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Local rheol

Apparatus

Granular materials flow in
e afixed outer wall (R, = 28 cm) and a rotating

inner wall (R; = 15 cm), with 5610 or 5760

particles in a flat layer

response to external loading:
Inertial number I describes

the flow (high I is more
rapid) e packing density ¢ = fraction of area occupied

by particles

e can run indefinitely

e wall torque sensor on the inner wall shaft
and is often observed to be in an one to one relationship with measures torque

applied stress ratio e change inner wall rotation speed and number
T :
=" Figure 1: quasi-2D apparatus with leaf spring wall of disks

. Some failures of local rheology:

e cannot quantitatively capture the transition from inertial

Measuring

to quasistatic (but still creeping) flow [2] R\ 2 -
7(r) = Twall (T) + 7o [1 —e T 7;)/7“0] e find the locations of grains in each frame with Hough

Transform [9]. Use particle tracking code [10] to track the

e dimensions of shear bands formed by boundary-driven

lows depend on geometry and grain size [3,4]

e first term: shear stress at inner wall 7, ,;; calculated from

. e . . trajectory for each particle
hear/vibration in one region of a granular material can

torque sensor

luidize regions from the perturbation [5,6] calculate the speed profile and ~

e second term: basal friction (which is proportional to
¢ (r)) Best fit: 70 = 250 Pa and rog = 1.67

Fourier derivative

compare experimental g = 4/u and f = psy/p with
theoretical g(r) and f(r)solved by eq.(1)-(3) and eq.(4)-
(5) via matlab code bvp4c

Two nonloc

Fitting parameters are in green

leaf springs: measure pressure P

: def ti I librati 11
Measured values are in red. eformation via calibration [11]

. . . : o O.2d/Isg&ffrom IIEq.l &4 |10.
assume the radial pressure is uni- 5l g from Eq.6 ft to data

— — ffrom Eq.9 fit to data

form everywhere

p(r) = o5

cooperative model: (Kamrin & Koval [7])

speed [d/s]
o
=

granular fluidity g:

H— Hs P
oc(p, P) = H — Ms 5 1
Jioc(p, P) (b — ps) » \/de (1)

cooperative length &:

15 10 15
distance from inner wall [d] distance from inner wall [d]

L+ Hna — ) Results: evaluate the tw
§ = Al ) d (2)
| — s
. e cooperative model: parameters A = 0.26, us = 0.27, e gradient model: parameters! = 1.08, us = 0.27,a = 7.2
VT 9=1(9= Gioe) 3) b = 1.1 were optimized by least squares method one were optimized by Levenberg-Marquardt algorithm and
gradient model: (Bouzid et al. [8]) by one and work well for all data sets Kamrin’s param- work well for all data sets.
I, determines the constitutive relation: eters [2]: A = 0.31, us = 0.26, b = 1.05.
T
Ig (f) p— f (4) 04— * ¢Iow 2 dis w w 1 ! w w 20 : : ! T
1 —aTf o by, 0-2dls . B, 20 ~eubefit €7d® L[l
¢ Zlow 88(2)2d/d$; sl o ¢, 02dis | —_ cooperative 522/d2 j i :
A . S . * i ! i
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0.1 c | |
e both models include a Laplacian term to account for non- 0-2
local effects 0 | | | 0 e enmmmans s | 0 l — l
. . 107® 10° 107 0 5 10 15 20 015 02 025 03 035 04
e cooperative model: based on extending a local Bagnold- inertial number | distance from inner wall [d] stress ratio

type granular flow law ] . ]
Figure 2: For the four low ¢, the one Figure 3: Both of the nonlocal models Figure 4: We test for a divergence in

o gradient model: based on gradient expansion with higher inner wall rotation speed, match our experimental p(/) and speed &(u), shown by solid line, using two meth-

e cooperative model: nonlocal length scale £ has a diver- | | have lower p under the same I. How- profiles well, using a single set of parame- ods. (1) Numerical derivatives of v(7r),
gence around y, ever, for the high ¢, ’Fhe situation is Te- ters. shown b){ iﬁ(.. (2) Analytical derivatives of
. . versed. For the same inner wall rotation exponential fit to v(r), shown by dash-dot
e gradient model: nonlocal length scale [ is a constant speed, higher ¢ leads to higher u under CUTves.
the same /.

