0.00 2.61 5.21 7.82 10.42 13.03 m/s

Figure 6.10 - Velocity vector flow field for Silverson L4R inline mixer with standard
and enlarged shear gap at 8000 rpm and rotor position of © = 13°
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Figure 6.11 - Velocity vector flow field for Silverson L4R inline mixer with standard
and enlarged shear gap at 8000 rpm and rotor position of © = 23°
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6.4.2 —Total Energy Dissipation Rate and Turbulent Kinetic Energy

The contours of normalized turbulent energy dissipation rate on XZ plane of the
mixer with y = -130 mm are provided in Figure 6.12 to Figure 6.16 for both the SSG
and ESG configurations at different rotor positions and at a rotational speed of 8000
rom. The dissipation rate values are normalized by N3D? where D is always the
standard rotor diameter to facilitate the comparison. The simulation results show a
non-uniform distribution of energy dissipation rate in different regions of the mixer;
the intensity of dissipation rate is at least one order of magnitude larger in the shear
gap and jet region compared to other regions in the mixer. Furthermore, the mixer
with SSG is more successful in focusing energy dissipation in the shear gap and jet
region and creating larger volumes of high energy dissipation rates compared to the
mixer with the ESG. It is important to note that for both cases, the blade position with
respect to the stator sloth affects the intensity and volume of the high energy
dissipation region in the jet zone. This effect is more pronounced for the case of the

SSG.
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Figure 6.12 - Contours of normalized turbulent energy dissipation rate for Silverson
L4R inline mixer with standard and enlarged shear gap at 8000 rpm and 6 = -23°
(normalized by N3D? of SSG)
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Figure 6.13 - Contours of normalized turbulent energy dissipation rate for Silverson
L4R inline mixer with standard and enlarged shear gap at 8000 rpm and © = -13°
(normalized by N3D? of SSG)
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Figure 6.14 - Contours of normalized turbulent energy dissipation rate for Silverson
L4R inline mixer with standard and enlarged shear gap at 8000 rpm and © =0
(normalized by N3D? of SSG)
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Figure 6.15 - Contours of normalized turbulent energy dissipation rate for Silverson
L4R inline mixer with standard and enlarged shear gap at 8000 rpm and © = 13
(normalized by N3D2 of SSG)
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Figure 6.16 - Contours of normalized turbulent energy dissipation rate for Silverson
L4R inline mixer with standard and enlarged shear gap at 8000 rpm and © =23
(normalized by N3D2 of SSG)
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The contours of turbulent kinetic energy (TKE) are provided in Figure 6.17 to
Figure 6.21 for both the SSG and ESG configurations at different rotor positions.
TKE is a measure of macroscale eddy fluctuating velocities in turbulent flow. This
energy produced at the macroscale level with large eddies is transferred down to
smaller and smaller eddies as an energy cascade and finally dissipates by viscous
forces at or below the Kolmogorov scale. The simulation results show a higher
intensity of TKE in the rotor swept volume and jet regions compared to other regions
in the mixer. In the case of SSG, the velocity of impingement on the downstream edge
of stator sloth is higher resulting in higher intensity of TKE compared to ESG

configuration.

164



Standard shear gap , ANSYS
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Figure 6.17 - Contours of normalized turbulent kinetic energy for Silverson L4R
inline mixer with standard and enlarged shear gap at 8000 rpm and 6 = -23°
(normalized by N?D? of SSG)
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Figure 6.18 - Contours of normalized turbulent kinetic energy for Silverson L4R
inline mixer with standard and enlarged shear gap at 8000 rpm and © = -13°
(normalized by N?D? of SSG)
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Figure 6.19 - Contours of normalized turbulent kinetic energy for Silverson L4R
inline mixer with standard and enlarged shear gap at 8000 rpm and © = 0 (normalized
by N2D? of SSG)
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Figure 6.20 - Contours of normalized turbulent kinetic energy for Silverson L4R
inline mixer with standard and enlarged shear gap at 8000 rpm and © = 13
(normalized by N2D2 of SSG)
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Figure 6.21 - Contours of normalized turbulent kinetic energy for Silverson L4R
inline mixer with standard and enlarged shear gap at 8000 rpm and © = 23
(normalized by N2D2 of SSG)
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6.4.3 —Power Draw and Power Number Calculations

The macroscale energy input to the mixer is produced by the drag force acting
on the rotor blades. The resulting force is proportional to the rotor tip speed, which is

proportional to the rotational rate, and rotor diameter as:

F « pU?D? (6.4)

where F is drag force, p is fluid density, U is tip speed, and D is rotor diameter. The
power can be defined as the intensity of force acting at certain velocity. By adopting
Equation 6.4 and substituting the tip speed in terms of rotational velocity, 7ND, and
using the relationship between force and power, F = P/U, an expression for power

scale is obtained as:

P o p N3D5 (6.5)

