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Engineering properties of highly concentrated emulsions depend on their refining behaviour. The refining 

of highly concentrated water-in-oil  emulsions used as liquid explosives  during emulsification was 

studied. It was shown that droplet size distribution during the emulsification process becomes narrower, 

although remains of the Gauss type and the average droplet size decreases. Fitting equations for this pro- 

cess were proposed. The energy consumption was treated as the determining factor in the refinement 

process. A number of surfactant types and concentrations were examined and their refining behaviour 

was compared. Expectedly, the increase of the refining efficiency with the increase of the surfactant con- 

centration was observed. Droplet refinement is accompanied by the evolution of rheological properties 

of emulsions that are visco-plastic materials. It was found that the droplet refinement occurs at high 

values of the Capillary Number lying above the stability curve. 

 

 
  

 
1. Introduction 

 

Highly concentrated emulsions comprise a rather special class 

of bi-component liquids. As any emulsion, they are a mixture of 

two incompatible liquids, generally referred to as water  and oil  

phases. One of them exists as separate particles (droplets) dispersed 

in a continuous phase of the other liquid. Kinetic stabilisation (not 

thermodynamic one) known as refining behaviour is provided by a 

surfactant that decreases the interfacial energy between phases. At 

low volume fractions of dispersed phase, droplets occur in a spher- 

ical shape. It is interesting to note that the rheology of such dilute 

emulsions is similar to the rheology of low concentrated suspen- 

sions of solid spheres [1,2]. The situation changes radically with 

an increase in the concentration if the volume concentration, ϕ, 

approaches the limit of the closest packing. This limit, ϕ*, is close 

to 0.74 for spherical particles and cannot be exceeded for suspen- 

sions. But in the case of emulsions, much higher concentrations 

of the dispersed phase are possible. This becomes possible due to 

the compression of emulsions, with the transition of the shape of 

the dispersed liquid droplets from spherical to polyhedral. Such 

compressed emulsions (at ϕ > ϕ*) are referred to as highly con- 

centrated  [3]. 

 

 

 
 

∗ Corresponding author at: Institute of Material Science and Technology, Engi- 

neering Faculty, Cape Peninsula University of Technology, PO Box 652, Cape Town 

8000, South Africa. Tel.: +27 21 4603565; fax: +27 21 4603990. 

E-mail address: masalovai@cput.ac.za (I. Masalova). 

The transition above ϕ* leads to the creation of a visco-plastic 

liquid with clearly expressed gel-like behaviour over a wide range 

of frequencies [4 7] and the appearance of the yield stress as the 

limiting shear stress for the viscous branch of a flow curve [1,3,7 9]. 

The concentration of the dispersed phase in highly concentrated 

emulsions can reach concentrations as high as 96%. 

Among other highly concentrated emulsions, a group of sub- 

stances called liquid explosives  is of special interest [10]. The 

transporation of these emulsions along rather long pipelines is 

related to their rheological behaviour [11]. Therefore engineering 

characteristics of these materials are determined by their rhe- 

ological properties, which have been the subject of systematic 

investigations in previous publications [3,7,8,11,12]. 

Meanwhile, there is a separate problem that can be referred to as 

kinetic stability (refining behaviour) of highly concentrated emul- 

sions. Highly concentrated emulsions are stable in rest, at least over 

several weeks [3]. However, shearing (shear flows) results in the 

breaking up of droplets. This is important for two reasons. Firstly, 

the intensive deformation is a technological method of preparing 

emulsions with the desirable droplet sizes. Secondly, changes in 

droplet size lead to the evolution of rheological properties in emul- 

sions because they depend on the droplet size [7,13]. 

The problem of kinetic stability (refining behaviour) of highly 

concentrated emulsions is the subject of this work, which consists 

of answering the following questions: 

 

- Correlating the influence of energy input in the emulsification 

process with droplet size and width of size distribution for differ- 

ent PIBSA-based surfactants and SMO in the explosive emulsions. 
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Fig. 1.  Surfactants chemical structure. 

 

- Calculating the critical diameter and width of size distribution 

with prolonged mixing time. 

- Determining the effect of surfactant concentration and type on 

droplet size evolution. 

- Investigating the elasticity droplet size dependency in prepared 

highly concentrated emulsions. 

