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Abstract 8 

Reverse high internal phase ratio emulsions (HIPRE) are prepared with the system 9 

water/Span80/dodecane to identify the influence of the process variables on droplet size 10 

and polydispersity, and to study the influence of the process scale-up. After discussing 11 

the most common scale invariants used in emulsification processes, we prepare 12 

emulsions at two different scales following a complete factorial experimental design. 13 

Using the empirical models obtained with the statistical analysis of the results, we 14 

determine the scale invariants for the system. Results from a previous study indicated 15 

that the scale invariant for the preparation of HIPRE could be the stirring rate. However, 16 

the results obtained in this work show that the scale invariant, based on droplet size, 17 

could change depending on the conditions of emulsification. Only when the stirring rate 18 

is high enough (> 1500 rpm), or when the surfactant-to-oil ratio is high and the total 19 

addition time low, the scale invariant is indeed the stirring rate. The elevated shear 20 

stress inside the mixer when the stirring rate is high is responsible of the small droplet 21 

size obtained on both scales. However, for other values of the process variables, the 22 

scale-invariant can be expressed as N·D

, where 0 <  < 0.5, and depends on other two 23 

factors: the addition flow rate of dispersed phase or addition time, and the surfactant-to-24 
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oil ratio. We propose a methodology to determine these scale invariants and to calculate 25 

the threshold values of surfactant-to-oil ratio and addition flow rate from which the 26 

stirring rate is the scale invariant (when  → 0).  27 

Keywords: Scale-up, Reverse high internal phase ratio emulsion, Scale invariant, 28 

Droplet size, Stirring rate. 29 
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 34 

1. Introduction 35 

Scale-up from experimental laboratory equipment to industrial plant size is one of the 36 

crucial issues in the field of industrial process design. The processes working with low-37 

viscosity Newtonian fluids are, usually, directly scalable. However, the scaling-up of 38 

processes involving high-viscosity non-Newtonian fluids is far more complicated, since 39 

fluid properties, like viscosity, and flow conditions can vary drastically during the 40 

process (Wilkens et al., 2003). This is the case of emulsion manufacturing. Moreover, 41 

the final quality and properties of an emulsion are very dependent on the process 42 

variables, so a little change in the stirring rate, in the way of adding the components or 43 

in the vessel size can result in changes in the product quality, apart from a raw material, 44 

time and economical loss. The scale-up analysis of these processes and the study of the 45 

effect of process variables on the emulsion quality are necessary in order to predict what 46 

will happen at industrial scale and to optimize the process, saving money and time in 47 

unproductive tests. However, not many studies are available (Baby et al., 2008; 48 

Capdevila et al., 2010; Galindo-Rodríguez et al., 2005; Mitri et al., 2012; Solè et al., 49 

2010), most of them concerning nano-emulsions (Galindo-Rodríguez et al., 2005; Mitri 50 

et al., 2012; Solè et al., 2010). Highly-concentrated emulsions have some special 51 

features that make the study of their scaling-up different from nano-emulsions and 52 

crucial if their production wants to be implemented at industrial scale. Due to the 53 

extremely high volume fraction of the dispersed phase (> 0.74), it is important to favor 54 

droplet breakup and, at the same time, to avoid droplet coalescence, in order to obtain a 55 

minimum polydispersity and maximum emulsion stability, with the smallest droplet size 56 

as possible. The amount of surfactant plays an important role on the stabilization of the 57 



Published in: Chemical Engineering Science, Volume 101, 20 September 2013, Pages 721–730 

 

emulsion, although its preparation method is also determining. One of the main keys of 58 

this study is to study the scale-up of highly-concentrated emulsion formation and to 59 

determine which are the variables that have to be kept constant at both scales in order to 60 

obtain emulsions with the same properties i.e., determine the scale invariants.  61 

 62 

1.1 Scale invariants 63 

To perform a successful scale-up, there are many empirical scale-up criteria or simple 64 

rules of thumb based on the experience, which involve the formulation of mathematic 65 

correlations using experimental data. These, along with similarities and dimensional 66 

analysis, constitute the scale-up model of the process, which requires enough data 67 

available to validate it. Since emulsion formation can be assimilated to an isotherm 68 

mixture of two fluids (Capdevila et al., 2010; Okufi et al., 1990; Podgórska and 69 

Baldyga, 2001; Wilkens et al., 2005), the scale-up criteria for mixing and agitation are 70 

discussed here, including the dimensionless numbers – despite their rarely successful 71 

scale-up (Zlokarnik, 1998). 72 

  73 

For stirred vessels, the impeller Reynolds number (  2··Re DNi  ) determines if the 74 

flow is laminar (Rei < 10), turbulent (Rei > 10000) or transitional. Rei is obtained when 75 

applying dimensional analysis to the scale-up of mixing vessels (Bird et al., 1964), so it 76 

seems an appropriate criterion, as it includes the most representative variables that 77 

affect the final product, like the stirring rate (N), the impeller diameter (D), the fluid 78 

density () and fluid viscosity (). However, it does not give information of the degree 79 

of mixing or of the intensity of turbulence. To maintain the Rei constant at both scales, 80 

the stirring rate at the large-scale (N2) needs to be equal to the stirring rate at small-scale 81 
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multiplied by the square of the inverse geometric ratio of impeller diameters: 82 

 2

2112 · DDNN  , considering that the same model material is used in both scales 83 

