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HYDRODYNAMICS OF FOAM AND EMULSION FILMS

v,B.P.Redoev,T.Tr.Traykov,D.8t.Dimitrov,E.D.Manav
and Chr.St.Vassilieff
Department of Physical Chemistry, Faculty of Chemistry,

University of Sofia, Sofia 26, Bulgarie

The main stages of formation and evolution of a thin
liquid film originated between two foam bubbles are (fig., 1
a=1f):

a) mutual approaching of two slightly deformed bubbles under
the action of an externel driving force F; b) at a given
value 11 of the distance 1=h(0) the curvature at r=0 changes
its sign end a cupped-shaped formation (dimple) of radius Rd
arises; o) the dimple height initially increases then de-
creases and eventually a quasiplane parallel first film of
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From here, for the radius Rﬂ of the dimple and for the thick-
ness li at which 1t forms we have

o R =RE-4E) 3 v L =Fm3 (5)

where RE = FRflﬁ'é (e)
is the radius of.the equilibrium film which would eppear
between the two bubbles (at 14 11.) in the presence of long
range (electrostatic) disjolning pressure. VWith various
limiting values of R and G equation (6) gives as particuler
cases ell the known expressiona for the radius of the equi-
librium film: a) bubble-solid surface (R, =co, G =co - Derja-
guin end Kussakov), b) solid sphere-plane liquid surface
(Ra-oo. Gb-oo - Allan, Charles and Mason), ¢) two identical
bubbles (Ra'RD'R' 6&'6}:'6 - Princen; Lee and Hodgson) and
d) bubble-plane liquid surface (R =00, G,~(,=G - Chappe-
lear). Eqs. (4)-(6) are in qualitative and semi-quantitative
agreement with the experimental results of Roberts and of
McKay and Mason.

The method of matching of the coordinate expunnionss was
also applied at 1<< ly. At that the deformatlon of the
bubbles has been taken into esccount in a general form with-
out assuming the presence of & thin film of definite radius.
In the final results only, the radius of the equilibrium film
24 has been introduced through (6). The numerical analysis of
the obteined equation for the surface of the bubbles shows
that at 04 r<Ry the thickness h does not depend practically
onr, i.e. a film of almost uniform thickness forms. Thia
thickness diminishes at the rate ‘I=h??/aﬁ' R?. This expres-
slon differs from Reynolds' equation (3b) very little (by the
numerical coefficient only) which justifies the application
of #q.(3b) for calculating the rate of thinning of plane
parallel foam films (stage c).

The shape of the film surface corrugated by thermel fluc-
tuations (stege d) can be represented as & result of the
superposition of waves, one of which, with wave number k and
equation G(r,h) (we mssume cylindrical symmetry) is determi-
nant for the rupture of the film. For the velocity of deepe-

ning of this wave 1'2 =95/0t from (1) (in the right hand side
of (1b) in this case a term -2(dl/dh,)(dg /dr) must be edded)
we odtain vg -—{k‘g‘/avl{ﬁ ka—aaﬂ/an,‘ ]hf'r,' . Since "2 =45 /dt=
=(dg /dh )(dh /dt), the wave amplitude ¢ and respectively
the critical thickness of film rupturs h", will depend on
the ratio v{’: A/

% = comst U/;{j[—j%’i d.lh] . (7

Hence the final expression for h.r dopendaa’ls on F,MN and
g but not on 2

In the analysis of the stage &) the black spot is consi-
dered as & piston expanding in radial direction with welocity
L The velocity of thinning V of the first film is also
allowed for. Complicated expressions have been obtained for
Vr and V which givoa "rr'h-t(ﬁ‘l -Aal,"[s‘ﬁnalnw{/Rg)in the
perticular case of V=0. This result is in agreement with the
established by Kolarov, Scheludko and Exerowa proportionallity
between V. and Ai —bz. The problem for the expansion of &
second film (stage f) has been solved by the method of para-
metric expanniong. The expreasion obtained for the wvelocity
of expansion of the film V = 9""']"-_&1'.7A}JuRﬂ'J.n(R9“'::/4‘1:3,211?()]')l
(n=4 for a film on a substratum and n=4 for a symmetrical
film) satisfactory agrees with the experimental resulta of
Tchalyovska and Kolarov in the cases when the second film
is thick enough to assume that the viscosity has its bulk
value .,