 

The rheological properties of highly concentrated explosive 

emulsions stabilized by industrial grades of emulsifiers have been 

studied in our previous works [3,7 9,18,20,21]. In the present 

work, however, a systematic study of rheological properties besides 

emulsification behaviour for explosive emulsions stabilized by 

PIBSA-based surfactants with same tail but different headgroups 

were performed. 

 
2. Experimental 

 
2.1. Materials 

 

The subject for investigation concerns emulsions of the liq- 

uid explosive  type. These are water-in-oil type emulsions, which 

mean that the dispersed phase consists of an aqueous solution, and 

the continuous phase is a paraphinic oil. In our case, droplets are 

supersaturated aqueous solutions of inorganic oxidizer salts, pri- 

marily, but not only, ammonium nitrate. The water content of these 

droplets is less than 20 wt.%, providing a very concentrated solution 

with very high ionic strength. The dissolution temperature for com- 

plete disappearance of solid nitrates into such a solution in large 

bulk volumes is typically greater than 50 ◦C. Experiments were car- 

ried out below this transition temperature, so we are also dealing 

with a super-cooled (thermodynamically unstable) solution. 

The concentration of the dispersed phase is 92 wt.%. The sys- 

tem of droplets is not monodispersed and droplets with sizes in 

the interval from 3 to 30 m are present. The characteristics of the 

droplet size distribution will be discussed below. 

The oil phase is a solution of an emulsifier in hydrocarbon oils. 

Two different oils were used: 

 

- Mosspar-H 

- Shellsol 2325 

 

Both oils (produced and supplied by Lake International Tech- 

nologies, Republic of South Africa) are paraffin compounds. Shellsol 

contains aromatic fractions, while Mosspar has been purified from 

these fractions. Viscosities of both at 30 ◦C are 1.7 mPa s for Shell- 

sol and 2.9 mPa s for Mosspar, respectively. The major part of the 

experimental data was obtained for emulsions with the Mosspar 

continuous phase. 

According to the goals of the work, several different surfactants 

were used as listed below. 

 

1. Poly(isobutylene succonic) anhydride (acronym is PIBSA) - 

reacted approx 1:1 with monoethanolamine to an uncondensed 

amide/acid head group (this surfactant will be called PIBSA-MEA), 

as shown in Fig. 1. The R indicates the polyisobutylene repeat 

unit (CH2 (CH3)2 CH2) . Its molecular weight is 1048. This cor- 

responds to about 17 repeated units in the chain. If they are 

contained in a single chain, the length would be 34 carbon atoms 

with an additional 34 in the methyl side groups (the chain may be 

attached to the carbon atom adjacent to the carboxylic acid group, 

rather than the one adjacent to the amide group as shown). The 

overall molecular weight is about 1109. 

2. PIBSA-IMIDE. PIBSA-MEA was condensed to an N-substituted 

pyrrolidinedione (succinIMIDE) structure, as in Fig. 1. The overall 

molecular weight is 1091. 

3. PIBSA-UREA. Its structure looks as shown in Fig. 1, and its molec- 

ular weight is 1047. 

4. Sorbitan monooleate (SMO or Span®80), which is a low- 

molecular weight surfactant (Mw = 428; less than of other 

oligomeric surfactants). 

5. A mixture of PIBSA-MEA and SMO taken in the ratio 10:1. 

 

It should be noted that all above-mentioned PIBSA-based sur- 

factants have the same polymeric tail but different headgroups. 

 

2.2. Instrumentation 

 

All rheological studies were conducted using a rotational stress 

rheometer MCR 300 (Paar Physica). Two geometries were used, 

namely: 

 
• bob in cup  geometry with 26.66 mm bob diameter and 1.13 mm 

gap: this was used for measuring the dispersed phase viscosity 

( d) at 85 ± 0.1 ◦C. 

• Sandblasted plate-plate  geometry with 50 mm diameter and 
1 mm gap: this was used for measuring the emulsion viscosity, 

( em) at 85 ± 0.1 ◦C, the flow curves (10−4 to 102 s−1) and oscilla- 

tory measurements (0.01 200% at a constant frequency of 1 Hz), 

both at 30 ± 0.1 ◦C. 

 

The problem of slip in measuring the flow properties of highly 

filled systems always exists and should be taken into account. This 

problem was specially studied for explosive emulsions in our ear- 

lier publications [3,7], and it has been shown that the possibility 

of slip during rheological measurements of highly concentrated 

emulsions with sandblasted geometries is negligible. 