Aim: to compare experimental and theoretical ;.(7), speed pro-

files and length scale.

experimental theoretical
gor f Ye /U OT e /b solved by eq.(1-3) or (4-5) =
T
v particle tracking fﬁo gudr or T dr COHC]USIOH REfEI'eIICES
Ro :u'S
2 (ge — 9ioc) . . . . . :
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a single set of parameters across all (¢, v)

evidence for a diverging length scale at ;s supports the

cooperative model
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Introduction & Objective

and compared with experimental results.

»To explore the mechanical properties and breakage characteristics of agglomerates, it is essential to produce
test agglomerates with controlled properties to replicate the complex structure, and validate simulation models.
» Agglomerates with defined and tuneable properties were produced using 3D printing technology.
»Quasi-static and impact breakage tests were conducted to vary strain rate under controlled conditions.

»>DEM breakage simulations with agglomerate properties matching the 3D printed agglomerate were conducted Create agglomerate Replicate agglomerates by 3D printed agglomerates

structures Solidworks

1. Agglomerate design

» 3D printed agglomerates (approx. 25-30 mm size) have rigid primary particles
(d,= 4mm) connected by cylindrical inter particle bonds.
» Two different inter-particle bond strengths were investigated by printing the
agglomerate using either rigid Verowhite bonds, or ductile DM 9895 polymer.

* Three different agglomerate structures were printed.

* Cubic tetrahedral structure (L,=4.25 mm, r,=1.3 mm) |
* Random spherical structure &=44% (L, ~4 mm, r,=1 mm) 3§
* Random spherical structure &=57% (L, ~5.6 mm, r,=1 mm) = iz -
i
Cubic Dense structure Loose structure
structure
Rigid bond
i g
(VeroWhitePlus
Soft bond
(DM 9895)

3. DEM simulation

* DEM simulations using Timoshenko Beam Bond Model (TBBM)

* In the TBBM model, a Timoshenko beam element is used to connect the centres
of two primary particles, denoted particle A and particle B.

* Bonding & particle parameters were based on experimental measurement and
data offered by the vendor.

£ paimp

Fond \__
—_

Brown etal. (2014)

* To compensate the different in bond
geometry in TBBM, the bond Young’s J

Parameter Value ‘

Varies with
different bond
geometry

modulus E, was corrected using the double
tensile test results considering different
printing layer directions.

* The corrected E, is shown below.

Young’s modulus (MPa)

Poisson’s ratio
Compressive strength (MPa)
Tensile strength (MPa)

k.: Bond stiffness determined by e
ar

k1 . Lb doublet tests.
b = L, : Bond length in TBBM model. Static friction coefficient
Al A, =2 : Bond cross-sectional area. Steel Coefficient of restitution
Density (kg/m?)
Doublet t Parallel | Perpendicular [t Poisson ratio|
e L loading loading Shear modulus (GPa)
Cubic tetrahedral Diameter ()

Static friction coefficient

structure E, =116 MPa E, =142 MPa

(L, =4.25 mm, r,=1.3 mm) Coefficient of restitution
Density (kg/m*)
Poisson ratio

Particle
Spherical random
structure
(Ly=4 mm, r,=1 mm)

E, =254 MPa E, =195MPa

Young’s modulus (GPa)

2. Agglomerate breakage

Quasi-static compression tests -0.02 mm/s platen loading rate
0

Load (N}

Displacement (mm)

Dense structured agglomerate (6=44%)
shows meridian crack.