In feot, never are the interfaces in foam and emulsion
systems immobile. The velocities of tangential motion Ua-
-Ub-U (for identical droplets or bubbles) are determined by
the balance of forces acting tangentially on the interface:

f[autlaz];f'(aﬁaz]+(a'6"/a'c)+l/~;3(?zll;]/a*c v (8)

where A is the radial component of the velocity, Vr is the
radial part of the surface gradlent and 1s surfece
viscosity. The asterisk denotes that the respective quanti-
tles refer to the droplet., The local value of the surface
tension is expressed as a sum of the equilibrium value & and
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the small parturbabionff . hnalogous epproximations are also
used for the bulk and the surface surfactant concentrations
c and [" . The veloolity 2 ig‘round by solving Navier-Stokes'
equations for the drop and O is found from the adsorption
isotherm, the diffusion equation (which for the dispersion
mediun hes the form 3°3/3z° + A=0) and the condition of
conservation of the surfactant:

vl - D8, = —D(3€/3z) +D'(3T707) -

Here D and na are the bulk end surface diffusion coeffici-
ents respectively.
The epplication of the above presented method (with L}s-ol
2,3,6,10,11
to the stages a)-d) of the film svolution led to
the equatlions

¢ p 20, dI",3D
vlvimmnﬁ =V [=1:Q ; A=-(4 'D_F'f‘d._c NGITER (9)

where V, . is Vp for the stages a) and b) and Vge fOr the
stage ¢). Equetion (9) has been experimentally confirmed by
measuring the velocity of thinning of films of aqueous solu-
tions of three fatty acids'®. The value or D, thus obtained
is of the order of magnitude 10”% cm/s. The amplitude ©& of
the fluctuationel waves and the critical thickness of rupture
in this case depend on v /V and according to (7) and (9)
must have the seme vulues ns with immobile surfaces 1i,e, hor
should not depend on the surfectant concentrntlonb. The term
allowing for the effect orL/L’ on the velocity of thinning Vv
(stage ¢) is proportional to h_‘/R3 and on ve (stage d) to
n,_xa,_'g. Since kR, =10, 1t 1s possible thet!®, witn

~10 = s,p., the erfect arh/As on V to be negligeably amall,
being, at the same time, so great with respect to Ve that
e -vg . Then h__ will depend not on vg /Vge but oa vg /v
and 1ts value will be smaller than that with immobile sur-
faces (or with‘/ps-ol. At sufficiently low surfactant concen-
trations the surface viscosity S vanishes and the valocity
of wave motion becomes equel to Ve, -vg (1+®¢ ) which results
in inecreasing of hcr' This is & possible explanation for the

experimentally observed increase of hcr when ¢ diminisnasﬁ.

The case of mutusl epproaching of two identical emulsion
non-deformable droplets of radius R in the absence of surf-
actant (stage a) was also aonuideredl4. From the obtained
general equation, analcgous to the equation derived by Haber,
Hetsroni end Golan the following more important limiting
cages result: 1) at 1/R>»1 one obtaines

F-67 R"'—ﬁU‘“?f‘ 4. A7 11(./‘2!“}*4‘5('./'“?‘3'"]1 .
S |1 st )
which 1s a generalization of the well-known formulae of

Stokes, Rybezynski-Hadamard and Lorentz; 2) at 1/R<1
we have g

F= (35?2[8{5)0#'VR@ . (11)

Note that in (11) and (13) (see below) F does not depend on
the viscosity of the dispersion phase; 3) at 1/R<€4{ and

"0 (non-deformable bubbles) F=2f(LVRln(R/1),

¥When the distance between the emulsion droplets is suffi-
ciently small a plane parallel film appears between them
(stage c). In the case of soluble only in the dispersion
medium surfactant andU}L.-O. the velocity of thinning of the
£11m20 1s

a an¥
. § P hF y

V/V = 1+a/(f+ag) E'—‘-E( ) ) 12

e ® 1+ aftrag) B\ToR) 0 o
where 1 is density end B=3 is dimensionless quantity depen-
ding very little on b, . For systems of practical interest
£«1 end (12) turns into (9) i.e. V is chiefly determined
by the effect of the surfactant. In this case the velocity
V is greater but still of the order of magnitude of Rey-
nolda' velocity VRE. In the case, when only solutle in the
dispersion phese, the surfactant is evenly aistributed over
the film surface (DG/Ar=0 in (8)) and the system behuves
&8 in the absence of surfactent. Then (put (X+oo |}

Ve, (104/) = B(RoF /27 RE) 2 (13)

(10)
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80 that V>>Vp, (note that €< )16:17  Tnese results show

that the droplets formed by the llquid in which the surf-
aotant i3 soluble wlll coalesce much faster then those formed
by the other 1iquid end, according to Bancroft's rule, this
emulsion will be stable in which the surfactant 1s soluble
in the dispersion medium. On the other hand, these results
indicete that the disregard of the hydrodynamic factor in
Davies' theory of HLB is not grounded, at least in the case
of low steble emulsions 5.
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