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The dynamic viscosity of nondilute monodisperse emulsions is calculated by using a cell
model. Two possibilities for describing the mechanical properties of the interfacial film
between the internal and the external phase are considered: (A) the film is assigned a two-
dimensional linear viscoelastic behavior and (B) the film is treated as a shell with finite thickness
containing a Newtonian liquid. The resulting expressions for the dynamic viscosity show that
model B has two relaxation times and model A has at least two or more. If a Voigt—Kelvin
model is used to describe the interfacial rheology, model A will also have just two relaxation
times. The results obtained may be used to interpret measurements on emuisions in terms of

microscopic parameters of these emulsions.

INTRODUCTION

The first predictions on the linear visco-
elasticity of emulsions, caused by droplet
deformations, were made by Oldroyd (1).
His model of an emulsion is that of mono-
disperse spherical droplets of a Newtonian
fluid immersed in another Newtonian fluid.
At the infinitesimally thin interface between
the two liquids a constant interfacial
tension is active. The model has one relax-
ation and one retardation mechanism and is
correct to the first order in the concentra-
tion. In Oldroyd’s second paper (2) on this
subject, the interfacial film is assigned an
interfacial tension and a two-dimensional
linear viscoelasticity. The interfacial visco-
elasticity is described by four parameters
which are independent of frequency. This
model gives rise to two relaxation and two
retardation mechanisms. An alternative
method to account for an interfacial film
was proposed by Sakanishi and Takano (3).
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They described the interfacial film as a shell
with finite thickness. This model for a dilute
emulsion with incompressible shear-elastic
shells between Newtonian droplets and a
Newtonian continuous phase already leads
to four relaxation and four retardation mech-
anisms. Due to the limited accuracy of the
instruments for measuring linear visco-
elasticity the effects predicted by these
models are difficult to demonstrate in the
concentration range for which they have a
chance of validity.

Using a cell model Choi and Schowalter
(4) derived a nonlinear constitutive equa-
tion for ‘‘non-dilute”” monodisperse emul-
sions. The meaning of ‘‘non-dilute’” im-
plies that, as a result of the use of a cell
model, the hydrodynamic interaction be-
tween particles is to some extent accounted
for. The linear viscoelastic behavior of the
basic Oldroyd model (1) is included in this
result as a special case.

Analogously to an approach given by
Simha (5) the cell model of Choi and Scho-
walter can be modified in such a way that
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F1G. 1. Self-consistent cell model (I); statistical cell
model (II).

the steady-state viscosity data of suspen-
sions of rigid spheres can be predicted.
This modified model is elucidated in the
next section. In the present paper it is used
to calculate the dynamic viscosities of
moderately concentrated emulsions with
more complex mechanical properties of
the interfacial film than those of (4).

As for the description of the mechanical
properties of the interfacial film we start
with two relatively simple models of inter-
faces. Obviously these simple models can
only partly describe the interfaces of real
systems, but more sophisticated models are
difficult to handle mathematically and they
involve a large number of parameters. At
this moment even the relative importance of
the parameters is unknown due to a lack of
data from viscoelastic experiments involv-
ing curved interfaces. The two models are:

Model A: the interfacial film is infinitesi-
mally thin and possesses an interfacial
tension and a two-dimensional viscoelastic-
ity, as in (2);

Model B: the interfacial film consists of a
Newtonian liquid and has a finite thickness.
It may display different interfacial tensions
at its contact surfaces with the inner and
outer liquids.

CELL MODELS

The problem of how to predict the rheo-
logical characteristics of nondilute disper-
sions on the basis of sound statistical
principles has as yet not been completely
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solved (6). Progress has been made with dis-
persions of rigid spherical particles in ex-
tensional flow (7), where an expression,
correct to the second order of concentration,
was derived after an analysis of the hydro-
dynamic interaction between two particles.
A promising line of research (8) uses an a
priori assumption about the interparticle
radial distribution function and leads to a re-
lation between viscosity and particle con-
centration which displays qualitative agree-
ment with experimental data, i.e., the value
of the concentration where the viscosity of
the suspension diverges is below that at the
closest packing.