This expression gives a power scale for turbulent flows that can be used in non-
dimensionalizing the power input and defining a power number as indicated in
Equation 6.3. The above analysis shows that power draw is related to the drag
experienced by the rotor and, thus, the power number behaves in the same way as a
drag coefficient and reduces to a constant value under fully turbulent flow conditions
(Padron 2001). In rotor stator mixers under turbulent condition, the power draw
fluctuates with a certain frequency because of the interactions between rotor blades
and stator slots, related to their relative position. Figure 6.22 and Figure 6.23 show the
deviations of torque from its time averaged values as a function of rotor position, ©,
for SSG and ESG configurations respectively. The torque fluctuations due to rotor

and slot interactions is very pronounced in the case of the SSG compared to ESG. The
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frequency of these fluctuations can be determined by considering the arrangement of
stator slots and the number of rotor blades. There are 26 square holes at each row of
the stator. The holes on each row overlap with those on the row above and below.
This overlap causes 26x2=52 identical geometry configurations on the stator head. On
the other hand, the rotor consists of 4 blades positioned at right angles on the rotor
shaft. The number of distinct interactions between the rotor and stator can be
calculated by the least common multiple of 52 and 4. This calculation leads to 52
value and is in agreement with simulation results shown in Figure 6.22; in one

revolution (360°) of the rotor, there are 52 fluctuations in torque data.

Moreover, there is a low frequency fluctuation with a larger period in the power
draw data as shown in Figure 6.22 and Figure 6.23. This fluctuation can be explained
by the asymmetry in flow field in the volute where the position of the outlet pipe
creates local asymmetric velocity field. To further analyse the power draw data, the
amount of torque on the front and back surfaces of rotor blades as well as on the top,
bottom, and outer edge surfaces of the rotor were investigated. Figure 6.22 shows the
total torque on the rotor of the Silverson L4R inline mixer with the SSG. The torque
imparted to the front and back surfaces of one blade of the rotor as well as the torque
on top, bottom, and outer edge surfaces are shown. Figure 6.23 shows the total torque
on the rotor of the Silverson L4R inline mixer with the ESG. The torque on the front
and back surfaces of all 4 blades are given as well. It can be seen that the fluid
interactions with the front and back surfaces of the blades are the main contributors to
total torque and the effect of drag on top, bottom, and outer edge surfaces of the rotor

is not significant.
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Figure 6.22- Torque on front and back surfaces of one blade, torque on bottom, top,
and outer edge surfaces of all 4 blades, and total torque on all 4 blades of Silverson
L4R inline mixer with SSG at 8000 rpm
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Figure 6.23- Torque on front and back surfaces of the blades (4 blades) and total
torque on rotor for Silverson L4R inline mixer with ESG at 8000 rpm

Table 6.3 gives the power draw of the mixers with SSG and ESG calculated
using equation 6.1. The mean value of the fluctuations in torque data was used as the
torque input. The results show a significant increase in power draw by decreasing the
clearance width between rotor and stator (shear gap width). It is important to note that

the shear gap width is increased 8.5 times and the rotor diameter is shortened by 10%;
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this resulted in a 30% power draw reduction by the mixer with the ESG compared to
the mixer with the SSG. Given the differences in energy dissipation rate and power
draw data, the mixer with the narrow shear gap draws more power and produces large
high-intensity energy dissipation regions which in turn enhances the mixing. Figure
6.24 gives the power draw of the Silverson L4R inline mixer as a function of shear
gap width. Deviations from the mean values as a result of asymmetry in flow field and
rotor and stator interaction is given by the error bars. The simulation data show an
inverse proportionality between power draw and the clearance width between rotor
and stator. It is important to note that the power number is related to rotor diameter
with a power of -5 and as a result even though power draw of mixer with standard
shear gap is larger compared to the power draw of mixer with the enlarged shear gap,

its power number is smaller.

Table 6.3- Reynolds number, power number, and pumping number for Silverson L4R
inline mixer with SSG and ESG at different rotor speeds

Silverson L4R Standard Shear Gap Enlarged Shear Gap
Inline Mixer (0.2 mm) (1.7 mm)
Rotational Speed (rpm) 4000 8000 4000 8000
Tip Speed, u, (m/s) 6.5 13.0 5.9 11.8
Reynolds Number 65 x 103 130 x 103 52x10%  105x 103
Power (W) 7.2 57.1 4.9 39.0
Power Number 0.9 0.9 1.0 1.0
Flow Rate (L/s) 0.14 0.29 0.13 0.27
Pumping Number 0.07 0.07 0.09 0.09

Finally, the effect of shear gap width on the pumping capacity of the mixer was

investigated. The volumetric flow rate, Q, was calculated by integration of the
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velocity field at the inlet and outlet of the mixer. Pumping number can be calculated

as:

Ny = -2 (6.6)

As it is summarized in Table 6.3, the mixer with ESG has a higher pumping
number compared with the SSG. The change in flow rate was 7% when the shear gap

width is increased from 0.2 to 1.7 mm.
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Figure 6.24- Power draw as a function of shear gap width- Silverson L4R inline mixer
at 8000 rpm

6.5 —Summary

RANS simulations for the Silverson L4R inline mixer with different shear gap
widths were conducted. The effect of shear gap width on the velocity field, turbulent
Kinetic energy, energy dissipation rate, power draw, and flow number was

investigated. It was shown that:
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The velocity field and flow pattern is different in different shear gap width
configurations. In particular, the stator jets are wider in the case of standard shear
gap which creates higher intensity tangential flow in the volute area. The mixer
with enlarged shear gap creates larger recirculation loops behind the stator which

extend into the volute area.

