P | w2 wl -2 =1
[ : cm sec cm sec
r " T .
‘w/o |l o 15t 28,0 0,9 0,85 1,06
2 1 w/o ! 0 5.11,0-7 35,0 L,o 1,06 8,8
3 lwo | 2,070 | 5,107 | 5h,0 4,0 1,03 349
Iy o/w } 2,10-) E 0 34,0 b B8 0,63 1,7
> o/v | 1077 0 | 35,0 Sk 0,65 8,3
6 ' o/w | 10"7 ; 10”3 i 34,0 543 0,64 8,3
T . o/w ; 10”7 j 10"1 : 28,0 L,7 0,53 8,8
| ' | :

The data in Table 1 indicate that at a sufficiently high con-
contyration cg of surfactant in the dispersion pbdiam, the film sur-
faces are practically immobile tangentially - for systems 1 and L,
the ratio V/Vo is 1,06 and 1,7 respectively, The rise ol V/Vo wheu
cX fall by several orders of magﬁitudo (sece sysbtems 2 and 5) can be
oxplained by tha reducction of g’ « In this case the behaviour of
omulsion films is wholly similar to that of foam films,

System 3 differs from system 2 and system 6 and 7 differ frou
system 5 in having a surfactant added to the dispersion phase; in
systews 3 and 7 the cohcentrntion of' suriactant is so high that in
the corresponding reverse omulsion (systoms 4 and 1 respectively) it
would ensure a velocity cequal or close to Reynolds' Vo. It turned
out that the presence of surfactant in the dispersion phase had uo
practical offcct on tho mean sloped h™°/At and on the ratio V/V_.

The exnerimernts of the second kind involved investigation of
the dependeuncy of the film lif'etime T on the conceuntration of
surfactanit in the dispersion phase, with the dispersion medium being;
a pure liquid.Since tho critical thicknesses of rupture of the dif-
forent systems investigated do not differ considerably, the film
lifotime can provide information on the kinetics of film thinning,
I'd¢re 2 shows the distribution curves for pure benzene films with
concentration of surfactant in the dispersion phase cg - 03 107
mol/clm3 and 2,107 mol/clm3 (curves 1, 2 and 3)3 Fige.3 shows the dis-

Iy

tribution curves of pure water films with econcentration of surfactan-

in the dispersion phase cg - 03 2.2!.0-j rt1-:.\1/(,’uu:3 and 0,1 mol/(;lmJ
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(curves 1, 2 and 3). In the-
se plots, N is the l:l.lml.‘IBI‘ of
investigated films for each
curve, AN is the numl.er of
tilws with lifetime within
memmm(?na@2{?+nﬁz
Results wgﬁgsggsggscril.wd
& Al i AL TG D Jh 0 S S
in I'ig.2 and drgc O,L sec in
Il'ige3; the total number of
investigated 1ilms for cach
curve is N =150, Tho mean
benzene films lifetime for
all three curves is al.out
0,5 secj; the meam wator filw
lifetime = 2¢3 sec. fihore is
obviously a great dit.cronce
between the litetimes ot the-
se films and those of Lilus
with tawmgentially iuwiol.ilo
surlaces (on which data wo-
reo adduced above). The inde-
pendence of the wmoan liteotino
of the concentration of sur-
tactant in thie dispersion
phase is unquestiornable, a3
well.The relatively higher
value of the lifetime of sur-
factant-free bLenzenc filus,
is proLably due to tlie much
more difficult eliuwmiration
of surtactant concceutration.
from water than from non-
polar liquids, which inovi-
tably leads to the presence
ot slight, uwidefirned quanti-
ties of surtace active aj;ent:
in the film,

Although it was 1ot pos-

sible to nroceed to a qua .-



titative comparison of the results of these experiments with the th«
ory, these éxperimenta, as well as the experiments 6n the velocility
of thim'ing examined above, clearly point to the conclusion that a
surfactart soluble in the disnersion phase has much less efiect on
t"o velocity of thimning than a surfactanst soluble in the dispcrsior
tredium,This corroborates the main conclusions reached in our thoeory
on tho velocity of thimning and on the effect of surfactaits on it,
and on the need to take account of the hydrodynamic factor ii. the
tiooretical interpretation of lancroft®s rule /10/ as giveu LYy
havies /11/.
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