The stress values obtained in measurements and cited in further 

discussions deviated by no more than ±2% from the average val- 

ues (in 3 5 repeated sets of experiments). So, the accuracy limit of 

measurements could be assumed to be not more than ±5% (bear- 

ing in mind temperature fluctuations, variations of shear rates and 

accuracy in calculations of dynamic measurements). 

The droplet size distributions (DSD) were measured using the 

Malvern Mastersizer 2000 instrument. This method is based on mea- 

suring the angle distribution of the He Ne laser light scattered by 

dispersed droplets in diluted form. The angle at which the light is 
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Fig. 2. DSD for emulsions of different surfactants: average droplet size is 10 m for 

all samples. 

 

 

scattered is inversely proportional to the size of the particles. The 

samples were diluted in the oil of the continuous phase, just before 

the measurements were taken. 

DSD of prepared emulsions does not significantly depend on the 

type of surfactant that is used. An example of DSDs with the largest 

deviations depending on surfactant type is shown in Fig. 2. In all 

other cases the curves were practically identical. 

The specific surface area (SSA, m2/g) defined as the total area of 

particles divided by the total weight, is calculated from particle size 

 

Table 1 

Dynamic interfacial tension of PIBSA-based surfactants. 
 

 
 
 

3.2.  Kruss K100 tensiometer 

 

The measurement of the interfacial tension between the two 

phases (ammonium nitrate and oils) was done using the Kruss K100 

(Kruss, Germany) at the emulsification temperature. The values of 

the dynamic interfacial tension of PIBSA-based surfactants mea- 

sured are given in Table 1. 

 

4. Results and discussion 

 
4.1. Evolution of average droplet size and droplet size distribution 

 

To evaluate the process of emulsification (decrease of droplet 

size as a result of shearing), it was necessary to propose the quan- 

titative measures of the process. The DSD of initial samples is quite 

well described by the Gauss function (R-squared of fitting ≥0.92): 

distribution by Malvern Mastersizer 2000. This value is calculated 

based on the assumption that the particles are both spherical and 

f = 
A

 
ω     /2 

e−2(D−D50 ) /ω2 
(1) 

non-porous. 

 
3. Mixing device 

 

The mixing device used to prepare all the samples under inves- 

tigation was a  Hobart  N50  mixer  (manufactured  and  supplied 

by the Hobart Corporation). The bowl of mixer was modified in 

order to receive external heating, by incorporating a Haake thermal 

controlled system which supplied the heat needed for the emulsifi- 

cation process. The type of agitator used in the mixing process was 

a D  wire type. The agitator rotates around both its symmetry axis 

(rotational movement, NR) and bowel symmetry axis (translational 

movement, NT). This geometry was chosen for mixing the two flu- 

ids as it gave suitable emulsification at the start of the process and 

disruption of droplets at higher speeds. 

The energy was measured by an attached power and harmonic 

analyser linked to the computer (Nanowip Plus, Italy). The emul- 

sification energy, Etotal, was measured through normalising the 

recorded energy by subtracting the energy without loading the 

material (air run). 

 

3.1. Emulsion preparation 

 

The preparation of emulsions was done at 92 wt.% of the dis- 

persed phase. The emulsification process was conducted in 2.5 kg 

batches. The oil phase was first placed in the bowl, mixed gently 

and heated to about 85 ◦C. The hot ammonium nitrate solution was 

slowly added, while stirring (with NR = 136 rpm, NT = 160 rpm) was 

maintained so as to ensure emulsification. Rapid mixing at high 

speed of the Hobart mixer (with NR = 588 rpm, NT = 255 rpm) was 

done for all formulations to achieve the desired samples for the 

study. The shear rate of this process was approximated ∼380 s−1 

as presented in Appendix B. The Reynolds number of the mixing 

process did not exceed ≈31. 

which is characterised by two parameters: the width of DSD, ω, and 

the maximum of the distribution curve, D50. 

It was found in all cases under study that DSDs after emulsifi- 

cation are quite well described by the Gauss function (as shown 

typically in Fig. 3). This means that, in further discussion, we can 

operate with the time evolution of these two parameters ω and 

D50 (or Sauter average value of DSD, d32, which is usually taken as 

characteristic droplet size of highly concentrated emulsions). Both 

change in the process of emulsification. 