A rigorous treatment of a nondilute emul-
sion of deformable spheres is even more
difficult to achieve. A simplification of the
hydrodynamic particle interactions by
means of a cell model is then interesting.
These models are ‘‘engineering approxima-
tions”’ in which exact results on dilute dis-
persions are included in the results on non-
dilute ones. A comparison of the influences
of various interfacial properties of particles
is possible, as the hydrodynamic interaction
is approximated in a standard algorithm.

A cell consists of a particle and a certain
volume of fluid around it. At the boundary of
the cell, conditions are applied which are
chosen to model the effect of the rest of
the suspension. Two cell models from the
literature are described briefly: (I) the ‘‘self-
consistent cell model’” and (II) the ‘‘statisti-
cal cell model”” (Fig. 1).

(I) In the self-consistent cell model (9)
a requirement is that the disturbances
caused by the insertion of a ‘‘unit cell of
emulsion’’ in a homogeneous fluid with vis-
cosity m* are negligible on a macroscopic
scale. The radius of the unit cell is chosen
sothath = a¢™'%. Oldroyd (1) made plausi-
ble that this model ‘‘cannot be relied upon to
give more than first-order terms in ¢.”’

(II) In the statistical cell model it is
assumed that the average hydrodynamic
effect of neighboring particles may be ex-
pressed in boundary conditions that apply
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at a certain distance » from each particle.
This distance can be regarded as the hydro-
dynamic interaction radius. The concentra-
tion dependence of properties calculated
using this model is governed by an adopted
relation between b and the concentration.
This relation depends on many factors, such
as concentration, particle interaction,
Brownian motion, and type of flow. In the
cell model of Choi and Schowalter the
relation between b and ¢ is b = adp™13,
Another relation was proposed by Simha
(5) for the low-concentration region:

b = fapn. [1]

Thomas (10) compared the results of Simha’s
calculations with high-shear steady-state
viscosity data on suspensions of rigid
spheres. He found a good agreement with
experiments if f = 1.111 for ¢ < 0.1. We
will therefore use the latter relation between
b and ¢ in the cell model of Choi and
Schowalter as the basis of our calculation.

FORMAL CALCULATION OF n*

For the calculation of n* we will use the
general definition:

{T} = 27%(D). 2]

The deviatoric part of the volume-averaged
stress (T) may be evaluated by surface
integrals over the particles (11):

{T) = 20(D) + 3>, 3]

with

p 1 > J’ {T'nr — n(vn + nv)
V k av,

p

— @-T-n1}dS [4]

and the volume-averaged rate of strain tensor
(D) may be related to the macroscopic
velocity at the sample boundaries:

(D) = 2—1/— LVS (v’n + nv)ds. 5]

In principle this method gives a complete
constitutive equation, but for spherical
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particles n* turns out to be just a scalar
function (12). Atr = b we shall use Simha’s
boundary conditions (5); i.e., the velocity
at r = b is equal to the velocity of a
homogeneous sample at that place.

Since almost spherical particles are the
only ones we will consider, the rotational
part of the flow may be neglected (13) and
only the pure straining contribution of the
flow needs to be considered. For con-
venience we will take the harmonically
oscillating flow at the boundaries of the
sample and the cell to the identical with
Oldroyd’s (1), (2) fiow field. Complex
notation will be used.

-1 0 0
vi=G| 0 ~1 0} rexp(iot)
o 0 2
r at 8V,, [6a]
for
r at 9V,. [6b]

The fluid in each phase is treated as in-
compressible and Newtonian:

Vv=10,
T = —pl + 2qD.

