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Synopsis 

Binary mixtures of highly concentrated emulsions (HCE) with three droplet size ratios  and 

different compositions were prepared. It was found that by the proper selection of droplet size ratio 

and composition of binary mixtures, the shear modulus, viscosity, yield stress, and yield strain can 

be dropped lower than mixing rules and even primary HCE. This effect is similar to what is known 

for dispersions with volume fraction less than 0.7 but has not been described for HCE. For such 

formulations, the caged mechanism of droplets dynamics is not dominant due to the provided free 

volume that can be occupied by smaller droplets during flow. This is originated from the increase 

in maximum closest packing and thus more efficient spatial packing. By studying the scaling 

behavior of shear modulus and yield stress, the significance of interdroplet interaction was 

distinguished. VC  2012 The Society of Rheology. [http://dx.doi.org/10.1122/1.4736556] 

 

I. INTRODUCTION 

The concentration of closest packing of particles, um, is close to 0.74 for monodis- 

perse spheres arranged in face centered cubic (FCC) crystalline structure. For random 

close packing (RCP), this value is about 0.64. Therefore, there is a physical limit of load- 
ing of the dispersed phase in suspensions. However, for emulsions, the threshold can be 

overcome and the concentration of a disperse phase can reach even 0.96. The realization 
of transition through the critical concentration um becomes possible if the liquid droplets 

are compressed and transformed into polyhedrons to produce highly concentrated emul- 
sions (HCE), also known as high internal phase emulsions (HIPE). It is quite evident that 

polyhedrons can fill the space rather tightly with very narrow continuous phase layers 
between neighboring dispersed liquid droplets. 

The fundamental physical conception about the thermodynamics of compressed drop- 

lets was developed by P  rincen (1986), Lacasse et al. (1996), Mason (1999), and M  ason  
 et al. (1997), where HCE were treated as elastic medium, their elasticity being the result 
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of the increase in surface area in the transition from spheres to polyhedrons and balanced 

upon compression by the osmotic pressure. According to this model, elastic modulus is 

scaled with the Laplace pressure, and consequently should be proportional to the recipro- 

cal size of droplets. It means that HCE or HIPE in the literature are known as viscoplastic 

medium with elasticity provided by compressed droplets that are formed due to a volume 

fraction higher than um. 

In addition, rheological properties of emulsions are the subject of numerous publica- 
tions; see the review by Derkach (2 009). It has been demonstrated that HCE are solid- 

like soft matters at low stresses with small deformations; this means that they actually 

store elastic energy and cannot flow at stresses below some limit, which is treated as the 

yield stress [ Mason et al. (1997); Masalova et al. (2005); Princen and Kiss (1989)]. Their 

solid-like behavior is most clearly demonstrated by the independence of elastic modulus 

on frequency in a very wide frequency range [ Lacasse et al. (1996); Mason (1999); 

Mason et al. (1997); Masalova et al. (2005)]. One of the points under discussion is the 
influence of droplet size on the rheological properties of emulsions, in particular, in the 

domain of high concentrations of a dispersed phase [Foudazi et al. (2011a); Masalova   
et al. (2011)]. Generally speaking, the observed size dependencies of rheological parame- 

ters for HCE were monotonous regardless whether the size distribution was wide or nar- 

row [ Mason et al. (1997); Masalova and Malkin (2007b)]. Besides, Pal (2006) found a 

monotonous change in the rheological properties of HCE binary mixtures with gradual 

variation of the content of the two-component mixtures. For concentrated suspensions 

with bimodal size distribution of solids, however, it has been shown and widely accepted, 

for example, in Chang and Powell (1993, 1994) and G reenwood et al. (1998), that the 

shear viscosity is reduced in comparison to the properties of a suspension with a unimo- 

dal size distribution of particulates at a fixed volume fraction. A similar trend has been 

reported for the viscosity of o/w emulsions by Ramirez et al. (2002), which can be due to 

the well-known analogy in the rheology of emulsions and suspensions of hard particles 

[ Ladd (1990)]. Q i and Tanner (2 012) suggested that the multimodal suspension has a 

dominant large particle composition and that the smaller particles are embedded in the 

empty space between the larger particles. The relative viscosity model can therefore be 

based on the theory of unimodal suspensions. 

