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Synopsis

A new scaling parameter for the viscosity of surfactant stabilized emulsions is proposed. We suggest
that the attractive force between emulsion droplets is caused by the small surfactant micelles in the
continuous phase of an emulsion. The new scaling parameter will be referred to as the depletion
flow number,Flq = 4wns'ya2am/kT¢m, and is defined as the ratio between the viscous energy
needed to separate the droplets and the depletion energy that opposes this separatigg, &lere

am, and ¢y, are the solvent viscosity, dispersed phase droplet radius, micelle radius, and micelle
volume fraction, respectivel\rl4 is of the order of unity at the onset of shear thinning and is
capable of explaining all previously observed effects of drop size, solvent viscosity, and surfactant
concentration. With master curves which are obtained by uBipRgas the running parameter, a
relatively simple empirical model is constructed which can reproduce the viscosity curves of many
previously reported in the literature. ®001 The Society of Rheolog§DOI: 10.1122/1.1410372

I. INTRODUCTION

Emulsions are dispersions of two immiscible liquids such as oil and water which find
application in a wide range of industries including chemical engineering, food process-
ing, pharmaceutical manufacturing, and enhanced oil recovery. In order to increase their
stability, a small amount of surfactafgmulsifiep is added to the continuous phase. If the
surfactant concentration is above the critical micelle concentrat@vC), surfactant
aggregates, or micelles, form. Emulsions with an excess amount of surfactant can there-
fore be regarded as a dispersion of large, micron sized, fluid droplets surrounded by a
continuous phase with smatianometer sizednicelles. Aronsor{1989 studied unstable
emulsion systems and concluded that the flocculation and creaming observed could be
caused by micelle depletion effects in the gap between two emulsion droplets. This is
analogous to the effect of nonadsorbed polymers on colloid staljtisakura and
Oosawa(1958]. Aronson then showed that the associated free energies are in excess of
several kT. This idea of micelle depletion induced creaming was used by Biho84)
to separate emulsions by drop size, resulting in nearly monodisperse emulsions. Other
surfactant induced effects were observed by @893 who explained the observed
viscosity changes by surfactant-induced inhibition of internal circulation. The same au-
thor studied the depletion effect caused by polymer additives on the viscosity of emul-
sions[Pal (1992, 1993]. This article however is, to the best of our knowledge, the first
first detailed study in which micelle-induced depletion forces are used to scale the emul-
sion viscosity.
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The purpose of this article is twofold. First, we will introduce a new scaling parameter
based on micelle depletion interaction and show that this parameter is capable of explain-
ing previously observed dependencies of the surfactant concentration, droplet radius, and
solvent viscosity. The second purpose is to provide a simple empirical model for the
emulsion viscosity. This model may prove useful both as a reference for future viscosity
measurements and as a tool for the design of processing equipment.

II. PREVIOUS WORK

Although many viscosity studies of all kinds of emulsions are reported in literature,
only a small minority of them actually deals with a search for a physical interpretation
[e.g., Otsubo and Prud’homni&9943; Pal (1997); Princen and Kis$1989]. There is
general agreement in the literature that the shape of the viscosity curves is similar to
those of suspensions of solid particles: a shear rate independent viscosity at low shear
rates(if yield stress is absepta shear thinning region, and a high shear plateau. This
behavior is captured with the modified Cross equation:
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where the relative viscosityy, = 75/ ng is the ratio between the emulsion viscosity and
the solvent viscosity,¢ stands for the dispersed phase volume fraction, and
= nq/7s is the ratio between the viscosity of the dispersed phase and the solvent. The
subscripts %" and “0” refer to the high shear and low shear plateaus, respectively. The
coefficientm in the second term corresponds to the slope of the viscosity curve in the
shear thinning region and it is usually close to 0.8. The yield stress[tberlast term in
Eq. (1)] will be discussed later. The onset of shear thinning is determined by the value of
k' and it is this parameter which is of physical interest for understanding of the shear
thinning region. Sincé’ y is dimensionless, the parametérhas the dimension of time
and must be a combination of system variables like the droplet ragitise solvent
viscosity g, the densitypg, and surfactant properties like the interfacial tensiotit is
evident that the disruptive force is due to viscous friction but the origin of the cohesive
force is not yet clear.