The mixer with narrow shear gap was more successful in focusing the power input
in shear gap and stator slots regions. As a result, higher energy dissipation rates
were observed in this mixer. The power draw of inline mixer with different shear
gap widths is calculated via CFD simulations. The loss of the power draw due to

enlarging the shear gap/shortening the rotor diameter is quantified.

The torque exerted from fluid on tangential surfaces of the rotor is negligible
compared to front and back side of the rotor that have a direct interaction with the

working fluid.
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Chapter 7: Summary and Conclusion

This chapter summarizes the important results and conclusions of this study.
Potential future work is also discussed for size measurement considerations,
mechanistic model development, population balance modelling, experimental studies,
and CFD investigation of wet milling in rotor-stator devices. Additional work for wet
milling of different crystal-antisolvent systems in industrial scale rotor-stator mixers
and other higher power devices, e.g. valve homogenizers, would be particularly useful

to further extend the scaling up/down strategies developed in this work.

The most important result of this study is that there are mechanistic
relationships between particle size reduction and power input in wet milling processes
using rotor-stator mixers. The mechanistic models can describe and predict the
milling behaviour of different crystals considering their size and mechanical
properties, mill operating conditions, and mixer geometry. This finding is particularly
useful in designing and scaling up wet milling processes in rotor-stator mixers.
Furthermore, the scaling laws, non-dimensional correlations, and breakage functions
developed here can be applied to other processes in which particle breakage occurs
according to the same mechanism(s), e.g., by substituting the particle collision
velocity with jet velocity in impinging jets or with superficial velocity in valve
homogenizers, the equations presented in Table 3.4 can be used to predict the
breakage and attrition behaviour of different crystals with different size ranges in

these devices.
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7.1 —Particle Size and Physical Properties

Milling generates irregular-shaped particles. To avoid the complexity of
reporting various sizes for a single irregular-shaped particle, the equivalent diameter
of a particle was used as representative of the particle size, e.g. volume equivalent

diameter is the diameter of a sphere having the same volume as the particle.

Various size measurement methods that are used in this study were discussed
including sieving, microscope-based image analyzing, laser diffraction, FBRM, and
PVM. It was shown that a number based measurement technique can be overwhelmed
and saturated by the large number of fine particles that are generated via attrition
during a milling process. Therefore, to consider the maximum stable particle size, a
volume or surface based measurement technique is preferred in size distribution
measurement of milling processes. The sampling method was shown to influence the
accuracy of a size distribution measurement. A non-representative sample due to
inhomogeneous bulk materials and lack of proper dispersion can result in a large
discrepancy in size measurement data. The homogeneity of the sampling was
enhanced by proper mixing and confirmed by laser diffraction and FBRM
measurements of size distributions acquired from different regions in the

sampling/holding vessel.

Mechanical properties of crystals that are important during breakage were
discussed including, Young’s/elastic modulus, hardness, and fracture toughness. The
characteristics of particle deformation depend on these physical properties, i.e.,
Young’s modulus is representative of material resistance to elastic deformation,
hardness is representative of material resistance to plastic deformation, and fracture
toughness characterizes the fracture behaviour of the material under stress. A

177



nanoindentation technique was used to measure these properties at the scale of the
crystals. The small size scale and anisotropic behaviour of some crystals are the

challenges of this measurement technique.

7.2 —Mechanistic Models for particle breakage

A class of mechanistic models for breakage and attrition of crystals and
particulate solids have been developed based on elastic deformation, plastic
deformation, and fracture mechanics concepts. The functional form of these models
was shown to be in agreement with classical comminution theories where the size
reduction is empirically related to power consumption. It was shown that the model
constants describe the influence of particle physical properties on milling

performance.

The forces acting on the particle during milling can be divided into two
opposing forces: cohesive forces that resist particle fracture, and disruptive forces to
break it. It was shown that the cohesive forces are a function of elastic modulus,
hardness, fracture toughness, and particle size. Each of the different mechanistic
models predicts different relative importance of the material physical properties and
particle size in breakage process. Therefore, 4 different classes of cohesive forces
were developed dependent on particle deformation and breakage behaviour under the
impacts. Disruptive forces, on the other hand, were found to be a function of particle
velocity magnitude promoting particle-particle and particle-wall collisions. While
previous studies have related the disruptive force to macroscale velocity, particle sizes
are such that they should be influenced by eddy encounters in the inertial subrange of

turbulence. Therefore, two classes of disruptive forces were developed dependent on
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macroscale velocity, based on rotor tip speed, and eddy velocity given by
Kolmogorov’s inertial subrange model. The later depends upon the local energy
dissipation rate. The disruptive and cohesive forces were employed to construct eight
different correlations for ultimate crystal size and its rate of approach. Based on these
mechanistic models, a dimensionless comminution number is developed (ratio of
disruptive to cohesive forces) to aid physical interpretation and scale up/down efforts
for geometrically similar devices. Model discrimination was based on comparison to

the wet milling experimental data and demonstrated in Chapter 5.