Chang and Powell (1993) employed computer simulations to show that below the vol- 

ume fraction of 0.4, the particle size distribution does not affect the viscosity, while 

above this volume fraction, bimodal suspensions have a lower viscosity than that of 

unimodal ones. These results agreed with their previous rheological experiments on bi- 

modal polystyrene latexes, showing a minimum viscosity occurring at 25% of small par- 

ticles and that the relative viscosity decreases with increasing size ratio. They suggested 

that the viscosity reduction for bimodal suspensions is directly linked to the reduction of 

average cluster size, which is originated as a result of the hydrodynamic lubrication 

forces that keep particle surfaces from touching in a suspension. 

Marti et al. (2005) found a similar trend for suspensions with mixtures of spheres and 
fibers in a certain range of solid content. At relatively low solids volume fractions, the rela- 

tive viscosity was a monotonic increasing function of the fiber fraction. Raising the solids 

volume fraction to 0.5 led to a minimum viscosity measured for suspensions with interme- 

diate fiber fractions, 0.15 0.25. This minimum manifested in the low shear rate regime and 

shifted to higher shear rates with further increase of the solids volume concentrations. 

R amirez et al. (2002) showed that binary mixtures of emulsions can exhibit viscosity 

reduction with respect to the base emulsions, depending on droplet size ratio, polydisper- 

sity, and the separation/overlapping of droplet size distribution. Their results demonstrated 

that bimodal emulsions with well-separated modes always provide a reduction in viscosity, 

https://www.researchgate.net/publication/26744420_Rheology_of_Emulsions?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/235475078_Osmotic_Pressure_and_Viscoelastic_Shear_Moduli_of_Concentrated_Emulsions?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/243530151_Rheopexy_in_highly_concentrated_emulsions?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/13229510_Model_for_the_Elasticity_of_Compressed_Emulsions?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/235475078_Osmotic_Pressure_and_Viscoelastic_Shear_Moduli_of_Concentrated_Emulsions?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/243530151_Rheopexy_in_highly_concentrated_emulsions?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/251619168_The_rheology_of_highly_concentrated_emulsions_stabilized_with_different_surfactants?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/235475078_Osmotic_Pressure_and_Viscoelastic_Shear_Moduli_of_Concentrated_Emulsions?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/239693873_Minimising_the_Viscosity_of_Concentrated_Dispersions_by_Using_Bimodal_Particle_Size_Distribution?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/233044862_Drop_Size_Distribution_Bimodality_and_Its_Effect_on_OW_Emulsion_Viscosity?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/234967805_Hydrodynamic_Transport_Coefficients_of_Random_Dispersions_of_Hard_Spheres?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/257415598_Random_close_packing_and_relative_viscosity_of_multimodal_suspensions?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/225857335_Rheology_of_concentrated_suspensions_containing_mixtures_of_spheres_and_fibres?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D
https://www.researchgate.net/publication/233044862_Drop_Size_Distribution_Bimodality_and_Its_Effect_on_OW_Emulsion_Viscosity?el=1_x_8&amp;enrichId=rgreq-83a760a36a3d452d2821b325ec995aad-XXX&amp;enrichSource=Y292ZXJQYWdlOzI1ODY3MDM4NTtBUzoxNTk3MjQwMjA0NDUxODRAMTQxNTA5MjU4MjUyMg%3D%3D


BINARY MIXTURES OF HCE 1301 
 

 

usually at about 65 70% of the emulsion with bigger droplet size. It should be noted that 

their study was limited to the emulsions with volume fraction about 0.7. Our preliminary 

data have demonstrated that such an effect exists for HCE as well [Foudazi et al. (2011b)]  
in contrast to what reported by Pal (2006). Furthermore, in this paper we intend to find the 

significance of droplet size ratio in binary mixtures of HCE and to predict the rheological 

properties of binary mixtures of HCE with models suggested in the literature. 