For a suspension of hard colloidal particl@sth radiusa < 1 um) it turned out that
the competition between the Brownian and hydrodynamic forces determines the flow
behavior. Kriegen1972 showed that the Peclet numbee = ns'ya?’/kT was the ap-
propriate scaling parameter for the viscosity. For larger particles like emulsion droplets
(a ~ 10um) the Brownian force becomes negligibly small and a different explanation
for the flow behavior is needed. A natural choice for a dimensionless parameter in emul-
sions is the ratio between the viscous force and interfacial tension force, known as the
capillary numberCa = 5gyalo. This scaling parameter is used for modeling the vis-
cosity of foamgor highly concentrated emulsions, Princen and Ki€¥89; Reinelt and
Kraynik (1989] and in simulations of emulsion floysee e.g., Loewenberg and Hinch
(1996]. The problem is that all experiments on emulsions show scaling proportional to
~ 'yaz [Pal (1996, 1997, Otsubo and Prud’homm@992, 1994a, 1994k which does
not match that of the capillary number~ ya) nor that of the Peclet number
( ~ ya®). Otsubo and Prud’homm@992, 1994a, 1994kperformed an extensive set of
measurements on systems in which they systematically varied the dispersed phase vol-
ume fraction(between 10% and 90ftthe average drop radiybetween 4.5 and 12m),
and the solvent viscositybetween 2.65 and 660 mPa$n all cases they found that
scaling of ~ ya2 (or ~ ya?/o as they claim caused individual viscosity curves to

= 77[‘,00(()01)\) +
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overlap. Pal1996 showed that'ya2 scaling holds even if the drop size varies by more
than an order of magnitude. In an attempt to explain his results he proposed the particle
Reynolds number as the only possible dimensionless number with the redired
scaling:Re, = ps'yazl 1s, Which is the ratio between inertia and viscous forces. The
problem here is that at the onset of shear thinning the inertia force is typically six orders
of magnitude smaller than the viscous foicé Pal(1997] and is thus not likely to be

the true scaling parameter. Note that fig, number scalesverselyproportional to the
solvent viscosity while the other dimensionless numbers scalg@asUnfortunately no
studies are available in which the solvent viscosity was changed systematically while
keeping all other parametetmcluding the viscosity ratipconstant.

IIl. NEW SCALING HYPOTHESIS

In the following we will propose a new and completely different physical explanation
for viscosity scaling. In our view the attractive force between the relatively large fluid
droplets is due to depletion effects caused by the much smaller surfactant molecules and
micelles. According to Asakura and Oosawa the(t958 the depletion energy in the
limit of a/am # 1 is given asEgep = 3k Tpmalay, whereay, and ¢, stand for the
micelle (or coiled surfactantradius and volume fraction, respectively. The viscous en-
ergy needed to overcome this attraction energy is given by the viscous friction force
multiplied by the distance over which the force must be applied to ensure breakage. In
shear flows this distance scales proportionallyatdhus Eyisc = 67 7syas. This then
results in a new dimensionless number which will be referred to as the depletion flow
number,

Flg= — " @)

The new scaling parameter should apply in the region where Brownian forces are small
(this condition is usually fulfilled for emulsions with drop sizes abovem) and where

the dispersed phase fraction is below the close packing latmiout 0.70. Above this

limit the droplets are deformed and different scaling behavior is expected. In this article
we will focus on emulsions in which the surfactant is present in the form of micelles. It
is, however, also of interest to consider the depletion flow number during micelle forma-
tion. Below the CMC surfactant molecules are present as coiled molecules with dimen-
sions of 1 nm typically. During micelle formation about 100 of these molecules form a
single micelle with a radius of, say, 3 nm. The scaling parametgrwhich is propor-
tional to the ratioa,/ ¢y Will thus increase by a factor of 10 during micelle formation
(assuming that all surfactant molecules convert into micelless means that just below

the CMC depletion effects are even stronger and may lead to unexpected aggregation
effects.