(implying constant density and viscosity). This, along with geometric similarity, implies 84 

that the stirring rate at the large scale should be one fourth of the stirring rate at small 85 

scale, which is usually not enough if a turbulent flow wants to be achieved at industrial 86 

scale to ensure an efficient mixing. In order to keep Rei constant, it is suggested to use a 87 

less viscous model fluid at small scale (Bird et al., 1964), and then avoid working at 88 

high rotational speeds. The same solution is proposed by Bakker and coworkers (Bakker 89 

and Gates, 1995) in order to maintain the same flow pattern in both scales for viscous 90 

liquid mixing applications. However, in spite of the efforts made to keep Rei constant, it 91 

is not always the best scale-up criterion. A study (Johnson, 1967) found that this 92 

criterion did not result in equal mixing time at both scales in the mixing of viscous 93 

liquids using a turbine impeller; and others (Taylor et al., 2005) states that, in general, 94 

the Reynolds number in itself is never a proper scale-up criterion, and that it invariably 95 

increases with scale-up; Gutiérrez et al. (Gutiérrez et al., 2008) considered that keeping 96 

Rei constant in the scale-up of nano-emulsions would imply too high stirring rates at 97 

small scale to reach the Rei used in practical industrial applications, so they used the tip 98 

speed velocity  DNv ··  as scale-up invariant, together with the total addition time. 99 

In their study, when the Reynolds number was constant, there was no correspondence 100 

between scales in the final product, as it was suggested that mixing was not achieved 101 

due to a high turbulence or strong eddies. Due to the extreme viscosity of the system in 102 

the intermediate stages, where a liquid crystal phase was formed, viscous forces were 103 

more important than inertial forces; the fluid was moved along with the stirrer and it 104 

dragged the rest of the fluid with it. The stirrer geometry and the inhomogenities of the 105 
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system helped the mixing. Baldyga et al. (Baldyga et al., 2001), also affirmed that 106 

scaling-up at constant tip speed in the formation of nano-emulsions resulted in identical 107 

droplet size for the large droplets at both scales, although depending on the duration of 108 

agitation, bigger droplets could be obtained in the larger scale tanks. So, apart from the 109 

tip speed, the addition time should also be considered.  110 

 111 

In fact, equal tip speed or velocity in both scales should assure that all the parts of the 112 

fluid should be moving equally at both scales and with no stagnant areas. According to 113 

Wilkens et al. (Wilkens et al., 2003), this is a common criterion associated to industrial 114 

stirrers and phenomena sensitive to shear stress, like in emulsions, where it is interesting 115 

to control droplet size. Moreover, this criterion is recommended when a response 116 

variable of an emulsion (for example droplet size or some rheological parameter) is 117 

clearly correlated with tip speed. Equal tip speed implies that the large-scale stirring rate 118 

is equal to the small-scale stirring rate multiplied by the inverse geometric ratio of the 119 

impeller diameters:  2112 · DDNN  , so if the diameter is doubled, the stirring rate 120 

should be reduced by a factor of two. When scaling-up with this criterion, the Reynolds 121 

number is increased, while power/volume (P/V) is decreased and torque/volume (T/V) 122 

remains constant with increasing scale. Okufi et al. (Okufi et al., 1990) studied the 123 

scale-up of liquid-liquid dispersions in three different vessels with geometric similarity, 124 

varying tip speed and volume fraction of dispersed phase. At a constant tip speed 125 

between scales, they found no variation in the response variables, so they affirm that 126 

this criterion is valid for scaling-up systems like the one they studied. The response 127 

variable chosen was the surface area of dispersion (av), which is defined as the 128 

interfacial area of dispersed phase (ad) per unit volume of the whole dispersion 129 
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( dt VV  , where  is the dispersed phase volume fraction and Vd the volume it 130 

occupies). Taking 2

32·· dnad   and 6·· 3

32dnVd   (n is the number of droplets, d32 131 

the Sauter mean diameter): 32·6 dVaa tdv  , so av can be calculated knowing d32 132 

and . Johnson et al. (Johnson, 1967) studied three different stirrers to mix viscous 133 

fluids with a turbine, and found that constant tip speed was the best scale invariant for 134 

miscible liquids and small changes in scale. The torque per unit volume is an important 135 

mixing characteristic that also represents mixing intensity in terms of fluid velocities 136 

(Dickey, 2005), since it is similar to momentum transfer, which is related to the motion 137 

created by the impeller. Torque (T) is defined as the ratio between power and rotational 138 

speed (T=P/N). In turbulent conditions and geometric similarity, this criterion results in 139 

the same expression as equal tip speed. In this case, the torsion capacity of the stirrer is 140 

related directly with its size (Wilkens et al., 2003).  141 

 142 

The Froude number for a stirred tank ( gDNFr ·2 ) is also a dimensionless 143 

parameter obtained when doing dimensional analysis in mixing applications (Bird et al., 144 

1964). If the Froude number is constant at both scales, the rotational speed at the large-145 

scale is equal to the rotational speed at small-scale multiplied by the square of the 146 

inverse geometric ratio of impeller diameters:   21

2112 · DDNN  , so if the diameter in 147 

the large scale is two times the diameter of the small scale, then the stirring rate will be 148 

0.7 times the small scale stirring rate. Performing dimensional analysis to the scale-up 149 

of stirred tanks, it appears that the Reynolds number and the Froude number have to be 150 

constant at both scales if dynamic similarity is required. However, it is physically 151 

impossible to maintain N·D
2
 (Re) and N

2
·D (Fr) constant at the same time with the same 152 
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model material, although some authors (Bakker and Gates, 1995) affirm that when 153 

studying vortex formation, this should be so, by using different viscosity fluids at both 154 

scales, as Fr takes into account the gravitational forces of the fluid, and is important 155 

when vortex are formed in the emulsion. In the case of high-viscosity fluids, like 156 