7.3 —~Wet Milling Experiments in Rotor-Stator Mixers

An extensive series of wet milling experiments with different crystal-antisolvent
systems were performed in three rotor stator mixers: Silverson L4R inline mixer with
standard shear gap, Silverson L4R inline mixer with enlarged shear gap, and Silverson
L4R batch mixer with standard shear gap. The effect of milling conditions, mixer
geometry, and particle physical properties on ultimate particle size and particle
breakage kinetics was investigated. Various breakage modes are examined by varying
operating conditions, particle concentration, coatings, and small geometric changes to
consider the importance of particle-particle, particle-wall, and fluid shear interactions.

The data indicate that:

e Increasing the rotor speed has two effects on milling behavior: first, it boosts the
breakage rate; and second, it results in a smaller ultimate particle size at the end
of the milling process. It was reasoned that a higher rotor speed draws more
power from the motor, and thus higher energy intensity is available in the

mixing head to enhance the breakage process.
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e Decreasing the throughput through the inline mill head increases the breakage
rate but otherwise does not have an effect on ultimate particle size. It was
reasoned that a lower flow rate gives more residence time for particles in the
mixing head leading to more collision events in one pass, and hence, the higher

breakage rate.

e Mechanical properties of particles play an important role in their breakage
behavior. Particles with higher hardness and lower fracture toughness are more

brittle.

e The concentration of particles in the slurry has a limited effect on breakage rate

and a negligible effect on the ultimate size distribution.

e Particle-wall collisions are more important in crystal breakage when compared

to particle-particle or fluid shear mechanisms.

e At a given rotor speed, the mixer with higher power draw and smaller dispersion
zone (shear gap volume plus stator hole volume) is more successful in
concentring the dissipated energy, and hence, leads to higher breakage rate and

smaller ultimate particle size.

7.4 —Model Validation and Mechanistic Correlations of Wet Milling

The suitability of mechanistic models to predict the crystal breakage behavior in
different rotor-stator mixers was investigated. Based upon the experimental data it
was shown that an inertial subrange model for crystals undergoing elastic-plastic

deformation well describes the crystal breakage behavior in the different rotor-stator
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mixer geometries. It was shown that the comminution number, Co, can be
successfully apply to describe and predict the effect of operating condition (i.e., rotor

speed), and crystal mechanical properties in geometrically similar devices.

The shear gap and stator hole regions experience the highest densities of energy
dissipation rate and most of the energy input to the mixer is dissipated in these
regions. Therefore, for devices without geometric similarity, the concept of local
energy dissipation rate, defined as the power draw of the mixer per mass of fluid in
the shear gap and stator slot regions, was introduced and exploited to compare the
data from different mixers with different geometries. This approach was successful in

correlating the maximum stable particle size.

The mechanistic theory is further utilized to provide breakage kernels based on
probability of collision and collision rate theories. Application of the breakage
functions to predict the milling rate as well as their implementation within a
Population Balance framework is discussed. The mechanistic framework shows
promise for application to a broad class of milling devices under different processing

conditions.

7.5 —CFD Simulations and Power Draw Calculations

The effect of shear gap width on the velocity field, turbulent kinetic energy,
energy dissipation rate, power draw, and flow number in the Silverson L4R inline
rotor—stator mixers has been examined. It was found that the velocity field in the
swept volume of the rotor was predominantly tangential and the intensity of the
velocities was a function of tip speed. In the shear gap region, the velocity field close

to rotor blade was tangential. The impingement of this tangential flow on the
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downstream surface of the stator slots caused strong radial jets to emerge from the
stator slots. The characteristics of the stator jets emerging from the enlarged shear gap

were different than that of narrow shear gap.

In the case of enlarged shear gap, the stator jets extended up to the tank wall,
while in the case of narrow shear gap, the jets dissipated close to the stator head due
to wider jet structure and higher intensity of counter clockwise tangential flow in the
volute area. The jets emerging from stator holes created recirculation loops (vortex)
behind them. It was found that the structure and center location of these vortices were
different for different shear gaps. The mixer with narrow shear gap was more
successful in concentrating the power in shear gap and stator slots regions and higher
energy dissipation rates were observed in this mixer. The power draw of the mixers
was obtained by calculating the torque on the rotor. It was found that the power draw
is a function of shear gap and rotor diameter and by increasing the shear gap,
shortening the rotor diameter, the power draw decreases. The effect of shear gap
width on the pumping capacity of the mixer was investigated. It was shown that the
effect of shear gap width on the flow rate was not significant compared to change in

power draw.

7.6 —Future Work

There are several areas where future work could be performed to extend the

reach of this study such as:

e The mechanistic correlation represented in Figures 5.3 and 5.10 could be further
extended to cover larger range of energy input and particle sizes by acquiring

milling data from industrial scale rotor-stator mixers and other higher power
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devices such as valve homogenizers. This would be particularly useful to further

extend the scaling up/down strategies developed in this work.

Wet milling experiments with different crystal-antisolvent systems can be
performed to further evaluate the mechanistic correlations given in Tables 3.5

and 3.6.

The crystals used in this study are cubic or very close to a cubic shape. It would
be useful to study the wet milling behaviour of crystals with different
morphology. Special care must be taken for size measurement of needle shape

particles.

Further analysis and comparison with wet and dry milling literature will be
useful to build a master curve based on the proposed models. The challenge
would be to obtain the appropriate scales of the different devices and can

calculate the power input and the highest available stress.