(71
18]

The Reynolds number is taken to be suf-
ficiently small for the creeping-motion
equation to be valid:

[9)

The complete solution of [9] with condition
[71is given by Lamb (14). The formulae with
symmetry of [6] are most conveniently
expressed in spherical coordinates and
given in (9):

nAv = Vp.

u = u(r)Py{cos 6) exp(iwt), [10}
with
u(r) = Ar® + V2Br?
+ 2Cr — 3Dr™%, [11]
v = v(r)Pi(cos 0) exp(iwt), [12]
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with
v(r) = ¥0Ar® + Cr + Dr, [13]
p = n{Ar? + Br 3} Py(cos 0)
x exp(iwt) + po, [14]
where
Py(cos 8) = ¥5{3 cos* 8 — 1} [15]
and dP,(cos 8)
Pi(cos 0) = a0
= —3 cos 0 sin 6. [16]

The components of the stress tensor that
are relevant for the calculation of n* are
given by:

T{(rr) = T{(rr)(r)Ps(cos 6)

X exp(iwt) — po, [17]
with
T{rr)(r) = n{—"Ar> — 3Br®
+ 4C + 24Dr73}, [18]
T{ro) = T{r0)(r)Pjs(cos 8) exp(iwt), [19]
with
T{r8)(r) = n{¥%21Ar? + VaBr—3
+2C — 8Dr3). [20]

It is now possible to express n* formally
in terms of the constants, A, B, C, and D
of the flow field in the outer region of the cell.
If there are no net forces acting on the
particles and inertia effects are neglected,
the choice of the origin has no effect on
the evaluation of the integral in [4]. It is thus
permissible to choose a different origin for
each particle.
If 3® is calculated, one finds:

-1 0 0
EP=-1—2TD 0 -1 0], 121
V%
0 o 2
with
T° = Ys-Ysma®{T{rr)(a) + 3T{r8)a)
— 2nu(a) + 6no(a)}. [22]
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Using [11], [13], [18], and [20], we find:

T" = —%mB [23]
S0
M = 2) - 5 3 252
-1 0 0
X 0 -1 0 | exp(wr) [24]
0 0o 2

Applying [6b] in the calculation of (D) in
[5] gives:

-1 0 0
M =G| 0 -1 0 |expGawr). [25]
0 0 2

Consequently with definition [2] it follows:
Nhee = N¥M — 1 = —Yada*B/G. [26]

The explicit dependence of 9% on A, C,
and D has disappeared in [24] and [26] as
an incidental consequence of our choice of
boundary conditions at r = b. Different
boundary conditions (see Safrai (15)) result
in more complicated expressions than
(24] and [26].

EXPLICIT EXPRESSION FOR THE DYNAMIC
VISCOSITY OBTAINED WITH MODEL A
(INFINITESIMALLY THIN
INTERFACIAL FILM)

We will closely follow the method given
by Oldroyd (1), (2). All quantities and
constants pertinent to the inner region of
the droplet (r < a) are denoted by a prime.
The requirement of finite velocity at r = 0
gives:

B'=0, D' =0. [27]

At the cell boundary (r = ») the condition

[6a] is applied. By using [10] and [12] it

follows that

26%A + Vab®B + 2C — 3b75D = 2G, [28]
Shab?A + 3C + 3b73D = 3G. [29]

At the droplet surface (r = a) continuity
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of motion and force equilibrium are re-
quired. The former condition leads to:

Ya*A + Y%a3B + 2C - 3a~°D

= Y%ha®*A' +2C',
%haa*A + 3C + 3a5D

= %haa’A’ + 3C'. [31]

In the calculation of the force equilibrium
at r = g the interfacial tension and the sur-
face-rheological behavior of the interfacial
film are important. For infinitesimally small
harmonic deformations of the film its
mechanical behavior may be described as
that of a linear viscoelastic two-dimensional
body. In this case it is advantageous to
separate the interfacial deformation into
area deformation and shear deformation
at constant area. In Cartesian coordinates
the relation between the surface-stress
tensor P and the surface-strain tensor E
for a flat film is then given by:

P={y + (k + iwo)(rE)}1
+ 2(p + iwdE.

