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Abstract
Rotor-stator mixers are characterized by a set of rotors moving at high speed surrounded closely by a set of stationary stators which produces high local energy dissipation. Rotor-stator mixers are therefore widely used in the process industries including the manufacture of many food, cosmetic and health care products, fine chemicals, and pharmaceuticals. This paper presents data demonstrating scale-up rules for the mixing times, surface aeration, and equilibrium drop size for Silverson batch rotor-stator mixers. Part 1 of this paper has already explored scale-up rules for the key power parameters. These rules will allow processes involving rotor-stator mixers to be scaled up from around 1 litre to over 600 litres directly avoiding problems such as surface aeration.
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Highlights
· Batch rotor-stator mixing time can be given by  
· Removing the screens reduces the mixing time
· The flow patterns created by rotor-stator mixers are mainly radial, but baffles in the vessel reduce any swirl flow
· The onset of surface aeration for the rotor-stator is given by 
· The equilibrium drop size can be given by  for rotor-stator systems with or without screens
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Introduction
Rotor-stator mixers are characterized by a set of rotors moving at high speed surrounded closely by a set of stationary stators (or screens). The rotors generally rotate at an order of magnitude higher speed than conventional impellers in a stirred tank; typical tip speeds range from 10 to 50 m s–1 with the gap between the rotors and stators generally ranging from 100 to 3000 μm. This design allows the generation of high shear rates and high intensities of turbulence. The energy generated by the rotor dissipates mainly inside the stator and therefore the local energy dissipation rates are much higher than conventional impellers in stirred vessels (Atiemo-Obeng and Calabrese, 2004).
Part 1 of this paper examines the power constants for scale-up of batch Silverson rotor-stator systems. The laminar power and Metzner-Otto constants were found to scale simply by a power law with the stator diameter. The turbulent power numbers scaled by expressions similar to inline rotor-stator system in the form of Po=Poz+kNQ.  For the system with the stator the flow number could be shown to be related to the flow area such that the power number could be represented by,
	
	(1)