The transient behavior of the process can be explored in more detail by solving
the population balance equations for the entire population. This will allow a

more precise evaluation of the breakage kernels that are developed in this study.

Furthermore, a mathematical algorithm can be developed in order to map the
results from different measurement techniques such as FBRM, PVM, and laser

diffraction to help better comparison between different data sets.
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Appendix A: Wet milling data for sucrose-1PA system in the
Silverson L4R inline mixer with standard shear gap

Sucrose crystals with 10% by weight, dispersed in 2 litres IPA, were fed to the
Silverson L4R inline mixer with the standard shear gap at a series of flow rates 2.1,
3.0, and 4.2 L/min and rotor speeds 5000, 6500, and 8000 rpm in the inline setup (see
Chapter 4 for details). The samples were taken from the sampling point in the glass
vessels at predefined time intervals to investigate particle size reduction. Extra milling
time was provided to ensure that all particles experienced the regions with maximum
local energy dissipation rate multiple times and the equilibrium is achieved. Here, the
complete sets of experimental data acquired at different milling time are presented in
terms of different cumulative diameters, D95, D90, D80, D50, and D10 as well as
mean diameters, Das, D32, and Dio versus milling time in tank turnovers. A sharp
breakage rate at the beginning followed by slow changes is observed in the all particle
breakage data. The sharp breakage slope is due to fracture mode which refers to the
breakage of a particle into fragments of comparable size. The slow breakage part is
due to an attrition mechanism by which small fragments are chipped off from larger

particles.

184



A.1 -Wet Milling of Sucrose/IPA at 5000 rpm and 2.1 Ipm

600
!

u

o o
(] o
;—'v 1

D95 (Micron)
N oW b
o O
o O
| “I

4
R

=

o

o
[

o

0 20 40 60 80
Tank Turnovers

Figure A.1.1 - D95 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 2.1 Ipm

500
400

w

D90 (Micron)
N
o o
o o
ot

=
o
o
1
*
*

o

Tank Turnovers

Figure A.1.2 - D90 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure A.1.3 — D80 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure A.1.4 — D50 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure A.1.5 — D10 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure A.1.6 — D43 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure A.1.7 — D32 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure A.1.8 — D10 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 2.1 Ipm
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A.2 —~Wet Milling of Sucrose/IPA at 6500 rpm and 2.1 Ipm
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Figure A.2.2 - D90 versus milling time in tank turnovers for sucrose/IPA wet milling

at 6500 rpm and 2.1 Ipm
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Figure A.2.3 - D80 versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 2.1 Ipm
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Figure A.2.4 - D50 versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 2.1 Ipm
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Figure A.2.5 - D10 versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 2.1 Ipm
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Figure A.2.6 - D43 versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 2.1 Ipm
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Figure A.2.7 - D3z versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 2.1 Ipm
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Figure A.2.8 - D1o versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 2.1 Ipm
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A.3 —Wet Milling of Sucrose/IPA at 8000 rpom and 2.1 Ipm
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Figure A.3.1 - D95 versus milling time in tank turnovers for sucrose/IPA wet milling
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Figure A.3.2 - D90 versus milling time in tank turnovers for sucrose/IPA wet milling

at 8000 rpm and 2.1 Ipm
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Figure A.3.3 - D80 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 2.1 Ipm
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Figure A.3.4 - D50 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 2.1 Ipm
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Figure A.3.5 - D10 versus milling time in tank turnovers for sucrose/IPA wet milling
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Figure A.3.7 - D32 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 2.1 Ipm
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Figure A.3.8 - D1o versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 2.1 Ipm
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A.4 —Wet Milling of Sucrose/IPA at 5000 rpm and 3.0 I[pm
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Figure A.4.1 - D95 versus milling time in tank turnovers for sucrose/IPA wet milling

at 5000 rpm and 3.0 Ipm
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Figure A.4.2 - D90 versus milling time in tank turnovers for sucrose/IPA wet milling

at 5000 rpm and 3.0 Ipm
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Figure A.4.3 - D80 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 3.0 Ipm
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Figure A.4.4 - D50 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 3.0 Ipm
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Figure A.4.5 - D10 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 3.0 Ipm
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Figure A.4.6 - D43 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 3.0 Ipm
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Figure A.4.7 - D3> versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 3.0 Ipm
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Figure A.4.8 - D1o versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 3.0 Ipm
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A.5 —Wet Milling of Sucrose/IPA at 6500 rpm and 3.0 Ipm
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Figure A.5.1 - D95 versus milling time in tank turnovers for sucrose/IPA wet milling

at 6500 rpm and 3.0 Ipm

40 60
Tank Turnovers

80 100

Figure A.5.2 - D90 versus milling time in tank turnovers for sucrose/IPA wet milling

at 6500 rpm and 3.0 Ipm
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Figure A.5.3 - D80 versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 3.0 Ipm
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Figure A.5.4 - D50 versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 3.0 Ipm
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Figure A.5.5 - D10 versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 3.0 Ipm
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Figure A.5.6 - D43 versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 3.0 Ipm
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Figure A.5.7 - D3z versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 3.0 Ipm
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Figure A.5.8 - D1o versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 3.0 Ipm