The depletion flow number just introduced has ti;\gyaz scaling observed in the
experiments and predicts a shift of the viscosity curves towards lower shear rates if the
micelle concentration increases or the micelle size decreases. Such surfactant concentra-
tion effects have sometimes been reported in the literature. Here we consider the mea-
surement set of Suzulet al. (1969 for water in cyclohexane{CCl;) emulsions stabi-
lized with Arlacel 60(sorbitan monostearatsurfactant. As shown in Figs(d) and 1b)
the viscosity curves indeed superpose when plotted against the depletion flow number.
The only exception appears to be the curve for the highest surfactant concentration which
is slightly higher than the rest.
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FIG. 1. Effect of surfactant concentration for a water in cyclohexane emulé&piRelative emulsion viscosity
vs shear rate(b) Relative viscosity vs depletion flow number. The numbers refer to the volume fractions of
surfactant(Arlacel 60. The droplet volume fraction and size wepe= 0.15 andaz, = 1.5um, respectively.

The use of the depletion flow number as defined above requires not only knowledge of
the micelle volume fraction but also that of the micelle size. The micelle volume fraction
follows from the micelle density and thexcessurfactant concentratiafie., the amount
of surfactant in excess of the CMC plus the amount of adsorbed surfactartamount
of adsorbed surfactant can be estimated from the area per surfactant métgoicizlly
40 AZ) and is usually small < 0.05 wt%j. For scaling purposes the micelle density can
be taken as that of the surfactant density or, even more crudely, equal to that of the
aqueous phasé~ 1.0 g/l). The micelle size is a much more difficult parameter to
estimate. For nonionic surfactants which consist of an aliphatic chamuwfits and a
polyethyleneoxide part ai units (abbreviatedC,E,,), however, empirical relations are
available. Commercially available examples of this class of surfactants are Neodol,
Dobanol, and Brij. The critical micelle concentration of these products is reproduced well
by the empirical relatiofisee, e.g., Huiberst al. (1996 ]

l0g;gCMC = 1.646—0.496+0.043™ (CMC in mole/]. (3

In addition, the micelle size data f@,E, surfactants can be approximated(sse Table

)
an = 16.3+0.5M+0.7an (in A). (4)
For surfactants for which no micelle data are available, the length of the apolar chain,

lehain=~ 1.5+1.265 [in A; Tanford (1980], (5)
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TABLE I. Micelle properties of commonly used surfactants.

Alternate Cont. am cMmc?

Surfactant name phase R Naggr (mole/l) Source
Polyetheleneglycol Triton X-100 Water 44+1 80-100 9.0x10™ 4 Streletzky
(...)phenylether and Phillies(1995,

Phillies
and Yamber{1996
Sodium dodecylsulfate SDS Water 18 60 0.0081 Forland
et al. (1998
Sodium decylsulfate SdeS, Water 50 0.032 Shinoda
Alipal et al. (1963
CD-128
Cetyltrimethyl CTAB Water ~50 90 9.2x10™ 4 Mondain
ammonium bromide -Monval et al. (1995
H(CH,)10o(CoH40)g CioEs Water 26 52 0.001 Satet al. (1988
H(CHy)12(CoH40)e C1.Es Water 288 103  6.8<10 >  Penfoldet al. (1997
H(CHy)12(CoH40)6 C1Eg 80% 28.5 128 Penfold
ethyl glycol et al. (1997
H(CHy)15(CoH40)6 CyoEg Benzene 10 1.2 Ravey
et al. (1984
H(CH»)12(CoH0)s  CisEs Water 28 62 7.1x107%  Satoet al. (1988
H(CHp)1ACoH4O)p3  Crobos, Water 395 56 9.1x107°  Shinoda
Brij 35 et al. (1963
H(CH)14CoHiO)g  CisEs Water 29 81 9x10°®  Satoet al. (1989
Sodium ethylhexyl AOT Isooctane 20 43 ~ 6x10"% Amararene
sulfosuccinate et al. (2000
Sorbitan monooleate Span 80, Dodecane 25 3-20 Abou-Nemeh
Emsorb and Bart(1998
2500
Sorbitan monostearate  Arlacel 60 Benzene 113 2.3x1073 Schick (1967