[30]

(32]

In this expression vy is the interfacial
tension. The surface rheology is expressed
in four parameters: the dynamic area
elasticity «, with corresponding viscosity o,
and the dynamic shear elasticity w, with
corresponding viscosity {. In general, «, o,
u, and ¢ are functions of frequency. The
_calculations of the force equilibrium at the
deformed interface r = a in curvilinear
coordinates (2) result in:

Po =po — 2vla, (33]
iom{—"a*A — 3a™°B + 4C + 24a7°D}
= Ya{dy — 6(k + iwg) — iwan'}A’

+ 4{2a7 'y — a Y« + iwo)

+ iowm'}C’,
ion{%a*A + %a°B + 6C — 24a~°D}
= La{10(p + iwd) + Ak + inc)

+ Biman'}A" + 6{2a7 Y + iwl)
+ a Yk + iwo) + ion'}C'.

[34]

351
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The set of six linear homogeneous equa-
tions [28], [29], {301, [31], [34], and [33] in
the seven unknowns A’, C', A, B, C, D,
and G provide sufficient information to cal-
culate B/G. Then n* is found from [26].
An analytic expression for n* is most
easily obtained by using a symbolic com-
puter language (16). The complete expres-
sion, obtained with REDUCE 2, is given in
Appendix I. It can be written in the fol-
lowing form:

{1 + iwr{w)}H{l + iwty(w)}

. [36]
{1 + ior(w)}H{1 + iwhy(w)}

=7

The relationship between the rheology of
the droplet-surface film and the dynamic
viscosity of an emulsion will be further
analyzed by assuming that the surface
rheological parameters «, o, w, and { are
constants (the two-dimensional analog of a
Voigt—Kelvin model). In this case 7, 75, Ay,
and A\, are no longer functions of frequency
and Eq. [36] reduces to an expression for n*
in terms of two relaxation times, A, and A,,
and two retardation times, 7, and 7,.

In the low-frequency limit the steady-
state viscosity coincides with the expres-
sion for the viscosity of a suspension of
rigid spheres given by Simha (5), if at least
two of the parameters 7y, x, and u are
nonzero:

lim 9% = 106R* R — D/g(R), [37]
w—>0
with
g(R) = 4(R™ + 1)
— 25(R™ + R?) + 42R5. [38]

In the high-frequency limit n%,. depends on
¢, m'/m, a/(am), and Y(am).

In the intermediate frequency range the
relation between n* and the model param-
eters is complicated and interpretation of
experimental data is facilitated if A, and A,
are some order of magnitude apart, whereby
three relatively simple cases can be dis-
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cerned. In each case Re{n*} reaches a \ = dan n

plateau value for A;' < < \;' and Y 3y + 207"\ g Tan )

Im{—»*} has distinct maxima for @ = A7! 34 ro -

and w = A;'. The three cases are: Ay = --—-'n—f2 (7’— , — ———) , [39]
(a) No area changes in the film for 4x moan an

w <€ A\3! if « » u, y. The concentration- where fi, and f,, are dimensionless func-
independent parts of the relaxationtimes are:  tions on the order of unity. The plateau
value of Re{n¥,.} is:

Refn). = 106 R*{(237’ + 16a‘1§)(R7 — )~ nI6R" - 23)} 401
(239" + 16a7'0g(R) + ng.(R)

g (R) = 128R™ + 400R7 — 336R* — 100R® — 92. [41]

with

This result was also obtained by Brennen (17) for the steady-state viscosity of a suspension
of blood cells with a ‘‘shear viscous membrane’’. The properties of this membrane were
described by the theory of a linear viscoelastic shell (18), neglecting interfacial tensions. In
the calculations an approximation to the first order in the shell thickness was used.
(b) No shear deformations in the film for @ < \;!if u > k, y. Relaxation times:
3an n o
M= ful 2 Z.

a ’
N w('n_,_?_,_é_)_ [42]
S M an an

The plateau value is:

10pR*{(13n’ + 8a~'a)(R" — 1) + n(8R” + 14)}
(13n" + 8a'0)g(R) + ngu(R)

Re{nfectu = , [43]
with
: gu(R) = 48R — 200R" + 504R* — 200R® — 52. [44]

(c) The droplets remain completely spherical for w < A7, ify > u, k. Relaxation times:
Y