204



A.6 —Wet Milling of Sucrose/IPA at 8000 rpm and 3.0 I[pm
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Figure A.6.1 - D95 versus milling time in tank turnovers for sucrose/IPA wet milling

at 8000 rpm and 3.0 Ipm
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Figure A.6.2 - D90 versus milling time in tank turnovers for sucrose/IPA wet milling

at 8000 rpm and 3.0 Ipm
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Figure A.6.3 - D80 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 3.0 Ipm
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Figure A.6.4 - D50 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 3.0 Ipm
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Figure A.6.5 - D10 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 3.0 Ipm
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Figure A.6.6 - D43 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 3.0 Ipm
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Figure A.6.7 - D32 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 3.0 Ipm
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Figure A.6.8 - D1o versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 3.0 Ipm
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A.7 —Wet Milling of Sucrose/IPA at 5000 rpm and 4.2 Ipm
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Figure A.7.1 - D95 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 4.2 Ipm
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Figure A.7.2 - D90 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 4.2 Ipm
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Figure A.7.3 - D80 versus milling time in tank turnovers for sucrose/IPA wet milling

at 5000 rpm and 4.2 Ipm
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Figure A.7.4 - D50 versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 4.2 Ipm
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Figure A.7.5 - D10 versus milling time in tank turnovers for sucrose/IPA wet milling

at 5000 rpm and 4.2 Ipm
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Figure A.7.6 - D43 versus milling time in tank turnovers for sucrose/IPA wet milling

at 5000 rpm and 4.2 Ipm
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Figure A.7.7 - D3z versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 4.2 Ipm
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Figure A.7.8 - D1o versus milling time in tank turnovers for sucrose/IPA wet milling
at 5000 rpm and 4.2 Ipm
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A.8 —~Wet Milling of Sucrose/IPA at 6500 rpm and 4.2 Ipm
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Figure A.8.1 - D95 versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 4.2 Ipm
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Figure A.8.2 - D90 versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 4.2 Ipm
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Figure A.8.3 - D80 versus milling time in tank turnovers for sucrose/IPA wet milling

at 6500 rpm and 4.2 Ipm
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Figure A.8.4 - D50 versus milling time in tank turnovers for sucrose/IPA wet milling

at 6500 rpm and 4.2 Ipm
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Figure A.8.5 - D10 versus milling time in tank turnovers for sucrose/IPA wet milling
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Figure A.8.6 - D43 versus milling time in tank turnovers for sucrose/IPA wet milling

at 6500 rpm and 4.2 Ipm
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Figure A.8.7 - D3> versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 4.2 Ipm

100 -

D, (Micron)
un
o

0 20 40 60 80 100
Tank Turnovers

Figure A.8.8 - D1o versus milling time in tank turnovers for sucrose/IPA wet milling
at 6500 rpm and 4.2 Ipm
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A.9 —Wet Milling of Sucrose/IPA at 8000 rpm and 4.2 Ipm
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Figure A.9.1 - D95 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Figure A.9.2 - D90 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Figure A.9.3 - D80 versus milling time in tank turnovers for sucrose/IPA wet milling
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Figure A.9.4 - D50 versus milling time in tank turnovers for sucrose/IPA wet milling

at 8000 rpm and 4.2 Ipm
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Figure A.9.5 - D10 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Figure A.9.6 - D43 versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Figure A.9.7 - D3z versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Figure A.9.8 - D1o versus milling time in tank turnovers for sucrose/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Appendix B: Wet milling data for glycine-1PA system in the Silverson
L4R inline mixer with standard shear gap

Glycine crystals with 10% by weight, dispersed in 2 litres IPA, were fed to the
Silverson L4R inline mixer with the standard shear gap at 5000 rpm and 2.1 lpm,
6500 rpm and 3.0 Ipm, and 8000 rpm and 4.2 Ipm. Extra milling time was provided to
ensure that the equilibrium is achieved. Here, the experimental data acquired at
different milling time are presented in terms of different cumulative diameters, D95,

D90, D80, D50, and D10 versus milling time in tank turnovers.

B.1 —-Wet Milling of glycine/IPA at 5000 rpm and 2.1 Ipm
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Figure B.1.1 - D95 versus milling time in tank turnovers for glycine/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure B.1.2 - D90 versus milling time in tank turnovers for glycine/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure B.1.3 - D80 versus milling time in tank turnovers for glycine/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure B.1.4 - D50 versus milling time in tank turnovers for glycine/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure B.1.5 - D10 versus milling time in tank turnovers for glycine/IPA wet milling
at 5000 rpm and 2.1 Ipm
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Figure B.1.6 - D43 versus milling time in tank turnovers for glycine/IPA wet milling at
5000 rpm and 2.1 Ipm
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Figure B.1.7 - D32 versus milling time in tank turnovers for glycine/IPA wet milling at
5000 rpm and 2.1 Ipm
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Figure B.1.8 - D1o versus milling time in tank turnovers for glycine/IPA wet milling at