8The CMC values are taken from Schi¢k967) and from Roser{1989.

may serve as an initial estimate of the micelle size. It should be noted that at high
surfactant concentrations some micelles loose their spherical shape and form cylindrical
or lamellar structure$Glatter et al. (2000]. It is obvious that in those cases E@)
ceases to be valid. In Table | we present the micelle sizes of some of the more commonly
used surfactants. It then becomes clear that micelle radii are typically about 30 A, which
is three to four orders of magnitude smaller than the size of the emulsion droplet. More-
over, the variation in micelle size turns out to be relatively small, certainly in comparison
with possible variations in most of other depletion flow number variables.

In summary, the observed scaling witly, ya?, and qS,;l is strong evidence for the
depletion flow number as a dimensionless shear thinning parameter.

IV. DEVELOPMENT OF A GENERAL EMULSION VISCOSITY MODEL
A. The viscosity model

In Sec. Il it was shown that the depletion flow numb€ly, is the proper parameter
which governs the shear thinning part of the emulsion viscosity curve. RewritingLEq.
then results in

7ol @ M) = 7r oo( P, N) N 7y(@.\)
1+kFIg Ca

e = Tro(@N)+ : (6)
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FIG. 2. Effect of volume fraction and viscosity ratio da) high shear viscosity an@h) low shear viscosity. The
thin solid lines are correlation functions given by E¢4). and (5) and the thick gray line is the hard sphere
limit.

where the yield stress is put in dimensionless fofjn= rya/o. Our next task is to find
expressions for functions, .., 7, o, and7y as well as for parameteksandm. In doing
so, we will restrict ourselves to the part of the viscosity curve where the drop size is
constant and breakup does not occur. Note that the shear rate at which breakup occurs
depends on the volume fraction as well as on the viscosity fatinseret al. (200D)].
First we will focus on the viscosity plateau valueg,..(¢,\) and 7, o(¢,\). We there-
fore use the extensive data set of Otsubo and Prud’hoitd®@2, 1994a, 1994band
replot their viscosity curves witkly as the running variable. In that way the curves for
different drop sizes are superimposed and master curves for each combinagianaX
are constructed. From these master curves the plateau values were estimated and are
shown in Fig. 2. As a comparison the limiting case for solid particles is shown as the
thick gray line. For the high shear viscosity cafég. 2(@)] the situation is as expected.
The emulsion viscosity shifts upwards with an increase in the viscosity ratio and the hard
sphere limit is approached for the data set witk> 1. For the low shear case, however,
this is clearly not the case and the relative emulsion viscosity can exceed the hard sphere
limit by a factor of 20. A discussion of this effect will be given in Sec. V.

Next we searched for a way to adequately reproduce the data in Fig. 2 using a
minimum number of parameters. This could be done with the following fit functions:
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Kip
77[’,00 = eX%—k)v o= ©cs (7a)
1- ¢l oma
Kiee
=exp ———— |exdag\+2)(¢—¢o)], ¢ > @, (7b)
1_<Pc/<Pma
o= exgKae®l, @ =@, ¢ = 0.60, 83
= exgKy o™ [ 1+ageo—¢l)]l, @ > o, (8b)

where K1 = (250+1)/(A+1), K, = (1OA+8)/(N+1), a; = 0.7, ap = 25, a3

= 0.2, andpmayx = 1.15. Finally, the constants in the shear thinning term of(Eqwere
determined ak = 0.84 andm = 0.8. Equation(7a known as the Mooney equation
which was shown before to be useful to predict the high shear limit of emulfiRas
(1992)]. Above a critical volume fractiop, = 0.60 the droplets are in close contact and
the interaction mechanism changes. For simplicity, however, we do not introduce a dif-
ferent scaling parameter but simply introduce correction factors above the critical volume
fraction[Egs.(7b) and(8b)]. The results of the fit functions are shown in Fig. 2 as solid
lines. For thex = 1.2 and 0.1 case the zero shear viscosities could not be determined
from the Otsubo data with sufficient accuracy and were therefore omitted in (Eg. 2
The curves for the fit functions at these viscosity ratios were obtained by comparison with
other data sets.