HIPRE, the inherent high viscosity prevents the formation of vortex, and the 157 

significance of this number almost disappears (Capdevila et al., 2010). Moreover, the 158 

use of this criterion leads to overdimensioned systems and, as a consequence, it is not an 159 

economical criterion (Wilkens et al., 2003). 160 

 161 

The power number, also known as Newton number, a dimensionless parameter 162 

expressed as
53 ·· DNPN p  , where P is the power, represents the ratio of pressure to 163 

inertia forces and is also widely used in mixing applications (Angst and Kraume, 2006; 164 

Briceño et al., 2001; Houcine et al., 2000; Landin et al., 1996; Podgórska and Baldyga, 165 

2001; Rewatkar and Joshi, 1991). This number depends essentially on the impeller 166 

geometry, so for geometric similarity between the two scales, the power number will be 167 

the same at both scales in turbulent conditions (large Re). To maintain the power 168 

number constant, the large scale stirring rate needs to be 0.315 times the small-scale 169 

stirring rate if the diameter is increased by a factor of two. Then, the power 170 

requirements in both systems will also change proportionally to these variables. 171 

 172 

The energy intensity, expressed as power per unit volume (P/V), is the most used scale-173 

up criterion, as it is easy to understand in mixing applications and the most practical. 174 

Moreover, it correlates well with mass transfer characteristics (Wilkens et al., 2003). 175 

This criterion represents dynamic similarity under negligible viscous forces, i.e., in 176 
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turbulent regime (Re >10000), and when gravitational forces have no effect. It is usually 177 

used in dispersions (Okufi et al., 1990). The criterion of P/V is equal to maintaining 178 

N
3
·D

2
 = cnt, which means that the large-scale stirring rate is equal to the small-scale 179 

stirring rate multiplied by the inverse geometric ratio of the impeller diameters at the 2/3 180 

power:   3
2

2112 · DDNN  . However, this is only valid in turbulent flow, when Np 181 

remains constant. Although some authors (Zlokarnik, 1998) affirm that this criterion is 182 

adequate for gas/liquid systems and liquid/liquid dispersions when the power is equally 183 

distributed in all the tank volume, there are many authors (Johnson, 1967; Okufi et al., 184 

1990) that support that this criterion results in an overdimension of the equipment in 185 

industrial scale. Bourne et al. (Bourne and Yu, 1994) applied the P/V criterion for 186 

reactions in stirred tanks and found that, in general, this was not a good matching 187 

because of the variations of the trajectory of the reaction zone during scale-up, and 188 

found no simple scale-up criterion for micromixing in stirred tank reactors. In the case 189 

of emulsion formation with the continuous addition method, the parameter P/V is 190 

difficult to control, as the batch volume increases with time, and also the power input, 191 

due to the change in viscosity of the emulsion.  192 

 193 

The stirring rate (N), also referred as rotational velocity or impeller speed is proposed to 194 

be the scale-up criterion for highly-concentrated emulsions in our previous study 195 

(Capdevila et al., 2010). The emulsions were prepared at two different scales with 196 

geometric similarity. Considering that the viscosity of the system was high, the scale-up 197 

was first performed maintaining the tip speed constant instead of the Reynolds number, 198 

based on the results from Solè et al. (Solè et al., 2010). However, in contrast to the study 199 

with nano-emulsions, the highly-concentrated emulsion droplets formed in the large 200 
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tank were bigger than the ones formed in the small-scale vessel, so in this case, the tip 201 

speed did not constitute a convenient scale-up invariant; neither would Reynolds 202 

number, as it would imply even a smaller mixing rate at the big scale. This was 203 

supported by the fact that, by keeping the tip speed constant, the stirring rate was lower 204 

at the higher scale involving an increase in droplet size. However, a correspondence 205 

appeared between the two scales in the points in which the stirring rate was the same. 206 

Since in the emulsification process to form highly-concentrated emulsions, a critical 207 

aspect is the creation of interfacial area (droplet breakup to form smaller droplets) rather 208 

than the degree of mixing, the stirring rate, directly related to the shear stress, , is 209 

important. The shear stress  is responsible to deform and breakup the droplets and is 210 

related to the shear rate    av
 by the average viscosity of the emulsion. This shear 211 

rate is related by many authors (Alvarez, 2006; Alvarez et al., 2010; Anne-Archard et 212 

al., 2006; Bakker and Gates, 1995; Thakur et al., 2004) with the stirring rate using the 213 

Metzner-Otto equation (Metzner and Otto, 1957), ( NK· ), as it is a velocity gradient 214 

along the radius of the impeller, where the proportionality constant (K) depends on the 215 

type of the impeller and on the geometry of the system used. For this reason, the stirring 216 

rate, which depends on the shear rate, could seem to determine the droplet size. 217 

However, no further experiments were performed to confirm what was suggested in this 218 

previous study (Capdevila et al., 2010). 219 

 220 

The stirring rate was found to be a proper scale-up invariant in other studies, for 221 

example for stirred tank reactors where fast reactions take place, although not supported 222 

by all authors (Taylor et al., 2005). This criterion is also supported by Galindo-223 

Rodríguez et al. (Galindo-Rodríguez et al., 2005), for the scaling-up of nano-emulsions. 224 
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Moreover, it was pointed out that apart from N and the geometric similarity, the 225 

dynamic similarity had to be taken into account when scaling-up and this was achieved 226 

by maintaining constant the specific power input of the stirrer (P/V). However, the 227 

droplet size in the pilot-scale was always smaller than in the lab-scale, for a same value 228 

of N. The same conclusion, in the micrometric range was obtained by Baldyga et al. 229 