 

 

II. EXPERIMENTAL 

A. Materials 

The subject of these experiments was water in oil (w/o) type emulsions with a volume 

fraction equal to 0.85. This is far above the concentration of the closest packing of mono- 

disperse spheres. The continuous phase of emulsion was a solution of emulsifier in hydro- 

carbon oil. The emulsifier, polyisobutylene succinic anhydride-urea (PIBSA-Urea) was 

supplied by Lake International South Africa, which comprises 8% of the paraffinic oil 

phase. The interfacial tension of surfactant is 5.9 mN/m with a critical micelle concentra- 

tion value of 1:2 10 4 mol/l and HLB less than 4. The dispersed phase of the emulsion 

samples used in this study consisted of a saturated solution of ammonium nitrate. The 

water content of the dispersed phase was 40% by mass. In order to stabilize the pH of the 

emulsion to 4.0, the dispersed phase contained 0.5 wt. % of acetic acid and sodium ace- 

tate as a buffer. 

 
B. Sample preparation 

A primary emulsion was prepared with a Hobart N50 mixer. The mixer consists of an 

agitator unit and a bowl that was heated to 85 C. The emulsification process included the 

gentle pouring of pre-dissolved ammonium nitrate solution into the surfactant in the con- 

tinuous phase solution contained in the bowl. Then, a portion of this emulsion was refined 

several times in Silverson homogenizer to produce HCE with four different droplet sizes. 

The prepared emulsions were cooled to room temperature prior to doing any rheological 

or droplet size measurements. 

Three different binary mixtures of primary emulsion and refined ones with relative 

content of the components ranging from 100/0 to 0/100 (big-to-small volume ratio) were 

prepared by gently mixing the emulsion with big droplets and refined ones using a spat- 

ula. Then, the mixtures were left for a few days to allow for Brownian diffusion to occur. 

The emulsions were gently mixed from time to time during this period. 

 
C. Droplet size analysis 

The droplet size distribution was measured using the Malvern Mastersizer 2000 instru- 

ment. The samples were diluted in the same oil as the continuous phase, just before the 

measurements were taken. The procedure is based on the measurement of angle depend- 

ence of the intensity of scattering of a collimated He-Ne laser beam. The particle size dis- 

tribution calculations were based on the rigorous Mie theory. Particle size in the range 

from 0.5 to 2000 lm can be measured, which is much wider than the droplet size distribu- 

tion of the real samples used in this work. 

 

D. Microscopy observation 

For qualitative analysis of the samples, a Leica optical microscope was employed to 

ensure that the emulsion was properly formed and the crystallization of ammonium 
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nitrate had not started; if these criteria were not met, samples were excluded from the 

measurements. 

 
E. Rheological measurements 

Rheometry was conducted using the MCR 300 Paar Physica rheometer. The rheologi- 

cal measurements were performed using te-and-plat  geometry with a plate diameter 

of 50 mm and a sandblasted surface. It has been shown in our previous work [ Masalova  
 et al. (2006)] that by using different measuring gaps with a sandblasted plate, the presence 

of slip can be neglected in rheological measurements of this type of emulsions. The meas- 

uring gap between the two plates in the current work was 1 mm. All rheological measure- 

ments were conducted at 30 C. Three types of experiments were performed on the 

samples: 

• Flow curves were obtained in a shear rate sweep mode changing from high to low val- 

ues, as suggested by Masalova and Malkin (2007a). 
• Amplitude sweep experiments were conducted to determine the limit of the linear 

viscoelastic (LVE) region. 
• Frequency sweep experiments were performed at the pre-determined LVE region. 