B. The yield stress term

For high volume fractions the drops are in constant contact and form a network of
polyhedrally deformed drops. Emulsions of these concentrations do not flow below a
certain stress value, termed the yield stregs, Above that stress value the viscosity is
governed by the capillary pressure in the interdroplet gaps. Princen an(LlR&S, 1986
performed careful measurements on well stabilixed 22 emulsions and observed that
this yield stress indeed scaled wittia and could be fitted to the semiempirical relation,

7, = agyrylo = ¢ —0.08-0.114l0d1-¢)], 0.8< ¢ < 1, 9)

where they used the so-called Sauter mean drop radjps Enia?/E niai2 to account

for polydispersity effects. More recently, Masenal. (1996 provided an extensive set of
yield stress data for concentrated monodisperse emulsions with a viscosity ratio of 12,
which compared well with the results of Princen and co-workeeg Fig. 3. It appeared,
however, that the empirical function,

7= Cle—@)% ¢y < ¢ < 1, (10

with ¢y = 0.62 andC = 0.51 gave a much better fit than the Princen equdtan (9)].

From the agreement between the Princen data and that of Masdnt is usually tacitly
assumed that the yield stress relation is independent of the viscosity ratio. New data for
smaller viscosity ratiofh = 0.4, Jager-Leer et al, (1998, and\ = 1.5, Pal(1999],
however, showed that the yield stress increased with a decrease in the viscosityemtio

Fig. 3. The reason for this is not clear. In fact, due to the larger degree of deformation
and the broader size distribution we would have expected lower yield stress. At this point
we just assume that all the data sets are correct and that the yield stress can be approxi-
mated by Eq(10) with a viscosity ratio depende and ¢y which are of the form
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FIG. 3. Dimensionless yield stress as a function of the volume fraction. Open symbols are data of Princen and
Kiss; (X) is data of Masoret al. (1996; full lines are Eqs(10) and (11).
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with cg = 0.4,¢c1 = 4.2,¢co = 0.2,bg = 0.62, andb; = 1.1. Note that, although the
variation of ¢, with X\ is small, a model with a constagt, resulted in a significantly
poorer fit. The results of this correlation model are shown in Fig. 3 as solid lines.

C. Comparison with different data sources

We will now compare the viscosity predictions as given by the above correlation
function with viscosity data available in the literature. We restricted ourselves to studies
of emulsion systems that are well characterized in terms of volume fraction, drop size,
and surfactant concentration and which precautions were taken to correct or eliminate
wall slip. The polydispersity of these emulsion systems was always between 10% and
20%. Data ranges in which drop breakup was reported were not taken into account. The
micelle sizes needed for the viscosity predictions were taken from Table | unless other-
wise indicated.

In Fig. 4 we plot the data sets given by RaB97) versus the depletion flow number
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FIG. 4. Data of Pal(1997 for a A = 29 oil-in-water emulsion stabilized with 2 wt % Triton X-100. Open
symbols: Coarse emulsions & 16—32um); gray closed symbols: Fine emulsions £ 3.2um); black

closed symbols: Corresponding Otsubo datih N = 25); solid lines: predictions according to Eq$§)—(8).
The contribution of yield stress was not taken into account.
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FIG. 5. Viscosity data for extremely highly dispersed phase fractitims foam limiy. Open symbols: Data of
Princen and Kis$1989 for a paraffin oil-in-water system with a viscosity ratio of @2, = 27 A, estimatey
closed symbols: data of Otsubo and Prud’hom®@92); solid lines: predictions without yield stress; dashed
line: prediction for the highest phase fraction with the yield stress term.