This paper continues by examining other aspects which are important to scale-up batch rotor-stator mixers such as the mixing time and emulsification properties.  
As the time taken for a vessel to mix two or more components together is crucial to many processes, a lot of work has gone into trying to predict this time from knowledge of the agitator and the operating conditions. Many different methods of determining the mixing time have been used; e.g. dye addition (Mann et al., 1987), pH shift (Singh et al., 1986), tracer monitored by conductivity probes (Ruszkowski, 1994), Flow followers (Bryant and Sadeghzadeh, 1979), and Electrical Resistance Tomography (Rodgers and Kowalski, 2010). The dimensionless mixing time has been shown to be a function of the Reynolds number, the agitator power number, the Froude number, and geometric parameters such as D/T , H/T , etc.
The turbulent regime is the most studied regime in the literature, with many correlations being presented for the dimensionless mixing time as a function of these parameters. In the turbulent regime in a fully baffled vessel, the dimensionless mixing time is independent of the Reynolds number and the Froude number.
Grenville and Nienow (2004) suggest that for a wide variety of impellers and aspect ratios, with a liquid height equal to or less than the tank diameter, the dimensionless mixing time can be given by equation (2), where D is the impeller diameter, N is the rotor speed, T is the tank diameter, and H is the liquid height, t95 is the 95% mixing time, and Po is the power number.
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This expression was extended by Rodgers et al. (2011) for a number of impeller systems for liquid heights greater than the tank diameter as equation (3), when the constant β is dependent on the impeller type.
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It is interesting to note that this equation can be written as equation (4), where Fo is the Fourier Number (µt95/ρT2).
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A typical method of benchmarking mixing systems as well as mixing time is examining the drop size of emulsions produced; this is because dispersed fluid systems are present in many industrial applications. One of the most important characteristics of a dispersed system is its particle size, since it determines or affects many of the system’s physical and chemical properties. The particles in the system are made of different sizes and have a drop size distribution which is typically characterised by the Sauter mean diameter, d3,2.
Often droplets are thought to break-up due to turbulent eddies, i.e. energy dissipation rate. Break-up due to turbulent eddies is generally based on the work of Kołmogorov (1949) and Hinze (1955) which utilize the concept of eddy turbulence to define a limiting drop size. It is usually assumed that drop break-up occurs due to the interactions of drops with the turbulent eddies of sufficient energy to break the drop (Liao and Lucas, 2009). For a given fluid system the effective equilibrium drop size (this is the drop size after a sensible processing time, when the drop size reduction with time is very small and almost unmeasurable) is dependent on the maximum local energy dissipation and thus should scale-up with this value when using geometrically similar vessels. For low viscosity dispersed phase dilute liquid–liquid systems, the drops are inviscid as the internal viscous stresses are negligible and only the interfacial tension force contributes to stability. The maximum stable equilibrium drop size, dmax, can be related to the maximum local energy dissipation rate, εmax, by Equation (5) for isotropic turbulence (Davies, 1987).
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For turbulent flow conditions, using geometrically similar systems, Equation (5) has been rearranged into a dimensionless form, in terms of d3,2 (which is typically reported to be proportional to dmax) and using the Weber number, such that,
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Calabrese et al. (2000) applied Equation (6) to correlate the drop size in a batch Ross rotor–stator mixer and reported a constant of 0.040. Another typically used scale-up method for emulsification in stirred vessels is tip speed, ND, of the rotor or impeller (El-Hamouz et al., 2009),
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Break-up due to the agitator shear rate is based on a balance between the external viscous stresses and the surface tension forces (Liao and Lucas, 2009). If the break-up is due to the agitator shear rate then the effective equilibrium drop size is related to the maximum shear rate. This would mean that lower power number agitators can produce smaller drops than higher power number agitators, as low power number agitators may have a higher shear rate. This has been seen experimentally (Zhou and Kresta, 1998); when scale-up is performed on a constant energy dissipation rate, smaller drops are observed at larger scales (Bałdyga et al., 2001). This is likely due to the shear rate increasing at larger scales when the energy dissipation rate is kept constant (Rodgers and Cooke, 2012a).
Rueger and Calabrese (2013a, 2013b) have recently looked at the dispersion of water in an oil continuous phase at a variety of concentrations with batch rotor-stator devices and found good correlation with ReWe. Zhang et al. (2012) provide a further review of high-shear mixers.
[bookmark: _Ref438771878]Material and methods
Experimental equipment
Figure 1 provides photos of the three experimental rig used for these experiments. They all consist of a circular flat bottomed vessel, with liquid height equal to the diameter of the vessel. The batch rotor-stator is positioned in the centre of the vessel at a height equal to half the liquid height. Each vessel was also baffled with four standard T/10 baffles. The largest vessel is fitted inside a square jacket through which water can be circulated for temperature control. The square jacket also provides distortion free viewing windows for flow visualisation.
The smallest scale consists of a 0.128 m diameter vessel with a Silverson L5M rotor-stator mixer, this device had both the standard Emulsor screen mixing head and the 5/8” Micro tubular mixing head; this system had a TorqueSense 1 Nm torque meter attached to allow calculation of the power. The rotor speed range is 0 to 10,000 rpm, controlled by the internal bench unit system. The middle scale consists of a 0.380 m diameter vessel with a Silverson AX3 rotor-stator mixer, which was used with the standard Emulsor screen; this system had a TorqueSense 5 Nm torque meter custom installed in the motor housing by Silverson. The rotor speed range is 0 to 3000 rpm, controlled by an inverter over the range 0–50 Hz. The largest scale consists of a 0.6096 m diameter vessel with a Silverson GX10 rotor-stator mixer, this device had a 4.5” Emulsor screens rotor-stator mixing head and a 5.8” Emulsor screens rotor-stator mixing head, which also had a custom large hole screen; this system had a TorqueSense 40 Nm torque meter custom installed in the motor housing by Silverson. The rotor speed range is 0 to 3,000 rpm, controlled by an inverter over the range 0–60 Hz. The vessel is also fitted with 8 rings of 16 equally spaced EIT electrodes (6 rings below the liquid height) in a baffle cage configuration which are connected to an ITS P2000 tomography measurement system. Details of the rotor stators are provided in Table 1.
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[bookmark: _Ref438646091]Figure 1. Photos of the 3 three systems used, (a) GX10, (b) AX3, and (c) L5M.
	Impeller
	Rotor Diameter (mm)
	Blade Height (mm)
	Vessel Diameter (mm)

	GX10 5.8”
	149.23
	34.87
	609.60

	GX10 4.5"
	114.30
	23.82
	609.60

	AX3 standard
	50.55
	11.10
	380.00

	L5M standard
	31.71
	12.64
	128.00


[bookmark: _Ref438650254]Table 1. Dimensions of the Silverson mixers used in this study.
 