(Baldyga et al., 2001): they saw a slow drift towards smaller drops when agitation was 230 

maintained, as well as smaller drops and faster breakup when scaling-up at constant 231 

power per unit volume (P/V). According to these statements, neither N nor P/V, were 232 

adequate scale-up invariants, because the same emulsion drop sizes were not obtained 233 

when maintaining them constant.  234 

 235 

1.2 The power law relationship 236 

Most of the criteria exposed in the previous section can be summarized with an 237 

expression in which the stirring rate in the higher scale is given by the one at the 238 

smaller scale multiplied by the ratio between the two impeller diameters elevated at an 239 

exponent   

2112 · DDNN  . This concept is similar to the scale-up approach 240 

considered by Gorsky (Gorsky, 2006), based on geometric similarities and using a 241 

power law relationship:  RXX 112  . In this equation, X2 is an unknown variable in 242 

the large scale calculated from X1, R is the geometric scaling factor, which is a 243 

geometric relation between scales (for example D2/D1),  is the power law exponent, 244 

determined empirically or theoretically, and the indices 1 and 2 indicate the small (or 245 

lab) scale and the large (or industrial) scale, respectively. The power law exponent has 246 

a physical meaning, as described in Table 1 (adapted from Levin (Levin, 2006)), which 247 

summarizes what has been discussed here. In the first column, the common scale 248 
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invariants used in typical stirred tank reactors mixing operations are shown. The second 249 

column indicates which is the relation that has to be kept constant at all scales, in terms 250 

of N and D, and the equation in the third column corresponds to the stirring rate in the 251 

bigger scale (N2), given the stirring rate in the smaller scale (N1) and both impeller 252 

diameters (D1 and D2). It can be observed that P/V is shown to be equivalent to the 253 

power law scale-up approach with a power law exponent equal to  = 2/3, as the power 254 

requirement is proportional to N
3
·D

5
, and the tank volume, due to geometric similarity, 255 

is a fixed multiple of impeller diameter, D
3
. Moreover, as the amount of power per unit 256 

volume is directly related to the liquid turbulence on the interface, the mass transfer 257 

rates will also be dependent on this parameter. The Froude number is related to vortex 258 

formation, which is, at the same time, related to the liquid surface motion, as can be 259 

observed in the table when  = 1/2. When the scale invariant is N, the power law 260 

exponent is 0, whereas if the scale invariant is the tip speed, the exponent is equal to 1.  261 

Table 1. Scale-up invariants and physical meaning of the power law exponent. Notation: N, stirring rate; 262 

D, impeller diameter; t, mixing time; 1 and 2 for the small and large scale. Adapted from (Levin, 2006). 263 

Constant 

parameter 

Constant 

relation 
N2 

Power law 

exponent 
Physical meaning 

Re N·D
2
 N1·(D1/D2)

2
 2 Equal fluid flow regime 

We N
2
·D

3
 N1·(D1/D2)

3/2
 3/2 Equal stress to form same size droplets 

T/V N
2
·D

2
 N1·(D1/D2) 1 Equal liquid motion (fluid velocity) or 

tip speed velocity (v=N·D) or 

torque per unit volume (T/V) 
v N·D N1·(D1/D2) 1 

P/V N
3
·D

2
 N1·(D1/D2)

2/3
 2/3 

Equal mass transfer rates or 

equal power per unit volume (P/V) 

Fr N
2
·D N1·(D1/D2)

1/2
 1/2 Equal surface motion 

N N N1·(D1/D2)
0
 0 Equal shear rate 

  264 
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Once having discussed the scale invariants used in mixing applications and emulsion 265 

preparation, the goal of this study is to confirm or to disprove that the stirring rate is the 266 

scale invariant for the scale-up and preparation of reverse highly-concentrated 267 

emulsions using water/Span 80/dodecane and, in the case it is not, identify the threshold 268 

values of the process variables from which it is valid. At the same time, identify those 269 

factors that have a major influence on the emulsion properties and propose a general 270 

scale-up methodology for the preparation of this type of emulsions.   271 

 272 

2. Experimental section  273 

 274 

2.1 Materials 275 

Reverse highly-concentrated emulsions consisted in a continuous phase of dodecane 276 

(99.5 %) and Span80® (HLB = 4.3), both from Sigma Aldrich and used as received, at 277 

different surfactant-to-oil ratios (S/O). Milli-Q water was used as dispersed phase with 278 

a constant volume fraction of 0.90. 279 

 280 

2.2 Determination of the phase diagrams 281 

To determine the phase diagram of the system water/Span80/dodecane, the required 282 

amounts of each product were weighed in clean and dry glass tubes. The tubes were 283 

sealed and the mixture was homogenized using a Vortex stirrer and left in a water-bath 284 

at 25 ºC until equilibration was reached. The determination of the phases was performed 285 

by visual observation under polarized optical microscopy (POM) and by analyzing the 286 

turbidity, texture and viscosity of the samples.  287 

 288 
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2.3 Preparation of the emulsions and determination of energy consumption 289 

Emulsions were prepared in jacketed stirred-tank reactors following a 2-step batch 290 

process. The system (Figure 1) consists of a glass jacketed vessel and a three-level P-4 291 

pitched blade impeller, to cover all the vessel height and provide a good emulsification. 292 