5000 rpm and 2.1 Ipm

B.2 ~Wet Milling of glycine/IPA at 6500 rpm and 3.0 Ipm

600

40 60 80 100

Tank Turnovers

Figure B.2.1 - D95 versus milling time in tank turnovers for glycine/IPA wet milling

at 6500 rpm and 3.0 Ipm

225



500
400 l
300

=
o
300 10
=
= °
8 200 .
(a)] PY o
100 = [ ) ® ® PY P
0 1 1 L] 1 1
0 20 40 60 80 100
Tank Turnovers

Figure B.2.2 - D90 versus milling time in tank turnovers for glycine/IPA wet milling
at 6500 rpm and 3.0 Ipm
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Figure B.2.3 - D80 versus milling time in tank turnovers for glycine/IPA wet milling
at 6500 rpm and 3.0 Ipm
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Figure B.2.4 - D50 versus milling time in tank turnovers for glycine/IPA wet milling
at 6500 rpm and 3.0 Ipm
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Figure B.2.5 - D10 versus milling time in tank turnovers for glycine/IPA wet milling
at 6500 rpm and 3.0 Ipm

227



300 A

¢
=200 »
[o]
=
2 o
Qo 100 e

“

® 0 ® ° ° Y
0 1 1 ] L 1
0 20 40 60 80 100
Tank Turnovers

Figure B.2.6 - D43 versus milling time in tank turnovers for glycine/IPA wet milling at
6500 rpm and 3.0 Ipm

300 -
=200 ¢
o
S
2
8 100 -

O Ih. . 1 . ] . I . I . 1
0 20 40 60 80 100
Tank Turnovers

Figure B.2.7 - D32 versus milling time in tank turnovers for glycine/IPA wet milling at
6500 rpm and 3.0 Ipm
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Figure B.2.8 - D1o versus milling time in tank turnovers for glycine/IPA wet milling at
6500 rpm and 3.0 Ipm

B.3 —~Wet Milling of glycine/IPA at 8000 rpm and 4.2 Ipm
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Figure B.3.1 - D95 versus milling time in tank turnovers for glycine/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Figure B.3.2 - D90 versus milling time in tank turnovers for glycine/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Figure B.3.3 - D80 versus milling time in tank turnovers for glycine/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Figure B.3.4 - D50 versus milling time in tank turnovers for glycine/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Figure B.3.5 - D10 versus milling time in tank turnovers for glycine/IPA wet milling
at 8000 rpm and 4.2 Ipm
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Figure B.3.6 - D43 versus milling time in tank turnovers for glycine/IPA wet milling at
8000 rpm and 4.2 Ipm
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Figure B.3.7 - D32 versus milling time in tank turnovers for glycine/IPA wet milling at
8000 rpm and 4.2 Ipm
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Figure B.3.8 - D1o versus milling time in tank turnovers for glycine/IPA wet milling at
8000 rpm and 4.2 Ipm
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Appendix C: Wet milling data for ascorbic-1PA system in the
Silverson L4R inline mixer with standard shear gap

Ascorbic acid crystals with 10% by weight, dispersed in 2 litres IPA, were fed

to the Silverson L4R inline mixer with the standard shear gap at 5000 rpm and 2.1

Ipm, 6500 rpm and 3.0 Ipm, and 8000 rpm and 4.2 lpm. Extra milling time was

provided to ensure that the equilibrium is achieved. Here, the experimental data

acquired at different milling time are presented in terms of different cumulative

diameters, D95, D90, D80, D50, and D10 versus milling time in tank turnovers.

C.1 -Wet Milling of ascorbic acid/IPA at 5000 rpm and 2.1 Ipm
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Figure C.1.1 - D95 versus milling time in tank turnovers for ascorbic acid/IPA wet

milling at 5000 rpm and 2.1 Ipm
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Figure C.1. 2 - D90 versus milling time in tank turnovers for ascorbic acid/IPA wet

milling at 5000 rpm and 2.1 Ipm
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Figure C.1.3 - D80 versus milling time in tank turnovers for ascorbic acid/IPA wet

milling at 5000 rpm and 2.1 lpm
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Figure C.1.4 - D50 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 5000 rpm and 2.1 Ipm
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Figure C.1.5 - D10 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 5000 rpm and 2.1 Ipm

236



=200 P
[o]
§ o
E °
a 100 {4

%

¢ e o ° ®
0 1 1 ] L 1
0 20 40 60 80 100
Tank Turnovers

Figure C.1.6 - D43 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 5000 rpm and 2.1 Ipm
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Figure C.1.7 - D32 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 5000 rpm and 2.1 Ipm
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Figure C.1.8 - D1o versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 5000 rpm and 2.1 Ipm

C.2 —Wet Milling of ascorbic acid/IPA at 6500 rpm and 3.0 Ipm
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Figure C.2.1 - D95 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 6500 rpm and 3.0 Ipm
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Figure C.2.2 - D90 versus milling time in tank turnovers for ascorbic acid/IPA wet

milling at 6500 rpm and 3.0 Ipm
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Figure C.2.3 - D80 versus milling time in tank turnovers for ascorbic acid/IPA wet

milling at 6500 rpm and 3.0 Ipm
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Figure C.2.4 - D50 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 6500 rpm and 3.0 Ipm
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Figure C.2.5 - D10 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 6500 rpm and 3.0 Ipm
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Figure C.2. 6 - D43 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 6500 rpm and 3.0 Ipm
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Figure C.2.7 - D32 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 6500 rpm and 3.0 Ipm
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Figure C.2.8 - D1o versus milling time in tank turnovers for ascorbic acid/IPA wet