Mixing Time Measurements
Experiments for the mixing times were carried out by adding a brine solution (50 g table salt dissolved per litre of tap water) to the surface of the liquid. For visualisation runs the tracer was also dyed with 50 g per litre water soluble Nigrosine dye (Fisher). The brine solution was added to the vessel in small aliquots onto the surface in a fixed position 2/3 of the radius from the agitator shaft and between two baffles. The energy input of the addition was small compared to that given by the agitator. The mixing times were calculated over a range of agitation rates and several repeats were taken for each speed.
Electrical impedance tomography (EIT) is commonly used to monitor processes which require good temporal and spacial resolution. It has been used to measure mixing times in industrial single phase and multi-phase systems (York, 2001). The ITS P2000 was chosen for the experiments presented in this paper as it is the best performing EIT instrument, available to us, for experiments requiring high temporal resolution and is capable of successfully monitoring homogeneity. The signal-to-noise ratio (SNR) was checked to ensure that no voltage measurements were saturating the analogue to digital converter. The optimum injection current was found to be 50 mA resulting in a SNR ratio of approximately 59 dB for water at the start of the experiment. The SNR is the ratio of the mean of one voltage reading over a number of frames, n, to the standard deviation of the reading, averaged over the number of readings in a frame.
The mixing time was analysed by considering the time taken for the system to return to homogeneity after the step change addition of the salt solution. Since the measurements were collected using EIT, the change in collected voltages can be used to monitor this return. The advantage of this method is that multiple measurements are taken, but does not introduce any error in the measurements due to reconstruction. The extent of homogeneity is tracked using of the log of the root mean squared. The analysis was carried out by evaluating the change of measurement from the start, relative to the difference between the initial and final readings, these values are then normalised for the number of measurements, equation (8),
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where V represents the voltages, N is the number of measurements, and the subscript t, 0 and ∞ represent the value of measurement i at time equals t, the start time and the end time. It can be seen that due to the nature of the equation a system can be said to be 90% homogeneous when ln[Vrms] drops below –2.3, however since most literature values are provided for 95% mixing time, the value attained can be scaled to a 95% time; as . This is valid if the mixing follows an approximate exponential decay, i.e. ln[Vrms] reduces linearly with time. Figure 2 shows an example trace for the log root mean squared voltage, the start time is when the tracer is added and the end time is when the value of the log root mean squared voltage never exceeds -2.3. The advantage of this analysis method is that equation (8) biases the result towards the values that change slowest, which gives a better representation of the end point of the process.
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[bookmark: _Ref438941258]Figure 2. Example variation of log root mean square voltage variation with time for the GX10 5.88” rotor-stator at 800 rpm.
Flow Pattern Determination
Identifying the flow pattern was undertaken by using two different methods; tomography and visual identification. An accurate geometric model of the vessel, including the exact electrode positions, was developed using constructive solid geometry. The baffles and the agitator were also modelled as they strongly affect the measured voltage signals (Stephenson, 2008) and so are requisite for the finite element model accuracy (Rodgers and Kowalski, 2010). The geometric model was meshed (using an advancing front surface mesh and Delaunay techniques) to give tetrahedral elements using the Netgen mesh generator (Schöberl, 1997). The collected voltage data was reconstructed using a generalised singular value decomposition (gsvd) algorithm (Hansen, 1989) based on the finite element model. This approach decomposes the image into individual spatial frequency components and affords the ability to control the number of generalised singular values incorporated into the solution. The inclusion of a low number of singular values in the solution yields an image with lower spatial resolution but which is robust to measurement noise. Conversely, the inclusion of a high number of singular values yields an image with potentially higher spatial resolution which is less robust to measurement noise. The regularisation parameter in the algorithm was chosen frame by frame to be the value obtained by an analysis of the Discrete Picard Condition (Hansen, 1990). The Discrete Picard Condition compares the generalised singular values (representing the change in the data) with the Picard coefficients (representing the noise in the data), and gives the value where they are equal. Values of the generalised singular values greater than the Picard coefficients contain recoverable data and should be utilised, which occurs if the regularisation parameter is set to this equality (Rodgers and Kowalski, 2010). The regularisation parameter varies with the frame number; during the mixing the regularisation parameter increases as the sharp changes in conductivity create more noise in the data. 
For visual identification the mixing tracer with dye was filmed and then the individual frames were extracted.
Emulsification
For all cases a 1 wt% 10 cSt silicone oil (poly-dimethyl siloxane, Dow Corning 200 fluid) and 0.5 wt% sodium laureth sulfate (SLES 2EO, Texapon N701) in water solution were used. The SLES surfactant was a commercial grade supplied as a 70 wt% active viscous yellow liquid. 
The SLES surfactant was added to tap water and mixed for each system until it was apparent it had visibly dissolved. After this the silicone oil was added to the vessel and mixed at the relevant agitation speed for 30 minutes. This time was selected as transient measurements had determined that this was the period of time needed to produce the equilibrium drop size. After this time samples of the resulting emulsion were collected.
