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1 INTRODUCTION
Rheological properties of emulsions are the sub-
ject of numerous publications (see Review [1]).
One of the points under discussion is the influ-
ence of droplet size on the rheological properties
of emulsions, in particular, in the domain of high
concentrations of a dispersed phase [2]. Gener-
ally speaking, the observed size dependencies of
rheological parameters for highly concentrated
emulsions (HCE) were monotonous for both nar-
row and wide size distributions. Besides, Pal [3]
found a monotonous change in the rheological
properties of HCE binary mixtures with gradual
variation of the content of the two-component
mixtures. However, for concentrated suspen-
sions with bimodal size distribution of solids, it

has been shown (e.g. [4]) that the shear viscosi-
ty is reduced in comparison to the properties of
a suspension with a unimodal size distribution of
particulates at a fixed volume fraction. A similar
trend was found for suspensions with mixture of
spheres and fibers in a certain range of solid con-
tent [5].

Therefore, there was a question: is this effect
special for suspensions because it was not ob -
served for emulsions? The answer to this concern
was done in this study, because we succeeded to
find that the dependence of the rheological para-
meters on the relative content of components in
binary mixtures of HCE demonstrates quite dif-
ferent results from what was reported in [3], but
similar to the behavior of bimodal suspensions
[4, 5]. The experimental system was a water-in-

Abstract:
The rheological parameters (elastic modules and the yield stress) of binary mixtures of highly concentrated emul-
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Zusammenfassung:
Die rheologischen Kenngrössen (elastische Module und Fließgrenze) von binären Mischungen von hochkonzen-
trierter Emulsionen mit unterschiedlicher Tröpfchengrösse können um ein Mehrfaches geringer sein als die rein
additativen Werte der Kenngrössen. Das hängt damit zusammen, dass kleinere Tröpfchen zwischen grösseren
Tröpfchen eingebunden sind, ohne dass Tröpfchen komprimiert werden. Während es für solche unkomprim-
ierten Tröpfchen praktisch keine Fliessgrenze gibt, veranschaulicht der recht hohe Speicherungsmodul die
Bedeutung der Wechselwirkung zwischen den Tröpfchen in diesem System.

Résumé:
Les paramètres rhéologiques (modules élastiques et limite d’écoulement) du mélange binaire des émulsions
fortement concentrées ayant des gouttelettes de différentes dimensions peuvent être plus bas des valeurs des
additifs dans une certaine gamme de concentration. Cela a trait au positionnement des petites gouttelettes
autours des celles plus larges sans pour autant qu’il n’y ait aucune compression de ces dernières. Alors que la
limite d’écoulement est pratiquement absente pour ces gouttelettes non comprimées, le module de stockage
plutôt élevé démontre l’importance de l’interaction des gouttelettes dans ce système.
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oil (w/o) emulsion with dispersed phase volume
fraction of 0.85. This is far above the concentra-
tion of the closest packing of monodisperse
spheres. The continuous phase was a dispersion
of emulsifier in hydrocarbon oil. The emulsifier,
poly(isobutylene succinic anhydride-urea), com-
prises 8 % of the paraffinic oil phase (see [6] for
more information about the surfactant). The dis-
perse phase was 60 wt% aqueous solution of
ammonium nitrate. We prepared two samples
with Sauter mean droplet sizes, d32, of 2.7 and 16.9
mm. The size distributions in both cases are log-
normal and rather narrow with uniformity of:

(1)

The droplet size distributions have less than 5 %
overlapping of the tails. Binary mixture of emul-
sion droplets with relative content of both drop
size class from 100/0 to 0/100 (big-to-small vol-
ume ratio) were prepared by gently mixing using
a spatula. Then the mixtures were left for a few

days to allow equilibration of structure. The
emulsions were gently mixed from time to time
during this period. The samples were investigat-
ed using MCR300 rheometer (Anton Paar Physi-
ca). All experiments were performed at 30 ºC.