A peristaltic pump (ISMATEC MCP) provided a constant addition flow rate of 293 

dispersed phase. A thermostatic bath (HAAKE F6-C25) is used to maintain the system 294 

at a constant temperature (25 ºC), and a digital laboratory stirrer (IKA Eurostar power 295 

control-visc) is used to control the agitation speed.  296 

 297 

Figure 1. Installation to prepare the emulsions (a) photograph and (b) scheme.  298 

 299 

During the first step, consisting of the dispersed phase incorporation, the continuous 300 

phase, formed by the surfactant and the oil, were weighed, mixed, and transferred into 301 

the reactor, which was already at the desired temperature. Values for the stirring rate (N, 302 

rpm) and for the addition flow rate (Q, mL/min) were chosen (according to the 303 

experiments planned) and at time t = 0, the agitation started and the dispersed phase 304 

(water) was added at the controlled and constant flow rate. The pump was calibrated 305 

before each experiment to ensure the precise value of the flow rate. The second step, 306 

corresponding to the homogenization of the emulsion, starts when the dispersed phase is 307 
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completely added. The emulsion is stirred then for 5 more minutes at the same stirring 308 

rate as in step 1 to ensure a good droplet breakup and incorporation of all the dispersed 309 

phase. With this method, reverse emulsions were formed easily and remained stable 310 

during a long period of time.   311 

 312 

The torque (T) during emulsification was monitored with a IKA Eurostar power 313 

control-visc agitator. The parameters were set using the LabView software. From the 314 

torque and the stirring rate (N), the power (P) during emulsification was calculated and 315 

plotted as a function of time for each experiment. From these plots, different results 316 

could be obtained: the influence of the process variables on power consumption, and 317 

the energy consumption during emulsification (the area below the curves). 318 

 319 

Two different scales with geometric similarity were used (1:2), in which the volume of the 320 

reactor is increased by 8 folds from small (70 mL) to medium scale (560 mL). This ratio was 321 

chosen since it is significant enough to detect the influence of the scale on the emulsion 322 

properties and, at the same time, to minimize the decrease of the surface area-to-volume ratio. 323 

A very large difference would involve a different predominant mechanism in the emulsification 324 

process: droplet breakup on the small scale and coalescence on the large scale (Tatterson, 325 

1994). Each vessel has its own impeller, also fabricated following geometric similarity 326 

respect to the impeller diameter (D).  327 

Table 2. Characteristic volume (V) and lengths of the system. V: emulsion volume, D: impeller diameter, 328 

B: vessel diameter, H: emulsion height. 329 

Scale V  (mL) D (cm) B (cm) H (cm) 

Small 70 4.5 5 4 

Medium 560 9 10 8 

 330 
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2.4 Experimental design 331 

The experiments were designed according to a rotatable central composite design: 332 

2
3
 + star design. This methodology applied in this field allows a reduction of the 333 

number of experiments as well as the detection of possible interaction between factors. 334 

Moreover, the design chosen gives access to both the model curvature and to the 335 

representation of the results in response surfaces. Additionally, as a result of the data 336 

analysis, the main factors that have an influence on the desired property are detected 337 

and an empirical model is obtained. This model enables the prediction, through 338 

interpolation, of the system behavior and hence, of further experiments. The model can 339 

be validated by comparing the predicted values with the experimental ones. The 340 

statistical analysis of the data is performed with Statgraphics ® Plus (v. 4.1). The 341 

preparation and composition variables studied, which are the experimental factors, are 342 

three: the addition flow rate (Q) or total addition time (t), the stirring rate (N) and the 343 

surfactant concentration in terms of the ratio between surfactant and oil in the 344 

continuous phase (S/O). Figure 2 shows the scheme of the process, with the factors and 345 

response variables.  346 

  347 

Figure 2. Diagram indicating the process, factors and response variables. 348 

 349 

A total of 16 runs are needed in each scale, apart from the replicates: 8 (2
3
) experiments 350 

correspond to the factorial design, at the high and low levels, 6 (2·3) experiments 351 
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correspond to the star points (at two extreme levels) and 2 experiments are the center 352 

points. The low and high levels, which are the same at both scales, and the center 353 

points, are shown in Table 3. The addition flow rate is related to the addition time by 354 

t = V/Q. As this emulsification time is constant in both scales, Q will differ, since the 355 

volume in both scales is different. 356 

 357 

Table 3. Factors and levels studied. 358 

Factors Low High Center 

S/O (wt/wt) 0.177 0.357 0.267 

N (rpm) 700 1400 1050 

t (min) 8.75 3.5 5 

Q1 (mL/min) 8 20 14 

Q2 (mL/min) 64 160 112 

 359 

Although droplet size measurements were performed just after the emulsion was 360 

prepared, the emulsion stability was also checked in order to ensure that when the 361 

droplet size was determined, the emulsion had the same properties. Moreover, the 362 

stability is also an indication of the quality of the emulsification process and conditions 363 

chosen.  364 

 365 

2.5 Determination of droplet size and polydispersity 366 

Droplet size is determined from microphotographs taken with an optical microscope 367 

(Optika) equipped with a camera. Droplet size is calculated from more than 1000 368 

diameter drops, which are measured on different microphotographs of the same 369 

emulsion. The measure of the diameter is performed with the Motic Images software, 370 

previously calibrated with standard images. All the microphotographs used to measure 371 
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the droplet size are made at 400x, in order to facilitate the measure of the drop diameter, 372 

which is in the order of 1-10 μm. Droplet size is expressed as the Sauter mean diameter, 373 

also known as the surface-weighted mean diameter ( 23

32 ·· iiii dndnd  ), since the 374 

parameters describing the surface area are important in order to know the amount of 375 

surfactant on the interface, for example. The number mean diameter (d10) is also 376 

evaluated. Polydispersity of an emulsion can be quantified using several parameters, 377 

such as the standard deviation (s), used in this study, or the coefficient of variation (cv), 378 

defined as the ratio of the standard deviation of the sample and the number mean 379 

diameter ( 10dscv  ). When cv < 0.1, emulsions are considered to be monodisperse.  380 