A Mastersizer M3000 laser diffraction particle analyser (Malvern Instruments, Malvern, UK) was used to measure the drop size distributions of the samples. Samples were diluted in water/SLES solution to ensure the oil droplets were dispersed in a medium similar to the continuous phase, and to prevent coalescence and oil deposition on the optical windows of the sample cell, this produced an obscuration rate between 7–14%. Each sample was analysed 5 times by the instrument. The relative refractive indices (RI) used were 1.33 for the continuous water phase, and 1.42 for the silicone oil dispersed phase. The imaginary component of the absorption index for silicone oil was taken as 0.001. The Mastersizer’s software configuration was set to General Analysis model allowing for multiple modes if needed. The value of the obscuration, absorption index, and relative refractive indices were tested to make sure they didn’t affect the drop size distribution; they didn’t over any sensible range of variation. Emulsion samples measured directly after production were found not to change over 48 hours. For consistency, samples were measured within 24 hours after the experiment was completed. The distributions produced were mono-modal and fit to a simple log-normal distribution.
Results and Discussion
Mixing Times
The mixing times were plotted against impeller speeds, giving an inverse relationship, as expected for turbulent mixing; however, initial results indicated that the mixing times were significantly slower than predicted by the Grenville equation (Grenville and Nienow, 2004), equation (2), but the general trend matched this relationship. On the basis that the mixing constant, α, was the only variant, the data was fitted to find a new constant for the rotor stators, equation (9).
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Figure 3 shows the result for the rotor-stator heads from the GX10 and L5M. The results show that a new constant to 31.5 fits the data collected from the rotor stator for all sizes, shown by the black diagonal line. This is roughly 6 times higher than the Grenville constant (5.2), indicating that mixing carried out by the rotor stator is 6 times slower than by equivalent non-stator impellers. It should be noted that although the mixing is slower than a conventional impeller at the same speed, rotor-stators are typically run at a much higher speed so the actual mixing times are similar.
The reason for this slower time is most likely due to the presence of the stator, and the restricted flow through the holes. To check this the mixing time experiments were repeated with the screens with larger holes (which has been seen to increase the power number, James et al. (2016)) and with the screens removed. It can be seen from Figure 3 that these modification do improve the mixing efficiency.
Increasing the size of the stator holes to 5mm for the 5.88” rotor-stator increases the power number from 1.25 to 1.63, which is due to an increased flow rate, this reduces the α constant value to 13.1, shown as the blue line. Removing the screen completely reduces the α constant value further to 10.5, shown as the red line, this is due to a further increase in the flow rate from the rotor. The efficiency of the rotor is not as efficient as a regular impeller (α = 5.2); in fact it is approximately double, this may be due to the large base plate, which is approximately 47% of the diameter of the vessel, dividing the flow of the vessel into two zones, a top zone (above the plate) and a bottom zone (below the plate).
A common variation of the system to improve the mixing is the addition of a second impeller to provide the bulk mixing. In this case a 6” diameter 3 blade propeller was added to the same shaft as the rotor-stator at a depth from the liquid height of 0.15 m. The power number for this combined system based on the diameter of the rotor (0.1143 m) is 2.94. In this case the α constant value was reduced to the same value as for the stator without the screen, 10.5.
It is interesting to note that although the two different methods were used to improve mixing, the results obtained give the same efficiency. It can be deduced from the results that there exists a possible maximum mixing rate that can be provided by the rotor stator, which is twice as slow as by any equivalent impeller (at the same speed).
[image: ]
[bookmark: _Ref438769289]Figure 3. Variation of the mixing time for the systems studied in this paper. The grey diagonal line represents the position of the Grenville equation, Equation (3).
For the system with the added propeller, the higher speeds caused surface aeration to occur, in some cases air was draw into the system causing the liquid height to increase and the power number of the system to drop (up to 25% by 2000 rpm – though mostly a drop in the power number of the propeller). The power was measured for each of the mixing runs so the actual values could be used, and a modified version of equation (9) was used for the speeds over 1000 rpm,
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which is a similar but slightly higher exponent than for the mixed flow impeller seen by Rodgers et al. (2011).
Surface Aeration
In addition, an observation made during the operation of the impellers found that both methods of improving the mixing, lead to a decrease in the operational range of the impeller, this is due to an early onset of surface aeration. Surface aeration was observed in all impellers at various speeds and the results obtained using water is shown in Figure 4.  The correlation for this can be given by,
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which has an exponent on the diameter less than that seen by Veljković et al. (1991) but similar to that seen by Matsumura et al. (1978) for 6 blade turbines. Removing the screens reduced the rotor speed for the onset of surface aeration. The use of the propeller caused even more surface aeration which reduces the proportionality constant in equation (11).
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[bookmark: _Ref439026534]Figure 4. Froude number (Frs) at onset of surface aeration for the systems studied in this paper.
When the propeller is in motion, there are strong turbulent flows within the liquid; this causes surface aeration to occur at much lower speeds. Similarly when the stator is removed, the turbulence of the system increases, allowing air entrainment to occur at much lower speeds. From the results and in combination from the results of the mixing times, it can be seen that using the rotor stator with the propeller improves mixing time greatly, but reduces the operational envelope to a maximum of 900 RPM. The reduction in operation envelope is also true for the removal of the stator. Figure 5 shows photographs of surface aeration occurring due to the addition of the propeller and the level of gas entrainment seen at higher speeds.
It is also interesting to note that surface aeration was observed within silicone oil as surface aeration occurring within silicone oil manifests itself in a similar but more interesting manner as shown in Figure 6. Surface aeration within silicon oil is manifested as small rings forming on the impeller shaft near the surface, as the speed is increased further, the number of rings increases, until eventually the bubbles are dragged down the surface of the shaft and into the rotor-stator.
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	(a) 600 rpm
	(b) 1000 rpm