 
 

III. RESULTS AND DISCUSSION 

Droplet size distributions of the prepared HCE are shown in Fig. 1. The droplet size of 

the primary emulsion was 16.9 lm, whereas it was 8.2, 5.6, and 2.7 lm for the refined 

emulsions obtained in the homogenizer. Therefore, the prepared binary mixtures com- 

prised droplet size ratios of about 2, 3, and 6. The log-normal distribution function was 

fitted successfully on measured distributions to calculate the mean and standard devia- 

tion, respectively, presented as l and r in Table I. The r can be considered as width of 

distribution. 

 
 

 
 

FIG. 1.  Prepared highly concentrated emulsions with four different Sauter mean droplet sizes. 
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TABLE I.  The obtained values of log-normal distribution fitting on droplet size distribution. 

 

Sample d32 l r 

1 16.9 12.0 0.369 

2 8.2 6.9 0.260 

3 5.6 4.7 0.269 

4 2.7 1.9 0.371 

 

The maximum closest packing concentration of spheres, um, depends on their packing 
structure, which is about 0.52, 0.68, 0.74, and 0.64, respectively, for simple cubic (SC), 
body centered cubic (BCC), FCC, and RCP. The um can be increased by employing dif- 
ferent droplet sizes in such a way that smaller droplets fill the gap between bigger ones. 
By straightforward geometric calculations, the biggest sphere, d2, to fill the gap in a crys- 
talline structure with sphere size d1  and corresponding um  can be obtained; SC: d1/d2 

  1.37, um  0.729; BCC: d1/d2 6.45, um  0.688; FCC: d1/d2  2.42, um  0.793. This 
calculation for RCP is more difficult and has been done through theoretical analysis and 
computer simulation by Farr and Groot (2009). They showed that the maximum closest 
packing, um, for a binary mixture of two monodisperse hard spheres, could be shifted up 
to 0.87 with a size ratio of infinity, and the maximum value of um for a binary mixture is 
obtained in the range of 70/30 to 80/20 (big-to-small volume ratio) compositions depend- 
ing on size ratio. 

The obtained values from log-normal fitting of droplet size distribution were used in 
the Farr and Groot model to estimate the um of prepared binary mixtures as shown in 
Fig. 2. The increase of um to higher volume fractions for binary mixtures is due to effi- 
cient spatial filling of droplets. The results demonstrate that for a binary mixture with 
size ratio of 6, the volume fraction of 80/20 binary mixture, 0.85, is very close to um of 
system, 0.824. 

 
 

 
 

FIG. 2. Theoretical prediction of maximum closest packing of spheres for binary mixtures of HCE in this 

study. 
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FIG. 3. Flow curves of binary mixtures with droplet size ratio of (a) 2, (b) 3, (c1) 6, and (c2) 6 with more com- 
positions. The continuous lines show the fitting of Eq. (1) and the hump region is indicated by an ellipsoid in 

plot (a). 

 

The flow curves of prepared binary mixtures are shown in Fig. 3. The yield stress is 

expressed very clearly in most samples and a hump at intermediate shear rates similar to 

what reported in our previous work [Malk in and Masalova (2007)] is observed as well. 

 Meeker et al. (2004) observed a similar behavior in the rheology of microgels due to the 

wall slip during measurements. They showed that by using rough geometries for rheolog- 

ical measurements, such hump disappears. However, we showed [ Masal ova et al. (2 006); 

 Masalova and Malk in (2 007a)] that slip in the rheology of HCE could be hindered by 

using sandblasted geometry, while the hump at intermediate shear rates is still present. 