at four different volume fractions. As expected, the viscosity curves for cqarsn
symbolg and fine(gray closed symbo)sare superimposed. Most interesting is that the
data sets of Otsubo and Prud’homid®92 agree reasonably well with Pal's data. This
may be regarded as remarkable since, although the Otsubo and Prud’homme emulsions
have similar physical parameteps = 25 ande = 0.4-0.8, the chemical compositions

of the fluids and of the emulsifier are completely different. The solid lines are the pre-
dictions according to Eq$6)—(8). In order to test the usefulness of our model in the limit

of ¢ — 1 (the foam limi) we replotted the data of Princen and Kigk989 for A\

= 32 emulsions with volume fractions between 0.833 and 0(8&6 Fig. 5. For com-
parison the data series @t= 0.80 and 0.90 of Otsubo and Prud’hom€92 are also

given (closed symbols The yield stresses fap < 0.90 reported by Princen and Kiss

for some reason are much lower than those presented in Fig. 3. We therefore chose to
present the fit functionwithoutthe yield stress terrfsolid lines in Fig. 3. The effect of

the yield stress term can be seen by comparing the dashed line in Fig. 5 with the last solid
line. For this high volume fraction the yield stress prediction agrees much better with the
value reported by Princen and Kiss. This is probably the reason why in this case our
model (with the yield stress terjngives a nearly perfect prediction for the emulsion
viscosity.

In Fig. 6 the viscosity curves of petroleum ether in water with 0.2 wt % Triton X-100
[Pal(1992] are compared with the Otsubo and Prud’homme viscosity curves that have a
similar viscosity ratio(8.2 vs 6.4 for Pal's daja Note that the solvent viscosity of the
Otsubo and Prud’homme data is a factor of 8 larger than that of Pal’'s data. Apart from
Pal's data at a volume fraction of 0.70 all series compare well with the predictions
(shown by solid lines

Next we consider the recent data of RA999 for an oil-in-water emulsion with\

= 1.5 at relatively high volume fractions. In this case all emulsions were reported to
have yield stress. As can be seen from Fig. 7, the predicfigits the yield stress given

by Eqg. (10)] agree excellently with the data. Further, the Otsubo and Prud’homme data
for a system with a similar viscosity rati@losed symbolsshow a perfect overlap with
Pal's data.

Finally, in Fig. 8 we present viscosity measurements of a water-in-petroleum oil emul-
sion with 4 wt % Emsorb 2508sorbitan trioleateas an oil soluble surfactapafter Pal
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FIG. 6. Combined graph of data of Otsubo and Prud’hon{&#92 data(closed symbols\ = 8.2) and of Pal
(1992 (open symbolsh = 6.4; petroleum ether in water0.2 wt % Triton X-100,0 = 0.77 mN/m). Solid
lines are predictions according to Eq6)—(8).

(1996]. The viscosity ratio waa = 0.17, whereas the micelle size was estimated as 25
A, based on the micelle data for other oil soluble surfactants. Viscosity data correspond-
ing to shear rates below 18 s~ were omitted since it is questionable if these were
performed in steady state. The overlap between the viscosity curves of fine emulsions
(open symbolsand coarse emulsiorslosed symbolsconfirms ya? scaling. The pre-
dictions for this low viscosity ratio systeigsolid lineg are not as good as those in the
previous comparisons, but the difference with the measurements is at most a factor of 2.
The deviations can partly be ascribed to uncertainty of the micelle size. A haghleb,,

ratio will shift the yield stress independent part of the predictions to the right, which will
improve at least part of the predictions. Note that the part of the viscosity curves where
the yield stress predominatésly < 100 for thee = 0.65 and 0.76 curveésppears to

be correctly predicted.
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FIG. 7. Data of Pal(1999 for a A = 1.5 oil-in-water system at high volume fractions. The emulsions are
stabilized with 5.58 wt % Triton X-100. The drop size and interfacial tension reportedsare 1.4um and

o = 0.77mN/m. Closed symbols: Otsubo data foh a= 1.5 system atp = 0.80, solid lines: predictions
according to Eqs(6)—(8) and(10).
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FIG. 8. Data of Pal(1996 for a A\ = 0.17 water-in-oil system stabilized with 4 wt % Emsorb 2503. Open
symbols: Fine emulsion&-6 um); closed symbols: coarse emulsiofi2—15 um); solid lines: predictions
according to Eqs(6)—(8) and(10). The micelle size was estimated as 25 A.