The changes of the characteristic parameters ω and d32 continue 

in such a way that some limiting values of both exist. This makes it 

useful to introduce the limiting value of these parameters which are 

achieved as the limits at t → ∞. Typical experimental results illus- 

trating the evolution of the width of DSD and the average diameter 

 

 
 

Fig. 3.  Typical Gauss fitting of 8% PIBSA-MEA for two limits of sauter droplet size. 

Material Fuel Dispersed 

phase 

Interfacial 

tension (mN/m) 

8% Pibsa MEA 

14% Pibsa MEA 

8% Pibsa IMIDE 

2.8 

14% Pibsa IMIDE 

8% Pibsa UREA 

14% Pibsa UREA 

8% Pibsa MEA/SMO (10:1) 

14% Pibsa MEA/SMO (10:1) 

1.0 

Mosspar-H AN 

3.7 

 

0.6 
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Surfactant type 

PIBSA-MEA (in Mosspar) 

PIBSA-IMIDE (in 

Mosspar) 

PIBSA-IMIDE (in 

Shellsol) 

PIBSA-UREA (in 

Mosspar) 

SMO (in Mosspar) 

PIBSA-MEA/SMO (in 

Mosspar) 

 

 
 

Fig. 4. Evolution of the width of DSD (a) and the average diameter of droplets (b) in 

prolonged shearing. 

 

of droplets are shown in Fig. 4. The shapes of both time depen- 

dencies  ω and D  are quite similar. Both curves are decreasing 

functions with the limit at prolonged shearing. 

The models used to fit the experimental results of ω and d32 

evolution (Fig. 4), are proposed in the following equations: 

ω = ωcrit + e−(t/    )(ω0 − ωcrit) (2) 

and 

D = Dcrit + e−(t/ D)(D0 − Dcrit) (3) 

where D0, Dcrit, ω0, ωcrit and are fitting parameters. This form 

of fitting equations is proposed to demonstrate the existence of 

the limiting values ωcrit and Dcrit, which can be reached as the final 

result of emulsification. D0, ω0 are corresponding to the initial time 

of refining (switch from emulsions formation to refining process 

of emulsification). The values (which might be different in both 

equations) are characteristic time parameters of the emulsification 

process under the chosen conditions of shearing. 

A summary of the experimental data allowing us to estimate the 

role of a surfactant is depicted in Table 2. 

One can see that shearing in all cases leads to a remarkable 

decrease of the average droplet size and the narrowing of the DSD. 

The addition of a low-molecular-weight surfactant (SMO) improves 

the refining (in other words, decreases the kinetic stability) of emul- 

sions as it can be seen that it lowers the characteristic time and the 

Dcrit values. It is interesting that the mixture of SMO and PIBSA-MEA 

demonstrates a synergistic effect on the narrowing of the droplet 

size distribution, although using only SMO is the most efficient way 

to reduce the droplet size. 

It can be seen that a higher surfactant concentration results in a 

lower critical diameter  that is the diameter below which droplet 

refinement does not take place  due to the increase of the proba- 

 

Table 2 

The influence of a surfactant on the emulsifying of droplets. 
 

Surfactant 

conc. (%) 

D0 /Dcrit ω0 /ωcrit   / D 

(min) 

8 17.77/8.58 25.30/6.09 3.15/12.80 

14 14.08/6.81 17.75/4.20 2.78/11.20 

8 17.20/8.38 15.90/5.23 2.81/6.24 

14 13.20/6.38 10.20/4.03 2.55/6.00 

8 16.50/9.21 15.56/6.70 3.00/6.92 

14 13.60/6.26 10.12/3.75 2.80/5.06 

8 16.00/8.04 15.00/4.87 4.38/8.01 

14 14.95/6.33 13.76/3.50 2.44/5.19 

8 13.47/4.70 6.66/2.50 2.71/2.98 

14 11.98/3.50 5.96/1.70 2.63/2.34 

8 16.28/6.91 14.80/3.70 2.32/5.42 

14 12.67/5.00 11.80/2.60 1.54/4.26 

 

 

bility of surfactant adsorption to the surface of the droplet during 

emulsification [15]. In terms of surfactant type, more or less the 

following trend for the critical diameter and characteristic time is 

seen: 

PIBSA-MEA > PIBSA-IMIDE ≈ PIBSA-UREA > PIBSA-MEA/SMO 

> SMO 

 

One could expect that higher concentrations of a surfactant 

would lead to slower rupture of droplets. But it is not necessar- 

ily so, especially if one considers the average droplet size. In the 

later case the effect is the opposite. 