Sam n o
)\1 ____fly(_a ’_) 3

Gk + 2u) m " an an
6a !
Ay = 207 fw("— 2, i) , [45]
Sy m an any

and plateau value:

106R*{(Sy’ + 6a~'c + 4a~1)(R7 — 1) + n2R" + 5)}

Re{ndecty = ’
(57" +.6a7'c + 4a"')g(R) + ngR)

, [46]

with

shear and surface area viscosities. The
gv(R) = 20R™ — 50R" + S0R® — 20. [47] combination of elastic moduli which deter-
In Fig. 2 examples of [n*] for the three mine the viscoelastic transitions are indi-
cases described above are shown. The in- cated for [5,]. The vibration modes of the
trinsic viscosities were calculated with ne- interface at the plateaus A, B, C, D, and E of
glect of the influence of possible surface [v,] are given in Table I.
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FiG. 2. Intrinsic dynamic viscosity of an emuision
according to model A. n'/n = land ¢ = { = 0, , u,
and y are chosen so that A/, = 1000. Line: y > w, k;
short dashes: x> vy, w; long dashes: u> vy, k. See
Table I for the vibration modes of the interface at the
plateaus A, B, C, D, and E of [n,].

THE DYNAMIC VISCOSITY OF MODEL B
(INTERFACIAL FILM WITH
FINITE THICKNESS)

In this model the cell has three regions.
In the inner region (r < /) all quantities and
constants are denoted by primes and in the
middle region (! < r < a) by double primes.
All regions contain Newtonian fluids. At the
interfaces r = a and r = [ the interfacial
tensions are y and y' respectively (see
Fig. 3).

The boundary conditions [27] at r =0
and [28], [29] at r = b are identical to
those of model A. Atr =/ and r = a con-
tinuity of motion and force equilibrium are
required. At r = [ it is found:

124" + 1173B" + 2C" — 317°D"
= WA + 2C,
S14l2A" + 3C" + 3173D" = %hal?A’ + 3C',
ion"{—HIPA" — 317°B" + 4C" + 24[73D"}
= {4yl — iwm'}PA’
+ 4{2yl7" + iom'}C’,
o {BPAY + BI-B" + 6C" — 2417°D"}

=n'{%PA" + 6C'}, [48]
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and at r = a it is found:
haX(A" — A) + Y%a 3(B" — B) + 2(C" - O)
—3a D" - D) =0,
Saa(A" — A) + 3(C" — O)
+ 3a~%D" - D) =0,
io{—tham'A" — nA) + 3a"*(n'B" — mB)
+ 4(n'C" — mC) + 24a3(n"'D" — D)}
= 4%yaA + 2ya~™B + 8ya'C — 12ya™°D,
$ha%(q'A" — 9A) + ha~*('B" — 1B)
+ 6(n"'C" — nC) — 24a°°

X ("D" — nD) = 0. [49]

The homogeneous set of the 10 boundary
conditions [28], [29], [48], and [49] in the 11
constantsA’,C',A",B",C",D",A,B,C,D,
and G allow calculation of B/G. By using
[26], n* is again obtained. The expression
for n* contains two relaxation times. The
DEC system 10 computer at our university
is too small to provide the complete analyti-
cal solution. Even the expression for the
intrinsic viscosity, although in principle
available, is too large to be manageable.
Therefore only the expression for the
intrinsic viscosity in the first order of the
shell thickness d is given in Appendix II.
It should be noted here that the validity
of Appendix I1is limited to very small values
of d/a and n"/v, since higher-order terms
of d are omitted. For an infinitesimally thin

TABLE I

Interface Shape and Deformation Modes at the
Plateaus A, B, C, D, and E of [7,] in Fig. 2

Compression—

Spherical Shear extension
Plateau shape deformation deformation
A Yes No No
B No No Yes
C Yes Yes Yes
D No Yes No
E- No Yes Yes
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Fi1G. 3. The finite film cell model (model B).