 381 

3. Results and discussion 382 

 383 

3.1 Characterization of the system used 384 

The analysis of the phase diagram showed that the system used does not present liquid 385 

crystal regions in the emulsion formation path. The emulsions prepared had a micellar 386 

continuous phase, which enabled their formation at room temperature (25 ºC). As the 387 

volume fraction of dispersed phase (0.90) is higher than the packing of monodisperse 388 

spheres (0.74), the emulsion droplets were in contact and presented polyhedral shapes. 389 

 390 

3.2 Influence of the process variables in droplet size  391 

The experimental runs, along with the droplet size and polydispersity, are found in the 392 

Supporting Information (SI). The influence of the process variables was studied at both 393 

scales. The Pareto charts shown in Figure 3 (small scale) and in Figure 4 (medium 394 

scale) depict which factors and interactions have a significant effect on the response 395 
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variables. In the figure, the acronyms for the factors are the following: A for S/O 396 

(surfactant-to-oil ratio), B for Q (addition flow rate) and C for N (stirring rate). The two 397 

order factors are symbolized by AA, BB and CC (implying A
2
, B

2
 and C

2
), and the 398 

interactions between the factors are symbolized as AB, AC and BC, for the interaction 399 

between S/O and Q, S/O and N, and Q and N, respectively. The significant effects, 400 

which are the ones with a p-value < significance level (0.05), are those who overcome 401 

the vertical line. The analysis of the results show that the stirring rate (C:N) is the factor 402 

that most influences the droplet size, in the range studied, followed by the surfactant 403 

concentration (A:SO). The interaction between both factors (AC), surfactant-to-oil ratio 404 

with stirring rate, appears to be significant at the small scale and not that much at the 405 

medium scale; and the stirring rate has a second-order effect, which is more relevant at 406 

the medium scale, as we will discuss later. 407 

Standardized effect

0 2 4 6 8 10
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AB

B:Q

CC

AC
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Figure 3. Standardized Pareto Chart for d32 (small 

scale). 

Standardized effect
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Figure 4. Standardized Pareto Chart for d32 

(medium scale). 

Quite similar patterns are obtained in both scales: droplet size decreases with increasing 408 

N and S/O, which is in agreement with other authors (Capdevila et al., 2010; Galindo-409 

Rodríguez et al., 2005; Solè et al., 2010). As the higher values of N and S/O involve 410 

smaller droplet size, we can say that both factors have a negative effect on this 411 

property. When N increases, there is more energy to break up the dispersed phase into 412 

smaller droplets, and, as discussed in previous sections, N is related to the shear stress, 413 
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which is the force responsible for droplet breakup. On the other hand, when the 414 

surfactant concentration increases, the interfacial area can increase, as there is more 415 

surfactant to stabilize it, so droplets can be smaller.  416 

From the analysis of the results, an empirical model that describes the behavior of the 417 

system and expressed as   2112

2

222

2

11122110 ······ xxxxxxy  is 418 

determined (y is the response variable, xi the factors, and i the model parameters). The 419 

parameters of the equations and the regression coefficients are found in SI for both 420 

scales and taking into account all the factors studied or just the ones that have a 421 

significant effect (N, S/O, N
2
 and N·S/O in the case of small scale, and N, S/O and N

2
 in 422 

the case of medium scale). The equations with the significant factors are shown below: 423 

(1) for small scale and (2) for medium scale. 424 

 425 

NOSNNOSd ·/·10·67.3·10·67.510·89.2/·57.5248.33 2262

32

 
                           (1) 

426 

262

32 ·10·00.7·10·92.1/·23.452.17 NNOSd  
                                                       (2)

 427 

 428 

These equations are used to generate the response surfaces, which show how the system 429 

behaves. The response surfaces corresponding to the small scale experiments are shown 430 

in Figs. 5-8 and the ones of the medium scale can be found in the SI. In order to see if 431 

there is any difference with the models obtained taking into account all the factors (Fig. 432 

5,7) and the ones obtained with only the significant factors (Fig. 6,8), both response 433 

surfaces are generated. Moreover, as there are three factors, but we can only represent 434 

two variables in each figure, in one figure, the Q is held constant at 14 mL/min 435 

(although Figure 6, as Q appears not to be significant, would be the same for other 436 
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values of Q) to see the influence of N and S/O (Fig. 5,6) and in the other, to see the 437 

effect of Q and S/O, the stirring rate N is constant at 1050 rpm (Fig. 7,8).  438 

As the model predicts, the influence of S/O to droplet size seems to be linear, whereas 439 

the effect of N is quadratic (Fig. 5,6). Moreover, at small scale the interaction between 440 

S/O and N has a significant effect: the influence of N is higher when the surfactant 441 

concentration is lower. There seems to be no difference between Figures 5 and 6 442 

because, in this case, the variables observed and their interactions have a significant 443 

effect, which is far more important than the other interactions and second-order effects.  444 
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Figure 5. Estimated response surface for d32 (using the 

model with all factors) at small scale. Q constant at 14 

mL/min. 
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Figure 6. Estimated response surface for d32 (using the 

model with the significant factors: N, S/O, N
2
, S/O·N) 

at small scale. Q constant at 14 mL/min. 
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Figure 7. Estimated response surface for d32 (using the 

model with all factors) at small scale. N constant at 

1050 rpm.  
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Figure 8. Estimated response surface for d32 (using the 

model with the significant factors: N, S/O, N
2
, S/O·N) 

at small scale. N constant at 1050 rpm. 