In the place of time, a more physically based argument can be 

used, namely the energy consumption in mixing. Energy consump- 

tion includes two factors dissipation of work in irreversible flow 

and the energy spent for the rupture of droplets and formation of 

new free surfaces. 

The input of useful  energy Euse to its total consumption can be 

estimated on the basis of the simple relationship for surface energy, 

as expressed in Eq. (4): 

Euse =  × SSA (4) 

where is the interfacial tension and SSA (m2/g) is the droplet 

specific surface area in the process of emulsification measured by 

Malvern Mastersizer. 

Calculations of Euse and its comparison with the total energy 

consumption Etotal obtained by Nanowip (Table 3) shows that Euse is 

of the order of several thousands of Etotal. The same conclusion was 

obtained by Walstra [11] and Othmer [12]. From this point of view 

the emulsification process is highly energy consuming because of 

viscous losses during mixing and not due to the increase of interfa- 

cial area during refinement, but it is necessary to treat Etotal (below 

without the subscript) as the technical measure of its efficiency of 

droplet refinement. 

An interesting example illustrating the engineering value of 

this parameter is shown in Fig. 5, where the dependencies of the 

Sauter average diameter of droplets against energy consumption is 

presented for systems with two different concentrations of a sur- 

factant. As is seen, the experimental data can be fitted successfully 

by the power-law equation. This, however, is not the most inter- 

esting result. What is very interesting is the fact that the increase 

of the surfactant concentration leads to the decrease of energy con- 

sumption to obtain similar droplet size, and not vice versa, as it is 

to be expected that a surfactant is supposed to stabilise the struc- 

ture of emulsions. It demonstrates that less energy consumption 

is needed for refinement of an emulsion with a higher surfactant 

concentration. 

This result is in line with the above-mentioned result of the 

increase of the kinetics of the emulsification process in emulsions 
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Table 3 

Comparison of Euse and Etotal for PIBSA-MEA surfactant. 

 

 

 

 

 

 
 

 
 

Fig. 5. Energy consumption for emulsification for systems with different concen- 

trations of a surfactant (PIBSA-MEA), as shown on the curves in log (a) and in linear 

scales (b). 

 
 

with a higher concentration of a surfactant. This is true for all 

surfactants studied in this work. The latter is seen from the follow- 

ing. As has been mentioned and seen from the example in Fig. 5, 

experimental data for d32 (E) dependence can be presented by the 

power-law equation: 

d32 = CE−n (5) 

The values of the exponent n depend only slightly on the sur- 

factant type and concentration for all PIBSA family surfactants 

(n ≈ 0.13). The coefficient C, however, does depend on concen- 

tration and always decreases with the increase of the surfactant 

concentration. This is shown in Table 4. 

Table 4 again demonstrates that the lowest values of the 

coefficient C are observed when a higher amount of a low- 

molecular-weight surfactant has been used. This means that 

refining becomes easier in this case. 

One of the conclusions from the experimental results discussed 

above is the order of surfactants in relation to their kinetic stability 

 
Table 4 

Coefficient C values for different surfactants and two concentrations of each of them. 

 

 

 

 

 

 

 

 
of emulsions. This order for the same oil is as follows: 

PIBSA-MEA > PIBSA-IMIDE > PIBSA-UREA > PIBSA-MEA/SMO 

> SMO 

 

The difference between the first members of the above row is 

not great and the noticeable decrease of the efficiency of refining 

under shear starts when low-molecular-weight component SMO is 

added. 

The observed concentration dependence of the coefficient C can 

possibly be explained by the tendency of higher surfactant con- 

tent to produce smaller droplets, as was proposed in Karbstein and 

Schubert [13] and Walstra [11]. 

 

4.2. Elasticity droplet size effect 
 

We have shown [7,18] by measuring the linear viscoelastic 

properties that explosive emulsions have gel-like behaviour that 

is a frequency independent storage modulus in a wide range of 

frequencies and amplitudes. This frequency independent storage 

modulus is regarded as the shear modulus of the emulsion [5]. 

Results from oscillatory measurements were used to investigate 

the role of droplet size on the shear modulus. The storage modulus 

values for all formulations were extracted from the linear region 

part of the amplitude sweep experiments through extrapolation to 

the zero strain value. It was shown that this value is also frequency 

independent [7,18]. 