As was shown by Malkin and Masalova (2007), the flow of unimodal (but polydisperse) 

HCE in the low shear rate domain proceeds as larger particles roll over smaller ones, 

while the dominating mechanism in the high shear rate domain consists of a strong defor- 

mation of droplets. The hump perhaps corresponds to the shear rate at which the mecha- 

nism of flow changes [Masalova and Malkin (2007a); Malkin and Masalova (2007)]. It 

should be noted that deformed droplets most likely do not mount over each other in the 

high shear rate regime but slide between other droplets, and hence, the effect of Reyn- 

’ dilatancy disappears at high shear rates [Malkin and Masalova (2007)]. 
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By studying the flow curve of HCE, Princen and Kiss (1989) found the functional de- 

pendence of the viscous stress on the capillary number as rv Ca1=2, where the viscous 
stress is the total stress minus yield stress as rv ¼ r ry. It should be noted that their 
model is identical to the Herschel Bulkley model with flow behavior index equal to one 
half. Windhab (1993) proposed a model for dispersions, which shows a hump in the flow 
curve. This model was modified in our previous work [ Foud azi et al. (2 011a)] to fulfill 

the rv      Ca1=2 dependence for HCE: 

r ¼ ry þ Kc_ 1=2 þ ðry1     ryÞ½1    expð c_ =c_ Þ ; (1) 

where K is the flow consistency index, c_ is the shear rate, and ry1 is the shear stress at the 
hump with characteristic shear rate of c_ . Flow curves of all binary mixtures could be 

successfully fitted by Eq. (1) as shown by the continuous lines in Fig. 3, which demon- 
strates the universality of this empirical model for the flow curve of HCE with any type 

of droplet size distribution. The last term of Eq. (1) for 80/20 and 85/15 samples with 
droplet size ratio of 6 was equal to zero, which might be due to a different mechanism of 

flow. This suggests that for concentrations close to um where droplet compression is not 
significant, the rolling of droplets over each other in a binary mixture is not favorable 

since the free volume allows droplets, particularly the smaller ones, to move freely. The 

lower viscosity of binary mixtures in the 95/5 to 75/25 range in comparison to primary 
emulsions implies more efficient spatial packing of droplets, thus allowing droplets to 

move with less distortion. 

The results of storage modulus, G0, against angular frequency measurements are pre- 

sented in Fig. 4, which showed a similar trend to flow curves. One can see that the unimo- 

dal emulsions, noted by 100/0 and 0/100, correspond to typical viscoplastic media 

[Masalova and Malkin (2007a, 2007b)]. In the domain of linear viscoelasticity, they 

show a solid-like behavior and storage modulus is practically constant in a wide fre- 

quency range. This is quite a typical case for compressed HCE beyond the threshold of 

the closest packing. The most interesting effects are demonstrated by 80/20 binary mix- 

ture, where an expressed drop of the elasticity similar to viscosity is observed due to 

reduced ðu   umÞ term and hence reduced droplet compression. 

 
 

 
 

FIG. 4. Storage modulus of binary mixtures with droplet size ratio 6: (a) whole composition range, and (b) 

100/0 to 75/25 range. 
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It may be questioned why the experimental results by Pal (2006) did not show a mini- 

mum in the rheological properties of binary mixtures. The reason is that the droplet size 

ratio of the binary mixtures studied by Pal was about 1.95/1.28 lm 1.6, while different 

big-to-small droplet size ratios are studied in the presented work. Trends similar to P al   
(2006) are observed in this work for droplet size ratios of 2 and 3. In other words, it could 

be suggested that in order to see the viscosity reduction effect in a binary mixture, the 

droplet size ratio should be high enough to provide efficient packing of smaller droplets 

within bigger ones and shift the um to a higher volume fraction significantly. 

S  eth et al. (2011) developed a micromechanical model to predict the flow curve of 
soft particle glasses by assuming both contributions of the dynamic pair distribution func- 

tion and the elastohydrodynamic (continuous phase mediated) interactions among the 

deformed particles. During flow, a lubricated layer of continuous phase is maintained 

between deformed droplets. The flow in this lubricating film results in a large pressure 

field, which creates a normal force pushing the particles away from each other. The bal- 

ance between the lift force and the osmotic forces determines the film thickness and ulti- 

mately the viscous drag between droplets. This concept is known as elastohydrodynamic 

interactions [Meeker et al. (2 004); S eth et al. (2011)]. The model developed by Seth   
et al. (2011), which has no adjustable parameters, was successfully validated with experi- 

ments on concentrated emulsions and polyelectrolyte microgel pastes, highlighting the 

universality of the flow properties of soft glasses. We can rewrite this model approxi- 

mately in the following format for a polydisperse system: 
 

 r   

ry 

 
¼ 1 þ 18 

 
c_ 

gcd32

!
 