milling at 6500 rpm and 3.0 Ipm

C.3 —Wet Milling of ascorbic acid/IPA at 8000 rpm and 4.2 Ipm
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Figure C.3.1 - D95 versus milling time in tank turnovers for ascorbic acid/IPA wet

milling at 8000 rpm and 4.2 Ipm
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Figure C.3. 2 - D90 versus milling time in tank turnovers for ascorbic acid/IPA wet
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Figure C.3.3 — D80 versus milling time in tank turnovers for ascorbic acid/IPA wet

milling at 8000 rpm and 4.2 Ipm
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Figure C.3.4 — D50 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 8000 rpm and 4.2 Ipm
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Figure C.3.5 — D10 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 8000 rpm and 4.2 Ipm

244



300
:

S 200 -

S

2

& 100 g

®e e o ° °
O | || 1
0 50 100 150
Tank Turnovers

Figure C.3.6 — Da3 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 8000 rpm and 4.2 Ipm

300

NI

)

o
1

(S

o

o
1

D;, (Micron)

0 50 100 150
Tank Turnovers

Figure C.3.7 — D32 versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 8000 rpm and 4.2 Ipm
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Figure C.3.8 — D1o versus milling time in tank turnovers for ascorbic acid/IPA wet
milling at 8000 rpm and 4.2 Ipm
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Appendix D: Wet milling data measured with the FBRM probe for
sucrose-1PA system in the Silverson L4R inline mixer with standard
shear gap

Glycine crystals with 10% by weight, dispersed in 2 litres IPA, were fed to the
Silverson L4R inline mixer with the standard shear gap at 5000 rpm and 2.1 Ipm,
6500 rpm and 3.0 Ipm, and 8000 rpm and 4.2 Ipm. Extra milling time was provided to
ensure that the equilibrium is achieved. Here, the experimental data acquired at
different milling time are presented in terms of different cumulative diameters, D95,

D90, D80, D50, and D10 versus milling time in tank turnovers.

D.1 -FBRM results of wet milling of sucrose/IPA at 5000 rpm and 3.0
Ipm
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Figure D.1.1 - Initial chord length distribution of sucrose/IPA measured by FBRM
probe
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Figure D.1.2 - Wet milling of sucrose/IPA at 5000 rpm and 3.0 Ipm — Chord length
distribution at 2 tank turnovers measured by FBRM probe
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Figure D.1.3 - Wet milling of sucrose/IPA at 5000 rpm and 3.0 Ipm — Chord length
distribution at 4 tank turnovers measured by FBRM probe
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Figure D.1.4 - Wet milling of sucrose/IPA at 5000 rpm and 3.0 Ipm — Final chord
length distribution measured by FBRM probe

D.2 -FBRM results of wet milling of sucrose/IPA at 6500 rpm and 3.0
Ipm
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Figure D.2.1 — Initial chord length distribution of sucrose/IPA measured by FBRM
probe
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Figure D.2.2 — Wet milling of sucrose/IPA at 6500 rpm and 3.0 Ipm — Chord length
distribution at 2 tank turnovers measured by FBRM probe
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Figure D.2.3 - Wet milling of sucrose/IPA at 6500 rpm and 3.0 Ipm — Chord length
distribution at 4 tank turnovers measured by FBRM probe
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Figure D.2.4 - Wet milling of sucrose/IPA at 6500 rpm and 3.0 Ipm — Final chord
length distribution measured by FBRM probe

D.3 -FBRM results of wet milling of sucrose/IPA at 8000 rpm and 3.0
Ipm
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Figure D.3.1 - Initial chord length distribution of sucrose/IPA measured by FBRM
probe

251



w

Number Frequency %
[ N

O T T T T
1 10 100 1000

Chord Length (Micron)

Figure D.3.2 - Wet milling of sucrose/IPA at 8000 rpm and 3.0 Ipm — Chord length
distribution at 2 tank turnovers measured by FBRM probe
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Figure D.3.3 - Wet milling of sucrose/IPA at 8000 rpm and 3.0 Ipm — Chord length
distribution at 4 tank turnovers measured by FBRM probe

252



w

Number Frequency %
[ N

100 1000
Chord Length (Micron)

Figure D.3.4 - Wet milling of sucrose/IPA at 8000 rpm and 3.0 Ipm — Final chord
length distribution measured by FBRM probe

Appendix E: Flow Field Animations

Two flow field animations are provided in a CD. The captions to these

animations are included here.

Animation 1 — The Silverson L4R inline mixer with the standard shear gap —
Rotor speed of 8000 rpm - Mean velocity field colored by velocity magnitude in the
XZ plane at y = 130 mm. Showing the center plane of rotor and stator. Pressure inlet,

pressure outlet (free pumping), 7.8M cells, RANS simulations.

Animation 2 — The Silverson L4R inline mixer with the enlarged shear gap —
Rotor speed of 8000 rpm - Mean velocity field colored by velocity magnitude in the
XZ plane at y = 130 mm. Showing the center plane of rotor and stator. Pressure inlet,

pressure outlet (free pumping), 7.8M cells, RANS simulations.
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