 445 
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According to the analysis, and like in our previous study (Capdevila et al., 2010), the 446 

addition flow rate (B:Q) appears to be not significant, as observed in the Pareto charts 447 

(Figure 3,4) and in the normal probability plot (SI). However, by looking at Figure 7, 448 

where the response surface is generated with the model obtained with all the possible 449 

factors, and the effect of Q is depicted, we can observe that the influence of Q is quite 450 

significant when the surfactant concentration is low: the higher the addition flow rate, 451 

the bigger the droplet size. This is due to the fact that when the addition rate is high, 452 

there is less time to break up the dispersed phase and bigger droplets are obtained, 453 

which coalesce fast when there is not enough surfactant available. However, when 454 

working at high surfactant concentration, this effect is balanced with the high amount 455 

of amphiphile that can stabilize the system. If the response surface is represented with 456 

only the significant factors (Figure 8), the effect of Q is not appreciated, since in this 457 

case, the value of droplet size does not depend on Q, but only on S/O and N (since Q 458 

does not appear in the model with only the significant factors). This happens both in 459 

small and medium scale.  460 

 461 

In this study, the validation of the model is performed by comparing the calculated 462 

values obtained from the models with the experimental ones. Figure 9 shows the 463 

validation of the models in both scales. The filled symbols are the points obtained 464 

taking into account all the factors and interactions, and the open symbols are generated 465 

taking into account only the significant ones. It can be observed that the points are near 466 

the line x = y, which indicates that the model fits well to the experimental data.  467 
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 468 

Figure 9. Plot of the calculated values versus the experimental results to validate the models: (a) small 469 

and (b) medium scales.  470 

 471 

3.3 Scale-up following droplet size  472 

The effect of the process variables in droplet size is similar on both scales. However, 473 

droplet size is found to be smaller at the medium scale, for the same values of the 474 

process variables, especially when S/O is low, Q high (t low) and N low. This indicates 475 

that at the medium scale, for the same values of N, there is more energy for droplet 476 

breakup. When the conditions are the opposite (S/O high and Q low, along all the range 477 

of N), the droplet sizes in both scales are quite similar, indicating that N could be a 478 

good scale invariant when these conditions are met.With the empirical models, the 479 

power law exponents of the scale invariants are found for each experimental condition, 480 

by minimizing the mean absolute error (MAE) (3) between the droplet size calculated 481 

with the medium scale model, and the one calculated for the small scale model, using a 482 

theoretical calculated stirring rate N1 (4), which depends on the power law exponent. In 483 

equation (3), n is the number of points used; in this case n = 26, since values from 484 

N = 350 rpm to 1600 rpm are taken, in intervals of 50 rpm.  485 

 486 
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                (3)   487 

                                                                                                (4) 488 

 489 

The representations of the droplet size obtained with both empirical models and with 490 

the equation obtained by minimizing the MAE are shown in Figure 10, as a function of 491 

N, at different experimental conditions (varying S/O and Q (or t)).    492 

When the values of the process variables involve that the droplet sizes in both scales are 493 

similar, the power law exponent obtained in the scale invariant analysis is close or 494 

equal to 0, indicating that N is the proper scale invariant in those conditions, as our 495 

previous study indicated (Capdevila et al., 2010) and confirming the experimental 496 

results. However, as S/O decreases and Q increases, the difference between both scales 497 

increases and the power law exponent reaches values of 0.5, indicating that in these 498 

conditions N is not the proper scale invariant.  499 

 500 

Apart from the empirical models, the experimental results for both scales are also 501 

depicted in Figure 10. It can be observed that at the small scale, the droplet diameter is 502 

bigger, especially when the surfactant concentration and the addition time are low 503 

(Figure 10,d,f). When the surfactant concentration and the addition time are high, and 504 

when N > 1500 rpm, there is no difference in droplet size, so  → 0 (Figure 10,c,g). 505 
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 506 

Figure 10. Droplet size as a function of N, for different values of S/O and t. The continuous lines 507 

represent the empirical model found (including all factors) at both scales, and the dashed line, the small 508 

scale droplet size calculated at a stirring rate using the optimum power law exponent ( 509 

). 510 

 511 

Figure 11 shows the change in the power law exponent with S/O and addition time. 512 

Each value is valid for the whole range of N (from 350 to 1600 rpm).  513 
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 514 

Figure 11. Evolution of the power law exponent with S/O at different total addition times of 515 

emulsification. The five addition-time levels correspond to the factorial, center and star points. 516 

 517 

We can see that when the surfactant concentration is low, the power law exponent is 518 

around 0.5, whereas the higher the surfactant concentration, the lower the power law 519 

exponent, which approaches 0, especially when the addition time increases. This 520 

indicates that at a high surfactant concentration and when the dispersed phase has more 521 

time to breakup in smaller droplets, the stirring rate seems to be a proper scale invariant. 522 

In fact, the emulsions obtained at these conditions are the most stable ones, and their 523 

droplet size is smaller. The threshold values for N as a scale invariant would be 524 