Fig. 6 shows the results of linearization of the power-law equa- 

tion as follows: 

G = kGD−n (6) 

where  kG   is  a  coefficient  expressing  the  gain  of  elasticity  and 

depends on  the  volume  fraction.  In  a  constant volume  fraction, 

higher value of kG  shows higher elasticity of emulsion. In Eq. (6), 

if n = 1, it means that the rheological properties follow Princen s 

 
 

 
 

Fig. 6. Dependency of the elasticity on the droplet size. 

Surfactant type 

 

PIBSA-MEA (in Mosspar) 

PIBSA-IMIDE (in Mosspar) 

PIBSA-IMIDE (in Shellsol) 

PIBSA-UREA (in Mosspar) 

SMO (in Mosspar) 

PIBSA-MEA/SMO (in Mosspar) 

Pibsa type %Csurf Fuel tmixing (min) d32 (  m) SSA (m2 /g) Etotal (kJ/kg) Euse (kJ/kg) 

   1 18.33 0.33 2.56 7.56 × 10−4
 

 
8 

 
6 13.70 0.44 6.39 1.23 × 10−3

 

10 12.43 0.48 13.30 7.92 × 10−3
 

PIBSA-MEA Mosspar-H
 1

 17.11 0.35 1.75 9.80 × 10−4
 

14 6 10.87 0.55 3.28 1.55 × 10−3
 

10 9.76 0.61 8.55 1.72 × 10−3
 

 

Surfactant conc. (%) C n 

8 5.90 0.15 

14 5.10 0.13 

8 5.83 0.13 

14 4.67 0.11 

8 5.79 0.15 

14 3.97 0.14 

8 5.71 0.16 

14 3.99 0.16 

8 1.98 0.27 

14 1.45 0.26 

8 4.40 0.11 

14 3.08 0.15 
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Table 5 

Summary of fitting parameters for empirical Equation (6). 
 

 
 

 

model [16], while n=2 is the case that was explained experimen- 

tally and semi-empirically by different authors [7,17]. 

Through Eq. (6), kG and n values are obtained and are sum- 

marised in Table 5. It is clear, from Fig. 6, that n = 2 is still a very 

good approximation in all cases, as was established and discussed 

by Malkin et al. [18] and Masalova and Malkin [7]. 

In order to compare the elasticity of samples in which only 

the surfactant is different, we can compare the results of kG. To 

do this comparison more analogically, the n = 2 fittings are chosen 

(Table 5), and the following trends of elasticity are seen: 

 

- Higher surfactant concentrations result in lower elasticity, while 

the interfacial tension does not change. 

- For different oils, but with the same surfactant, the interfacial 

tension and the elasticities are very close. This shows that the vis- 

cosity of oil phase has a minor effect on the rheological properties 

of highly concentrated emulsions. 

- For different surfactants, but the same oil, the trend which is in 

agreement with kinetic stability (refine-ability) of emulsions is as 

follows: 

 

 

PIBSA-MEA > PIBSA-IMIDE ≈ PIBSA-UREA > PIBSA-MEA/SMO 

> SMO 

 
 

The preceding points, which somehow contradict the classic 

scaling of shear modulus by Laplace pressure, /R, can be explained 

in terms of another source of elasticity  [19] which may be due to 

interdroplet interaction. 

 

4.3. Evolution of rheological properties 

 

Viscous properties of emulsions under study are quite well fitted 

by the Herschell Bulkley equation [20,21]: 

  = y + K ˙ n (7) 

where    is shear stress,   y is the yield stress,  ˙     is shear rate, and K 

and n are characteristic parameters of a flow curve. 

The refinement influences the rheology of emulsions, because 

rheological properties depend on the droplet size [18]. The evolu- 

tion of the yield stress as one of the most characteristic rheological 

properties of emulsions is shown in Fig. 7a. The increase of the yield 

stress with increasing energy consumption (resulting in the droplet 

refinement) is quite evident. This effect has also been described by 

several authors, e.g. in Brummer [22]. 

In our case, this observation surely corresponds to the known 

effect of the increase of the yield stress with the decrease of the 

droplet size [7,18]. Quite an analogous effect is observed in the 

 

 
 

Fig. 7. Evolution of the yield stress (a) and elastic modules (b) in refining an emul- 

sion. The lines represent the best fit with the power-law equation. Surfactant: 8% 

and 14% PIBSA-MEA. 