shell the result at nonzero frequencies is
identical to that of Oldroyd’s (1) with an
interfacial tension y + vy, but the steady-
state intrinsic viscosity has a value %, equal
to the Einstein value for a suspension of
rigid spheres (19). For a finite but thin shell
(dla < 0.2) the relaxation times are fairly
separated from each other:

mofgfd o) oo
d Yy v

0[ } .
In Fig. 4 it is demonstrated, with numerical
results, that the larger relaxation time is
influenced by the square of the shell thick-
ness and the smaller of the two interfacial
tensions. The smaller relaxation time is in-
fluenced by the sum of the two interfacial
tensions. An analysis based on Appendix II
fails when the film viscosity is high. Numeri-
cal results (Fig. 5) show that for high values
of n* the influence of the lower relaxation
time on n* is negligible. In this case, n* can
be approximated by an expression with one
relaxation time.

Extremely thick films might be interesting
as a model for a swollen micellar solution.
As the film thickness d decreases, the in-
fluence of the properties of the inner phase,
7', [ and y', on n* become negligible (see

a

an
v+

(51]
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Fig. 6). The system can be fully described
as a monodisperse emulsion with droplet
radius a, interfacial tension v, internal
viscosity %", and external viscosity 7.

INFLUENCE OF THE PARTICLE
CONCENTRATION ON THE
VISCOSITIES CALCULATED

WITH BOTH MODELS

The influence of the particle concentra-
tion on the dynamic viscosity of model A is
not easily recognized in the formulae in
Appendix I, but on expanding 7* to second
order in the concentration, and rewriting
the result as

* — n)imd
= [p*H{1 + kuln*lp + -}

the following surprisingly simple result for
the Huggins coefficient is found:

(52]

ky = 2.5/f3 [53]

If the characteristic times are again fairly
distinct, the corresponding expressions for
the relaxation times A, appear to be:

-2
——> log (wan/y)

-1

F1G. 4. Intrinsic dynamic viscosity of an emulsion
according to model B. Influence of interfacial tensions
and film thickness for a thin ilm. n"/n = 2andn'/n = 1.
Line: y'fy = 0.1, d/la = 0.1; long dashes: y'/y = 0.2,
dfa = 0.1; short dashes: y'/y = 0.1, d/a = 0.05.
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1 H

-3 -2

—> log (wan/y)

-1

Fi1G. 5. Influence of a highly viscous thin film on the
intrinsic dynamic viscosity of an emulsion according
to model B. n'/n = 1,y'/y = 0.1, and d/a = 0.1. Line:
7"/m = 10; long dashes: %"/n = 30; short dashes:
7'lm = 100.

A = Noofl + 2¢kH[n2](m=)\"J0—l)}y

n=1,2. [54]

For model B exact results for higher con-
centrations are not available. The validity
of [53] was therefore checked numerically.
Within the wide ranges of parameter values
that were investigated, no deviations from
[53], beyond rounding-off errors, were
observed.

1l 1

o) L
-3

-2 -1

~—2 log (wamn/y)

F1G. 6. Influence of increasing the film thickness
on the intrinsic dynamic viscosity of an emulsion
according to model B. "/n = 2, %'/ = 1, y'/y = 0.1.
(——)dla = 0.1;(— - —)dla = 0.2;(— —)dla = 0.4;
(---)dla = 0.8.
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(2]

——> log (w/2n)

Fic. 7. Comparison of the dynamic viscosities of
two emulsions according to model A and model B,
for ¢ = 0.10, ¢ = 0.15, and ¢ = 0.20. Both models
usea = 0.5 %X 107" m, n = 107 N sec m™2, o' = 0.5
X 1078 N sec m™2, and f = 1.111. Long dashes (model
Ay y=1L1X10*Nm™, 2u+ 3x=1.02x 10
Nm?, £=059X%X 107N sec m!, and o = 0.12
X 107®* N secm™. Line (model B): y=10"*N
mt, ¢y =10°3Nm™", n"=102N sec m% and d
= 0.5 X 1078 m.