[bookmark: _Ref439027633]Figure 5. Photo of air entrainment for the rotor-stator with the propeller system, (a) before onset of surface aeration, (b) after onset of surface aeration.
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[bookmark: _Ref439028657]Figure 6. Entrained small air bubbles dragged down the shaft and recirculated through the rotor-stator in high viscosity 1000 cSt Silicon oil. 
Flow Patterns
The flow pattern identification was carried out on the large scale GX10 with the 0.1143m rotor stator using two methods, the use of a water soluble dye as well as through the use of ERT. Dye and salt (ERT tracer) were added to the surface of the tank. The images obtained by the use of tomography and dye addition is shown in Figure 7, the red shows area of high conductivity, i.e. the salt that has been added.
By analysing the reconstruction and the photographs, a strong radial mixing can be identified. The tracer that is added flows directly down towards the impeller, as soon as the solution nears the impeller, the path of the tracer is modified and is forced towards the wall (d) – (f). After a few seconds the tracer starts to circulate in a pattern that is very closely identified to a radial mixing pattern. It must also be highlighted that the ERT and the photographs indicate that there are areas of poor mixing, particularly the area behind which the tracer has been added. From the fact there is very little interruption in the direction of flow initially, it can be deduced that the flow pattern does not strongly dominate the whole tank and the base plate that is present plays a role in limiting the flow pattern, especially in the top of the vessel. Although there is radial mixing, there is a lack of swirl flow. It can be speculated that the lack of swirl flow is most likely due to the presence of the baffles.
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	(a) 0 s
	(b) 1 s
	(c) 2 s
	(d) 3 s
	(e) 6 s
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	(f) 14 s
	(g) 19 s
	(h) 24 s
	(i) 29 s
	(j) 40 s
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[bookmark: _Ref439028914]Figure 7. Flow pattern shown for reconstructed EIT data, top row, and photos of the dye addition, bottom row, for the 4.5” rotor-stator at 400 rpm.
The results of the flow pattern generated with the use of the propeller are shown in Figure 8. It is easy to see that by using the propeller, the area of poor mixing has been clearly eliminated and as a consequence the mixing occurs much faster. It is also interesting to see that when the dye is initially added to the surface, it is pulled down by the propeller (c)-(e), which dominates the mixing on the top half of the tank. Once the dye reaches the base plate (h), it enters the radial pattern of the rotor stator and the bottom half of the tank is then mixed.
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	(a) 0 s
	(b) 1 s
	(c) 20 s
	(d) 23 s
	(e) 25 s
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	(f) 29 s
	(g) 33 s
	(h) 35 s
	(i) 44 s
	(j) 50 s