 

 

measurement of the elastic modulus, G′, as shown in Fig. 7b for 

emulsions with different surfactant concentrations. 

The increase of the elastic modulus in the emulsification of 

highly concentrated emulsions of other types was also described 

in Romero et al. [23]. This effect is also explained by the increase of 

the elastic modulus as a consequence of the decrease of the droplet 

size. 

Here again one can see that an emulsion is kinetically more 

stable under shear (resistant to droplet break-up) if the surfac- 

tant concentration is lower, which corresponds to the experimental 

results on the higher refine-ability described above. 

 

4.4. Capillary number and shear stability of emulsions 

 

It is well known that there is a boundary relationship between 

the viscosity ratio, , of two liquid phases and the Capillary Number, 

Ca. This relationship separates the complete Ca - field into the 

zone of stability and the zone where shear forces are high enough 

to break liquid droplets [24]. Though the basic theory relates to 

a unique liquid drop, the modification of the expression for the 

capillary number has proven that the same approach is valid for 

concentrated emulsions [25]. This was established by introducing 

the concept of the mean-field  shear stress, instead of the shear 

stress in a continuous phase, and the change of viscosity of this 

phase for viscosity of an emulsion as a whole. 

Surfactant type Surfactant 

conc. (%) 

Continuous 

phase 

n kG (kPa mn ) 

PIBSA-MEA 

PIBSA-MEA/SMO 

8

14 

8

14 

8

14 

8

14 

8

14 

8

14 

Mosspar-H 

PIBSA-IMIDE 

Shellsol 

PIBSA-UREA 

SMO Mosspar-H 

1.80 52.1 

1.67 33.7 

1.85 60.0 

1.89 45.3 

2.19    126.8 

1.93 43.6 

1.89 62.2 

1.76 36.2 

2.25 35.2 

1.87 12.6 

1.81 33.9 

1.64 18.6 

kG for n =2  

(kPa m2 ) 

83.0 

66.1 

81.0 

56.1 

81.1 

50.0 

78.2 

57.1 

23.4 

15.1 

49.5 

33.8 



474 S. Mudeme et al. / Chemical Engineering and Processing 49 (2010) 468–475 

 

 

 
 

Fig. 8. Comparison of the experimental data (points) with theoretical boundary 

curve (shown in the field) between stable and unstable zones. 

 

 

The Capillary Number, Ca, is then written as: 

 

The kinetics of droplet break-up depends on the nature of the 

surfactant used for stabilisation of the systems under study. As 

a rule, oligomeric surfactants provide a close (though not equiv- 

alent) effect on stabilisation while adding small amounts of a 

low-molecular-weight surfactant strongly accelerates the process 

and makes it easier. It was found that the increase in the surfac- 

tant concentration does not lead to higher kinetic stabilisation but, 

vice versa, results in the decrease of energy consumption and the 

accelerating of the refinement process. 
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Appendix A.  Nomenclature 

 

 
Ca Capillary number (.. .) 
C coefficient of d32(E) dependency (10−6+6n  m(J/kg)−n) 

Ca =  
em ˙ avR 

  
(8) D50 average droplet size (10−6 m) 

 

where em is the viscosity of an emulsion, ˙ av is the average shear 

rate in the Hobart N50 mixer used, R is droplet radius (R = d32/2), 

and     is the interfacial tension. 

The viscosity ratio,  , is defined as: 

d32 Sauter mean diameter (10−6 m) 

D0 initial droplet size (10−6 m) 

Dcal calculated diameter (10−6 m) 

Dcrit critical diameter (10−6 m) 

Euse theoretical   energy   used   to   form   interfacial   area 

(103 J kg−1) 

  =  
em  d 

(9) Etotal total experimental energy consumption (103 J kg−1) 

 

where   d  is the viscosity of the dispersed phase (the liquid in 

droplets). 

The estimated value of the average shear rate in the mixer used 

in this work was 380 s−1 (though some uncertainty exists in this 

estimation). The apparent viscosities of the emulsions were deter- 

mined for this shear rate, based on their flow curves. Finally the 

values of Ca against   were calculated and presented graphically 

G′ storage modulus (Pa) 

G plateau of shear modulus (Pa) 

K fluid consistency index (Pa sn) 

kG elasticity coefficient (Pa  mn) 

n power law index (.. .) 