Both model A and model B contain many
interfacial parameters, the values of which
may not be determined from other experi-
ments. Moreover it is possible to adjust
the parameters of model B in such a way
that the intrinsic viscosity of this model al-
most coincides with those of the three
modes of model A over the complete fre-
quency range. In our models second-order
effects in the particle concentration are
completely determined by the intrinsic
viscosity and the correction factor f. It is
thus improbable that experiments with vary-
ing concentration are conclusive for the
choice between different sets of interfacial
parameters (see Fig. 7).

DISCUSSION

The two models considered lead to a rela-
tion between a set of parameters used to
describe the interfacial mechanics and the
dynamic viscosity of an emulsion. As shown
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in the previous section, experimental data
on the dynamic viscosity of an emulsion
allow interpretations in terms of both sets
of interfacial parameters.

The two-dimensional viscoelasticity of
model A is compatible with the concept of a
transversely rigid shell (20). In this concept
the film thickness remains constant and
upon deformation all film elements orien-
tated normal to the interface maintain their
orientation due to the anisotropy of the
interfacial layer. According to Maru e al.
(21), two mechanisms giving rise to an inter-
facial viscoelasticity can be discerned. The
“‘apparent’’ dilatational viscoelasticity is
brought about by compositional changes,
and the “‘intrinsic’’ viscoelasticity is related
to the forces between the molecules in
the interfacial layer. As specific interactions
between the molecules in the interfacial
layer are likely to play a role in the forma-
tion of emulsions, we may expect that the
elastic parts of the intrinsic viscoelasticity
are not always negligible. Apparent dila-
tional viscoelasticity is determined by the
surface elasticity:

; [55]

and by two relaxation mechanisms which
are the exchange of surface active materials
between bulk liquid(s) and the interfaces,

and reorientation processes of adsorbed
molecules (22). If the deformation rate is so
fast that these relaxation processes no longer
take place, only the Gibbs elasticity re-
mains. In our opinion the distinction be-
tween intrinsic and apparent viscoelasticity
is somewhat artificial, because molecular
interaction processes, causing intrinsic
viscoelasticity, are partly coupled to proc-
esses causing apparent viscoelasticity.
Obviously model A is to some extent appro-
priate in the case of a monomolecular
interfacial film. Model B was inspired by the
concept of curvature of a microemulsion
film as reviewed by Prince (23). In his con-
cept the curvature of microemulsion droplets
is caused by the difference in surface pressure
between the hydrophobic and hydrophilic
sides of the interfacial film. Model B does
not allow for compositional changes of the
interfacial film. Furthermore, the shell
being treated as a continuum, it can only be
realistic if the molecules in the film are small
with respect to the film thickness.

As the formal predictions of the two
models, i.e., two relaxation and two retarda-
tion times, are the same, a choice between
these models can only be made on the basis
of physical arguments, like those indicated
above. In a following paper we shall use
the present models for the interpretation of
the viscoelastic behavior of (micro)emul-
sions in the kHz region.

APPENDIX I: SOLUTION FOR n* IN MODEL A

Define:
E = n'/n; R = bla; M = p/y; K = «ly; -
Z = fan); = gllan); H =ianwly. [A1.1]
Then
oM a0t Bl + yH? [A1.2]
7 a + BiH + yH? '
where
@ = A pR™ + A3R%  a) = AJR™ + AJRT + ALR® + ALR® + Al
Bo = B xyRY + B,R3; By = BiuR™® + B;R” + BLR> + BLR?® + By;
Yo = CoRY + C3R% 5 = CjR™ + CiR" + C4RS + C4R® + C).  [AL3]
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By using
A =3K +2M + 2KM,
B =248 + 20E + 16Z + 23KE + 16KZ + 16SM + 26EM,
C = 23SE + 165Z + 19E% + 26EZ, [A1.4]
it is found:
A, = —80A; A, = 80A; Ay = 324; AL = —2004;
AL =3364; A} = —2004; Al = 324; [Al.5]
and i
B; = —10(B — 20 — 23K — 26 M); B, = 10(B + 8 — 16K + 16M);
B, =4(B — 20 — 23K - 26M); Bi = —25(B — 8 + 4K + 25M);
Bi = 42(B — 8K + 24M); B, = —-25(B + 8 — 16K + 16M);
Bly=4B + 20 + 32K + M); [Al1.6]
and
C,= —10(C — 235 — 38F — 26Z + 19); Cy=10(C ~ 16§ — 3E + 16Z — 16);
Co=4(C — 23S — 38E — 26Z + 19); Cyi= -25C + 45 — E + 24Z — 18);
Ci=42%C —8S — 3E + 24Z — 16); C; = —=25(C — 16S — 3E + 16Z — 16);
Cio=22C + 645 + 89E + 48Z + 48). [A1.7]
APPENDIX II: APPROXIMATE SOLUTION OF [n*] IN MODEL B
Define:
E=n'ln; V=9"n; H =ianoly;
F = v'ly; D =dla. [A2.1]
Then:
2
) = o Bl & ol [A2.2]
af + BoH + y H?
where