V. DISCUSSION

In this article we explored the hypothesis that the depletion flow number is an impor-
tant scaling parameter for emulsion viscosity. The first confirmations of this idea already
appeared from a homologous data series in which systematically the surfactant concen-
tration was variedFig. 1). More evidence foFl| 4 scaling was shown in Figs. 4—7 where
viscosity curves from different studies and with different systems but with simikard
¢ values were shown to overlap when plotted verBlig. We want to note that these
overlaps exist even for systems with surfactants of different natumesionic Triton
X-100 surfactant in most of Pal's systems and anionic Alipal in the Otsubo and
Prud’homme data

Based on a depletion flow number, we developed an empirical model for the viscosity
of surfactant stabilized emulsions. As can be seen in Figs. 4—8, this model compares well
with all data series for viscosity ratios above about 1. For the lowest viscosity(Fadgio
8) the comparison is still reasonable but depends largely on the correctness of the yield
stress term. As was mentioned before, some of the observed deviations could be caused
by uncertainties in the micelle size but it is clear thatxhel limit requires more study.

The physical interpretation of the high shear viscosity plategu,(¢,\), is rela-
tively well understood. The idea is that at high shear rates all droplet aggregates are
destroyed, resulting in an emulsion consisting of separate drops. For such systems the
flow properties can be calculated in the low volume fraction limjt... = 1+ K¢
[Taylor (1932)]. This relation can be extended to higher volume fractions, resulting in the
so-called Mooney equatidisee, for example, P&1992]. Equation(7a) therefore has the
correct limits forh # 1 as well as forp+0. For the zero shear viscosityy, o(¢,\),
unfortunately no such models are available. Moreover, the zero shear viscosity of emul-
sions appears to be an order of magnitude larger than that of nonflocculated hard spheres
[cf. to the gray line in Fig. @)]. Similar observations were reported by Pa999 for
emulsions and by Buscadt al. (1993 for weakly flocculated solid spheres. The general
idea is that this is caused by floc formation. At low shear rates and low volume fractions,
large, relatively open aggregates are assumed to be present. The continuous phase within
the aggregates is immobilized, which increases the effective volume fraction and thus the
viscosity. The convex shape of the measured viscosity data in fgcan be explained
by interaction between aggregates. This interaction reduces the average aggregate size
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and thus slow down the viscosity increase. The zero shear viscosity equation, proposed in
Eq. (8a), is, however, purely empirical.

For the dimensionless yield stregs,, several semiempirical models exjsee, e.g.,
Princen and Kis$1989; Reinelt and Kraynik1989] none of which includes the effect
of the viscosity ratio\. An explanation for the observation that the yield stress increases
with a decreasingviscosity ratio cannot be given at present and it is obvious that this
subject deserves more study. In particular, homologous data sets consisting of systems
with similar surfactant formulations but different viscosity ratios would be welcome to
verify empirical Eqs.(10) and(11).

VI. CONCLUSION

Based on a careful analysis of various viscosity studies available in the literature, we
found that the emulsion viscosity must scale proportionallw§¢a2¢;]1. We therefore
proposed the depletion flow numbé&iy = 477773'ya2am/kT¢>m, as the corresponding
dimensionless parameter for emulsion viscosity. Next it was demonstrated that plots of
the relative emulsion viscosity versus the depletion flow number resulted in the overlap
of data for systems with different components and different surfactants but with similar
volume fraction and viscosity ratio. Finally, it was shown that almost all viscosity data for
surfactant stabilized emulsions could be accurately predicted using a simple empirical
model. Since this model does not need additional fit parameters, it may be used as a line
of reference for new experimental studies.
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