R droplet radius (10−6 m) 

SSA         specific surface area (m2/kg) 

t mixing time (s) 

(in Fig. 8) with the boundary Ca(  ) dependence taken from Jansen

 

˙ 

real shear rate (s−1) 

et al. [25]. 

It can be seen that the majority of the experimental points lie 

above the boundary curve and others lie very close to the boundary 

curve, i.e. they correspond to the instability zone where shearing 

can break the liquid droplets. 

It should be noticed that experimental points have been calcu- 

lated using averaged values of processing values. Then there are 

some species, in any sample, that are deformed under more severe 

conditions corresponding to the zone above the critical curve [26]. 

 

5. Conclusions 

 
Highly concentrated emulsions are kinetically unstable (refine- 

able) under shearing. Depending on the duration of shearing, 

the average droplet size decreases and droplet size distribution 

becomes narrower, though remaining Gaussian. The average size 

as well as the width of the droplet size distribution approaches 

some limits. The kinetics of droplet size evolution can be described 

by a proposed fitting equation. Evolution of structure of highly con- 

centrated emulsions is determined by the energy consumption in 

the process of shearing. Refinement of droplets is accompanied by 

the evolution of the rheological properties of these materials, pri- 

marily by an increase in the yield stress and elastic modulus. The 

refinement of droplets by shearing was possible because the cap- 

illary numbers of this process lie above the critical values of this 

parameter, corresponding to the limit of the emulsion stability. 

 ̇ Ave,Hob    average shear rate of Hobart N50 mixer (s−1) 

 d dispersed phase viscosity (Pa s) 

 em emulsion viscosity (Pa s) 

   characteristic time for width of size distribution (min) 

 D characteristic time for droplet size (min) 

  viscosity ratio (.. .) 

o interfacial tension (N m−1) 

  shear stress (Pa) 

 y yield stress (Pa) 

ϕ internal phase ratio or volume fraction (.. .) 

ϕ* maximum close packing fraction of spherical droplets 

(.. .) 

ω0 initial width of droplet size distribution (10−6 m) 

ωcrit critical width of droplet size distribution (10−6 m) 

ωcal calculated width of droplet size distribution (10−6 m) 

 
Appendix B.  Estimating Hobart shear rate 

 
In order to calculate the shear rate of complicated geometries 

like the Hobart mixer analytically, some simplifying assumptions 

are necessary [14]. Thus, for any section of the mixing chamber, the 

following assumptions were made to calculate the average Hobart 

shear rate, ˙ Ave,Hob: 

 

1 The gap was the main shearing zone 

2 Non-slip conditions at walls 
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3 Negligible effect of curvature 

4 With the agitator both rotating and translating circularly in the 

bowl, the problem becomes a complicated moving boundary con- 

dition. If one could assume that the agitator only rotated, for 

including its translational velocity, it could be assumed that the 

bowl rotated in the opposite direction. This is a usual assumption 

in fluid dynamics [14]. 

 

Therefore, the following parameters were obtained: 

 

1 The rotational wall speed of agitator (m/s): DANR where DA  

is the agitator diameter (m), and NR is the rotational speed of 

agitator in the chosen gear for mixing (rps). 

2 The imaginary wall speed of bowl (m/s): DBNT where DB is the  

bowl diameter (m), and NT is the translational speed of agitator 

in the chosen gear for mixing (rps). 

3 The shearing gap between bowl and agitator, H (m): (DB − DA − 

2Ce)/2 where Ce is the centre line distance between the agitator 

axis and the bowl axis (m). 
 

Finally, the shear rate for each section was defined as follows: 

 

 ̇     = 2  
DANR + DBNT 

DB − DA − 2Ce 

(A-1) 
 

 

But, as DA, DB and h, and therefore ˙ , were all dependent on 

the selected cross section (or on the height), one had to define an 

average shear rate as follows: 
  H 

˙ dH 

 

 

 

 ̄̇  =   
0
 
H 

(A-2)  

where H was the height of the mixing zone, and this therefore 

became: 

  

 ̇      (depth) = 
DA(depth)NR +  DB(depth)NT 

(DB(depth) − DA(depth) − 2COff) /2 
(A-3)  

 

Integrating Eq. (2) from 0 to H using the Matlab program version 

7.0, the average shear rate was found to be 380 s−1: 

1     
H 

 

 
 

 ̇  ave(depth) = 

H 

 

 ̇ (depth)d(depth) ≈ 380 s−1 (A-4) 
0 
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