ay = SFD*{96V + (160E — 17856V + 64)D};
al = 2FD*{96V + (160E — 17856V + 169)D};
Bo = 40(F + 1)(LE + 1)V + 5{—(3748 + 3740F)EV + 40(F + DE

+ 88(F + 1)V? — (1504 + 1568F)}D;
By = 40(F + 1)(E + DV + 2{~(3748 + 3740F)EV + 100(F + DE

+ 88(F + 1)V — (3760 + 3728F)}D;
v = S{19E2V — 3EV — 16V + D(-3572E%V + 38E% + 95EV?

+ 543EV — 80F — 32V% — 3008V)};
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vo = 2{19E2V + ShEV + 24V + D(-35T2E*V + 95E* + 9SEV?

— BULEY + 120FE + 120V2 — 4512V)}.

APPENDIX III: NOTATION

D

E

E,

f

flm f2K’f1F~9
mefl‘yafZ?’

88> Bus 8y

G

(Outer) radius of the emul-
sion droplets

Frequency-dependent coef-
ficient of the fiow field

Cell radius

Frequency-dependent coef-
ficient of the flow field

Frequency-dependent coef-
ficient of the flow field

Thickness of the interfacial
layer (model B)

Frequency-dependent coef-
ficient of the flow field

Rate of strain tensor

Surface strain tensor

Surface elasticity

Correction factor

Dimensionless functions of
order unity

Functions of R pertinent
to n*

Constant proportional to
the applied rate of strain

= V-1

Particle index

Huggins coefficient

Inner radius of the emulsion
droplets (model B)

Integer

Unit-normal vector

Pressure

Hydrostatic pressure

Surface-stress tensor

Legendre polynomial of the
second order

= dP,/d6

Spherical coordinate

Position vector

= bla

Area

[A2.3]

t
T
T{rry, T{r@)

TD

T1s T2

¢

w

Time

Stress tensor

Stress-tensor components
in spherical coordinates

Scalar in the expression of
3P

Physical component of the
radial velocity

Physical component of the
tangential velocity

Velocity vector

Velocity vector at the sam-
ple boundaries

Total volume

Cell surface

Particle surface

Sample surface

Interfacial tensions

Surfactant surface excess

Dynamic surface-shear vis-
cosity

Solvent viscosity

Droplet viscosity

Interfacial viscosity (model
B)

= 1, — in,, complex emul-
sion viscosity

= n¥n — 1

= limg_g Nec /¢

Steady-state viscosity

Spherical coordinate

Dynamic area elasticity

Relaxation times

Relaxation time for ¢ — 0

Dynamic surface-shear elas-
ticity

Dynamic area viscosity

Part of (T) due to the
particles

Retardation times

Volume fraction

Angular frequency

Journal of Colloid and Interface Science, Vol. 84, No. 1, November 1981



none

26

Superscripts

Quantity pertinent to re-
giona <r <bh

Quantity pertinent to region
r < a (model A)orr </
(model B)

Quantity pertinent to region
| <r < a (model B)

Deviatoric part of a tensor
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