The main experimental results are present-
ed in Figure 1. One can see that the unimodal
emulsions, noted by 100/0 and 0/100, are typical
viscoplastic media [2, 7]. The yield stress is
expressed very clearly (Figure 1a, b) and in the
domain of linear viscoelasticity (small ampli-
tudes of deformations), they show a solid-like
behavior and storage modulus is practically con-
stant in a wide frequency range (Figure 1c, d). This
is quite typical case for compressed HCE beyond
the threshold of the closest packing. The most
interesting effects are demonstrated by binary
mixture with the content of small droplets about
20 %, where the viscosity is strongly reduced to
a value lower than the pure 100/0 emulsion. The
viscosity of a mixture of two components can be
assumed to follow linear (simple) or logarithmic
(Arrhenius) mixing rules, respectively [8]:

(2)

(3)

where fi and hi are the volume fraction and vis-
cosity of fraction i, respectively. The same rules
might be expected for other rheological para-
meters of binary mixtures. The prediction of
these models is compared with experimental
data for the yield stress and storage modulus
plateau in Figure 2. One can see that the nega-
tive deviations of the yield stress and elastic mod-
ulus from both mixing rules is an order of mag-
nitude for binary mixtures which comprises 10 ~
25 % of small droplets. It is interesting to note
that the viscosity of concentrated binary sus-
pensions of fiber and sphere at a similar range of
fiber content was found to be even lower than
suspensions of only spheres [5]. The theoretical
and simulation results presented by Farr et al. [9]
suggest that the threshold of the closest pack-
ing, j*, for a binary mixture of two monodisperse
hard spheres, could be shifted up to 0.83 depend-
ing on spheres size ratio for 80/20 (big-to-small
volume ratio) composition.

As seen in Figure 1, the yield stress and sol-
id-like behavior is practically absent in the 80/20
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Figure 1 (above):
Flow curves (a, b) and stor-
age modulus versus angular
frequency (c, d) of binary
emulsions with 0.85 total
volume fraction of a dis-
persed phase and different
big/small volume ratios. The
(b) and (d) parts of the fig-
ure separately demonstrate
the big/small compositions
behavior where the fall of
rheological parameters is
more significant.

Figure 2:
Experimental data (points)
for the yield stress (left) and
elastic modules (right) in
comparison with linear and
logarithmic mixing rules
(lines).
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comprises 10~25 % of small droplets with the big-
to-small size ratio of 1:6. This effect was ex -
plained by more complete spatial filling of such
binary mixture that allowed us to avoid the con-
sequences of droplet compression in highly con-
centrated emulsions.
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mixture in contrast to the viscoplastic behavior
of “unimodal” fractions. The presence of yielding
in non-adhesive HCE is evidently caused by the
formation of compressed droplets [10], while we
can suppose that such structure is absent in the
mixtures due to the possibility for volume to be
filled with spherical droplets of different size (as
was calculated in [9]). Indeed, this supposition
was confirmed by direct microscopic observa-
tions, Figure 3, which demonstrates that com-
pressed droplets in the 80/20 binary mixture
comprise the negligible part of the structure,
while the rest of uncompressed droplets are
arranged in a closely packed structure. Therefore,
the volume fraction of dispersed phase 0.85
appears to be about j* in this case, which
explains the observed results.

It may be questioned why the experimental
results in [3] did not show a minimum in the rhe-
ological properties of binary mixtures. The reason
is that the droplet size ratio of binary mixtures
studied by Pal [3] was about 1.95 mm/1.28 mm ª 1.6,
while the big-to-small droplet size ratio was
much higher, approximately 6, in this work. In
other words, it could be suggested that in order
to see the viscosity reduction effect in binary mix-
tures, the droplet size ratio should be high
enough to provide negligible overlapping of the
droplet size distributions of mixed fractions. It is
also worth mentioning that high G' values were
observed for 80/20 binary mixture though drop -
lets in this emulsion are not compressed. It means
that the origin of elasticity in our case is not the
increase in interfacial area provided by com-
pressed droplets (as in the standard model [10])
but interfacial interaction as was described in [6].

SUMMARY
A strong decrease in the viscosity, elastic modu-
lus and yield stress was found in binary mixtures
of HCE (disperse phase content of 0.85), which

Figure 3:
Optical microscopic picture
of (left) emulsions contain-
ing only big droplets
d32 = 16.9 mm and (right)
80:20 binary mixture of
two fractions with d32 = 16.9
and 2.7 mm
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