2C 
y 

1=2  

; (2) 

 

where gc, d32, cy, and U are the viscosity of continuous phase, Sauter mean droplet size, 
yield strain, and interfacial tension, respectively. By considering Hookean behavior at 

low deformation, we have 
 

c  ¼ 
ry 

; (3) 
y G 

 

where G is the shear modulus, considered as the frequency and amplitude independent 

storage modulus, G0, at low frequencies. So, Eq. (2) can be rewritten as follows: 
 

 

r ¼ ry þ 18G 

 
c_ gcd32

 
 

 

C 

1=2  

: (4) 

 

The scaled flow curves of binary mixtures were compared with the model of Seth et al. 

(2011) in Fig. 5. The prediction of the aforementioned model has reasonable agreement 

with the experimental data below the scaled shear rate of 1, which is comparable to what 

was reported by S et h et al. (2011) except for samples with droplet size ratio of 6 and 

compositions in the range of 90/10 to 75/25. It should be noted that studied HCE have 

significant interdroplet interaction [ Foud azi et al. (2010)], which is not considered in this 

model. This could be the reason that we do not see good agreement across the whole 

shear rate range. Deviation from the model for samples with critical compositions, 90/10 

to 75/25 with droplet size ratio of 6 [Fig. 5 (c2)], is more significant. This could be due to 

the critical bimodal size distribution of HCE that can change the contact behavior of 

droplets in the system and/or change the dynamics of droplets from caged to un-caged 
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FIG. 5. Comparison of the Seth et al. (2011) model with experimental results for droplet size ratio of (a) 2, 

(b) 3, (c1) 6, and (c2) 6 with more compositions. 
 

mechanism. As discussed before, the flow of a polydisperse unimodal HCE, in which 

droplets are caged [(Fig. 6(a)], is favored by rolling of bigger droplets over smaller ones 

[hatched ones in Fig. 6(c)] at low shear rates. For a bimodal HCE with efficient spatial 

filling, the un-caged mechanism is dominant because the accessible free volume enhances 

small droplets to move freely and provide a route for bigger droplets to escape from the 

space surrounded by neighboring droplets [Figs. 6(b) and 6(d)]. 

The viscosity of a multi-component system can be assumed to follow linear (simple), 

reciprocal or logarithmic (Arrhenius) mixing rules, respectively, as follows [Kendall and  
Monroe (1917)]:  

g ¼ 
X 

/igi; (5a) 
 

 1 /i 

g 
¼ 

X 

g 
; (5b) 

logg ¼ 
X 

/i loggi; (5c) 
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FIG. 6.  Schematic arrangements of (a) unimodal and (b) bimodal droplets, and (c, d) corresponding mecha- 

nisms of shear flow (please see the text for detailed discussion). 

 

where ui and gi are the volume fraction and viscosity of component i, respectively. The 

same rules might be expected for other rheological parameters of binary mixtures, such 
as shear modulus and yield stress. It should be noted that all these mixing rules predict a 
monotonic variation of properties as a function of each ’  volume fraction for 
multi-component systems. Any deviation from these rules could suggest the presence of 
an interaction parameter between components i. It should also be noted that this interac- 
tion is between different components of the mixture, e.g., the small and big droplets in a 

binary mixture, and therefore is different from the interdroplet interactions within unimo- 

dal HCE. In a bimodal suspension, which shows lower viscosity than components, the 

interaction could be manifested in the formation of smaller clusters [ Chang and Powell  

 (1993) ]. 
The prediction of mixing rules is compared with experimental data for storage modu- 

lus at low frequency in Fig. 7. One can see that the negative deviations of the shear mod- 

ulus from all mixing rules reach a decimal order for binary mixtures, which comprises 

10 25% of small droplets. This behavior can be attributed to the significant increase of 
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FIG. 7.  The variation of shear modulus of binary mixtures, (a) all different droplet size ratio together, and com- 

parison with linear, logarithmic and reciprocal mixing rules for droplet size ratio of (b) 6, (c) 3, and (d) 2. 