[bookmark: _Ref439029866]Figure 8. Flow pattern shown for photos of the dye addition for the 4.5” rotor-stator with the propeller at 200 rpm.
Drop Breakage
The equilibrium drop sizes measured at different agitation rates for the different scales of rotor-stator used can be seen in Figure 9. Figure 9(a) is the variation with the tip speed (ND) while Figure 9(b) is the variation with the maximum energy dissipation, i.e. the power divided by the volume of the rotor, which is typical for rotor-stator mixers; this gave a better fit of the data than the power divided by the whole tank volume. 
These equilibrium drop sizes can be seen to vary with the tip speed of the rotor (ND) regardless of the scale of the rotor-stator device. This equilibrium drop size can be given by, 
	
	(12)



These drop sizes can be compared to those produced by the rotor with the screens removed and with the propeller added (i.e. the methods used to reduce the mixing time). It can be seen from Figure 9 that these equilibrium drop sizes line on the same line as those created with the rotor-stator system. This agrees with results generated by Rodgers and Cooke (2012b) who showed that emulsions created with an in-line rotor-stator were the same size with and without the screens. This is most likely due to the fact that the emulsion breakage is dominated by the rotor, rather than the stator. These results are only valid for low phase fraction emulsions were coalescence doesn’t play a role, if coalescence occurs within the system, e.g. for high phase fractions, a different behaviour may be seen. 
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[bookmark: _Ref451701516]Figure 9. Variation of drop size for 10 cSt silicon oil after 30 minutes of emulsification plotted against (a) tip speed and (b) energy dissipation rate.
Hall et al. (2011) examine the scale-up of emulsification using inline Silverson rotor-stators and see a similar effect with tip speed and energy dissipation. They state that tip-speed is a better scale-up parameter than the energy dissipation although the smaller mixer consistently produced slightly smaller drops at equal tip speeds. The exponent on the tip speed was found to be –1.2 for 10 cSt silicon oil, which is similar to the value found here. They found that the Weber number was the best scaling parameter; however, never changed the interfacial tension during the experiments. 
Conclusions
This paper provides results allowing the scale-up for Silverson batch rotor-stator systems. The mixing time for the rotor-stator systems can be given by, 
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regardless of the size of the rotor. This mixing time can be reduced by either removing the screens from the rotor-stator or adding a propeller to the system; however, this system can never be as efficient as a standard impeller, most likely due to the large base plate restricting the flow patterns. The rotor-stators have a strong radial mixing pattern, but this does not strongly dominate the whole tank as the base plate plays a role in limiting the flow pattern, especially in the top of the vessel. Although there is radial mixing, there is a lack of swirl flow, most likely due to the baffles in the vessels.
Low phase fraction emulsions, with no coalescence, produced by the rotor-stator system have equilibrium drop sizes given by,
	
	(14)


regardless of the size of the rotor. The removal of the screens from the rotor-stator system has no effect on the equilibrium size of the drops produced by the system.
Part 1 of this paper has already explored scale-up rules for the key power parameters.
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