S/O > 0.5 and t > 5 min. On the other hand, when the surfactant concentration is lower, 525 

the emulsions obtained have bigger droplet sizes and are less stable. In this case, the 526 

scale invariant approaches N·D
0.5

, which, according to Table 1, indicates that what is 527 

relevant is a constant surface motion. To be sure of performing a proper scale-up, we 528 

propose to  determine in which conditions the power law exponent approximates 0, and 529 

to establish these conditions along with addition time and stirring rate as invariants in 530 

the scaling-up process. As it has been said, the power law exponent, 0 in this case, 531 

would be valid for a wide range of N, from 350 up to1600 rpm. 532 
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 533 

3.4 Influence of the process variables and scale-up following polydispersity  534 

The polydispersity of the emulsion, calculated as the standard deviation of droplet size, 535 

followed the same behavior as droplet size (Figures in SI). At both scales, the factors 536 

that most influenced polydispersity are the stirring rate, in quadratic form, and the S/O. 537 

There is also an interaction between both factors. The addition flow rate, as in droplet 538 

size, is not a significant factor, although its influence is important when the surfactant 539 

concentration is low, increasing the polydispersity when Q is high.  540 

 541 

3.5 Influence of the process variables on power consumption 542 

The influence of the process variables is reflected in the power consumption at both 543 

scales. At small scale, the power appears to be independent of the water flow rate (Q) at 544 

a given N and S/O (Figure 12-a); it increases with agitation speed at a given Q and S/O 545 

(Figure 12-b), and S/O has a minor influence, at a given N and Q (Figure 12-c). Hence, 546 

the stirring rate is the parameter that most increments the energy consumption, as it can 547 

be expected. Another observation in the small scale is that the power consumption is 548 

constant or nearly constant from the beginning to the end of the test, and there is no big 549 

difference between the two emulsification steps (addition and homogenization).  550 

551 
Figure 12. Power evolution with time at (a) different Q, (b) different N and (c) different S/O (small 552 

scale). 553 
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 554 

In the medium scale, we can observe that, unlike in the small scale, the power 555 

consumption is divided in two different areas: in step 1, where the addition of dispersed 556 

phase takes place, the power increases with time, and in step 2, where the 557 

homogenization of the emulsion takes place, the power consumption remains constant 558 

(Figure 13). The fluctuations observed are possibly due to errors in the data acquisition 559 

or transmission. As happened in the small scale, the main parameter that has an 560 

influence in the power consumption is the stirring rate (Figure 13-b). However, the 561 

influence of Q is also significant: when working at 193 mL/min, the power 562 

consumption increases significantly in step 1, and then remains constant at 30 w, 563 

whereas when working at 31 mL/min, the power consumption increases at a lower rate 564 

and then remains constant at around 25 w (Figure 14-a). In the case of N, the difference 565 

is bigger: when working at 461 rpm, the power consumption is constant at 5 w, whereas 566 

at 1050 rpm, the power increases up to 25 w, and at 1639 rpm, the power reaches 45 w. 567 

The S/O, in the range studied, does not have a significant influence (Figure 13-c).  568 

 569 

Figure 13. Power evolution with time at (a) different Q, (b) different N and (c) different S/O (medium 570 

scale).  571 

 572 
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Figure 14 exemplifies the difference in power consumption in the formation of 573 

emulsions at both scales. We can see that at small scale, from the first moment to the 574 

end, the power remains constant, whereas in the medium scale, the power consumption 575 

increases during step 1, corresponding to the addition time of dispersed phase, and then 576 

remains constant during the homogenization step (step 2).  577 

 578 

Figure 14. Power consumption along the emulsification time in emulsions formed with S/O = 0.267, 579 

tadd = 5 min, at three different N (461, 1050, 1639 rpm) for small scale (dashed line) and medium scale 580 

(continuous line). 581 

 582 

4. Conclusions 583 

In the range studied, the surfactant concentration (S/O) and the stirring rate (N) were 584 

found to be the main factors that influenced droplet size, polydispersity and power 585 

consumption. In general, at higher N and S/O, emulsions have a smaller droplet size 586 

with less polydispersity. The power consumption is higher at the medium scale. 587 

Moreover, in this scale, it increases in step 1 and remains constant in step 2, whereas in 588 

the small scale, there is no difference between the two steps.  589 

 590 
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The empirical models relating the process variables with the emulsion properties were 591 

obtained and used in the scale-up analysis. The scale-up is performed by keeping the 592 

stirring rate and the total addition time of dispersed phase as invariant in both scales 593 

experiments. A higher value of the droplet size is obtained at a smaller scale for nearly 594 

all the experimental conditions tested, showing that stirring rate is not the adequate 595 

invariant in scaling-up. Other scale-up invariants were required, which presented the 596 

form Ni·Di

. A different power law exponent () could be determined when changing 597 

the experimental conditions, as an approximation to the scale-up invariants for this 598 

system. Although there is no scale invariant valid for all the range of the process 599 

variables studied, a correlation between this exponent and the process variables is 600 

found. According to the results obtained, when the stirring rate is high enough, or when 601 

S/O and t are high,  → 0; otherwise, the power law exponent increases. 602 

 603 

These results justify that different authors propose different scale-up criteria as can be 604 

seen in Table 1: the power law exponent changes depending on the system and on the 605 

conditions. Studies for scaling-up specific systems should include the determination of 606 

the power law exponent applicable to this system and, if it is considered convenient for 607 

a safer scale-up, the determination of conditions where the exponent is approximately 608 

constant when the other variables are changing.  609 

 610 
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6. Appendix A. Supporting information 615 

Supplementary data associated with this article can be found in the online version at 616 
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