 

um in that range as shown in Fig. 2. It is interesting to note that the viscosity of concen- 
trated binary suspensions of fibers and spheres at a similar range of fiber content was 
found to be even lower than suspensions of sole spheres [ Marti et al. (2005)]. 

The variation of the yield stress and yield strain of all formulations is shown in Fig. 8. 

The yield strain of HCE was calculated using Eq. (3) [ Masalova et al. (2011)], rather 

than as a start of nonlinear regime in amplitude sweep experiments that is frequency de- 

pendent [ Masalova et al. (2008)]. Deviation from the mixing rules is comparable to what 

is shown for storage modulus. It is expected that the yield stress will show a similar trend 

to shear modulus since they have similar dependence on Laplace pressure and interdrop- 

let interaction. This would imply an almost constant yield strain for all formulations 

according to Eq. (3). However, the variation of yield strain with composition of binary 

mixtures shows that the scaling of shear modulus and yield stress with respect to ðu   

umÞ is not the same. The yield strain is less than 1% for 80/20, d1/d2 ¼ 6 sample, which 
suggests diminishing viscoplastic behavior for this sample. 

As seen in Figs. 3 and 4, the yield stress and solid-like behavior are practically absent 

in the 80/20 mixture in contrast to the viscoplastic behavior of the  fractions. 

The HCE under study are non-adhesive [ Foudaz i et al. (2011a) ] and the presence of 
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FIG. 8.  The variation of yield stress and yield strain of binary mixtures. 

 

yielding in this system is evidently linked to the formation of compressed droplets 
 [Princen (1986)]. However, 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 sizes (as 

calculated in Fig. 2). Indeed, this supposition was confirmed by direct microscopic obser- 

vations. Figure 9 demonstrates that compressed droplets in the 80/20 binary mixture com- 

prise the negligible part of the system, while the rest of uncompressed droplets are 

arranged in a closely packed structure. This result confirms the efficient spatial packing 

 
 

 
 

FIG. 9. Micrographs of emulsions with droplet size of (a) 16.9 lm and (b) 2.7 lm, and (c) their 80/20 binary 

mixture. 
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of droplets and explains the observed results. Therefore, the concept of H  depends 

not only on the concentration of the internal phase but also on the size distribution of 

droplets if HCE is understood as a viscoplastic medium with elasticity provided by com- 

pressed  droplets. 

It is also worth mentioning that high G0 values were observed for 80/20 binary mixture 

though droplets compression and viscoplastic response in this emulsion are negligible. It 

means that the origin of elasticity in our case is not only the increase in the interfacial 

area provided by compressed droplets [as in the standard model of Princen (1986)] but 

also due to the interfacial interaction as was described by Foudazi et al. (2010): 
 

 C    
0:5 

Ð 1 
Pdisdh  

0:6 
G ¼ 

d32 
½1:2u 2ðu   umÞ þ 0:102 þ h

 
d32 

½1:6u 16ðu  umÞ þ 10:6 ; (6) 

 

where Pdis  is the disjoining pressure in the film between neighboring droplet with thick- 
ness h. This model considers the effect of interdroplet interaction in terms of disjoining 
pressure. In other words, for 80/20 binary mixture with droplet size ratio of 6, the first 
term is negligible, but due to the presence of interdroplet interaction for studied HCE 

[Foudazi et al. (2010)], emulsion still shows considerable elasticity. 
q 

The scaling of rheological properties with upðu   umÞ has been proposed when the 

interdroplet interaction is negligible [ Mason (1999); Foudazi et al. (2010); Princen and 

Kiss (1986)]. The p ¼ 1/3, q ¼ 1 [Princen and Kiss (1986)] and p ¼ 1, q ¼ 1 [Mason 

(1999); Mason et al. (1997)] values were proposed for shear modulus, while p ¼ 1, q ¼ 2 

was  suggested  for  yield  stress  [Mason  (1999)].  We  found  ðGd32=2r    0:051Þ /  

u 2ðu    umÞ 
0:5 

[Foudazi et al. (2010)] and ry / uðu   umÞ [Foudazi et al. (2011a)]. 
All these scaling relations predict the dependence of rheological properties on reciprocal 

droplet size. Accordingly, G / uðu u Þ=d32 and ry / uðu u Þ
2
=d32 scaling behav- 

iors are presented in Fig. 10. If the proposed scaling relations were complied in the stud- 

ied HCE, a constant value for all formulations would be observed. Since scaled 
rheological properties are not superimposed on horizontal lines in Fig. 10, we can con- 

clude the significant input of interdroplet interaction in these emulsions. 

The scaling of rheological properties with squared reciprocal droplet size according to 

Foudazi et al. (2011a) and Masalova and Malkin (2007a) is shown in Fig. 11. A good 

superimposition for shear modulus is observed expect for samples that are close to um. 

 
 

 
 

FIG. 10.  Scaled rheological properties with reciprocal droplet size and extent of compression, ðu      um Þ. 
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FIG.  11. Scaled  rheological  properties  with  squared  reciprocal  droplet  size  and  extent  of  compression, 

ðu   umÞ. 

 

This could be due to the effect of film thickness in scaling relationships. In other words, 

when the packing structure changes considerably, the film thickness between neighboring 

droplets changes, and hence, imposed interdroplet interaction due to disjoining pressure 

also changes. The effect of spatial packing is more significant on flow behavior, since a 

reasonable superimposition of scaled yield stress cannot be obtained even by considering 

squared reciprocal droplet size dependence similar to our previous work [Foudazi et al. 

(2011a)]. 

 
 

IV. CONCLUSION 

Strong decrease in the viscosity, elastic modulus, yield stress, and yield strain was 

found in binary mixtures of HCE when the droplet size ratio of components was chosen 

to increase the maximum closest packing of spheres through efficient spatial filling, e.g., 

droplet size ratio of 6 which comprises 10 25% of small droplets. We found that the em- 

pirical model developed by F oudazi et al. (2011a) can be employed to fit the flow curve 

of HCE with any kind of droplet size distribution. If the volume fraction of binary mix- 

tures is close to um, the caged mechanism of droplets dynamics will not be dominant, 

and hence, strong deviation from the universal model of Seth et al. (2011) will be 

observed and the hump in flow curve will disappear. The rheology of samples in this 

study deviated from standard scaling behavior due to the presence of interdroplet interac- 

tion. The scaling of shear modulus with squared reciprocal droplet size is valid if the 

packing does not affect the film thickness between neighboring droplets significantly. 

In addition, we showed that the dependence of the rheological properties on the rela- 

tive content of components in binary mixtures of HCE with sufficiently big droplet size 

ratio demonstrates quite different results from what was reported by P al (2006), but simi- 

lar to the behavior of bimodal dispersions [Chang and Powell (1993, 1994); G  reenwood  
 et al. (1998); Mar ti et al. (2005); Ramirez et al. (2002)]. Eventually, the binary mixtures 

can provide much more concentration without compression of droplets in comparison to 

the threshold of the closest packing of monodisperse emulsions. It means that the concept 

of H  depends not only on the concentration of the internal phase but also on the size 

distribution of droplets if HCE is understood as a viscoplastic medium with elasticity pro- 

vided by compressed droplets. 
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