Displacement (mm)

* Loose structure (6=57%) is crushed
progressively via ductile failure.
Impact test -4 m/s drop weight impact velocity
The rigid material bonds show brittle breakage characteristics, the dense structure show
meridian crack while the loose structure show oblique crack.
e The agglomerates w1th soft bonds show rebound behavlor

Rigid
bond
Soft
bond

(a) Dense (&=44%) structure (b) Loose (&=57%) structure

4. Comparison of breakage patterns

* Simulation & experiments show similar breakage patterns for each agglomerate structure.
* For the cubic tetrahedral structured agglomerate, the bonds fail along slip planes.
* The spherical random structured agglomerate fails through the meridian plane.

0mm

7 mm 10 mm

Simulation (Ex=116 Mpa) Simulation (£,=195 Mpa)
Experiment ) 7

(a) Cubic tetrahedral structure

Experiment

(b) Spherical random structure

Summary

Several well defined particle structures &bond properties were 3D printed.

Experimental breakage results were obtained under different strain rates.

Macroscopic agglomerate breakage experiments were compared with DEM
simulation results to validate the newly developed TBBM contact model.

DEM underestimated compressive load for spherical random agglomerates
which attributed to TBBM bond geometry definition differences & non-
linear polymer behavior.

. \FPRI

IMHMWMIM

Australian Government
Australian Research Council

5. Comparison of load-displacement curves

* For the cubic tetrahedral structure agglomerate, simulation predictions are within the
range of the experimental measurement results.

For the spherical random structured agglomerate, the predicted compressive loads are
far lower than the corresponding experimental results.

s (a) Cubic tetrahedral structure - (b) Spherical random structure
—— DEM simulaton (=142 MFa) —— DEM simudation (£, =254 MPa)
—— DEM simulaton (E,=116 MPa] —— DEM simuation (£, 155 MFa) ’{
1204 -m=Exparimant ‘ 1204 = m= Exgarmant o
[} ' T
= w % T h 2w {f A
3 ] - 1
304
0o D.tt D’H le l'E ?’ﬂ
Disgtacement (mm) Displacement (mm)
* DEM underestimation of compressive loads Particle—__« Particle
for spherical random structures attributed to
« Different definitions of bond geometry. o Song
* Non-linear behavior of polymer bridge ;
particle contacts.
(a) TBBM (b) Reality
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1. Project brief 3. Powder flowability determination
Measurement of unconfined yield strength of powders can be made with a variety of For this research, five consecutive single sieve cuts of silanised glass beads, 35 18
commercially available shear testing devices. Traditional flowability measurement along with three inorganic powders; alumina CT800SG, limestone BCR 116 and +Alumina ball indentation s <
devices have a number of short comings: titania, and three organic powders; maize starch, a sweetener (maltitol), and 30  mLimestone ball indentation ¢ 158
- S . . . . Titania ball indentation . S
» Reproducibility of unconfined yield strength is greatly reduced at low stresses pea protein. 5 ©Alumina shear cell < El
» Or sometimes measurement is inconsistent with observed behaviour & OlLimestone shear cell _ ¢ B 128
» Materials found to be cohesionless may still have practical differences Powder flow behaviour was assessed using shear testing (FT4 Shear Cell) and <90 Titania shear cell 4+ LG §
» Generally the onset of flow is measured, which may not be a complete flow ball indentation (criteria specified elsewhere?3). Specifically, the unconfined § ™ 9 &
description yield strength (UYS) was measured at 2, 4, 6 and 8 kPa pre-shear normal 5 15 % ° @
stress. £ = ® 6 3
IFPRI seek to develop a theoretical understanding of flow of weakly consolidated and ® o o o E3
weakly cohesive powders 7 e 10 5 a® 5] 3z
» Development of practical means of making measurement to support theory 5 R ® 9 g ] &8
> Results should be generalisable to a broad class of powders o 0100 hm bal e ¢ 8 8 0 0
.53 b shear o + [ ] ES 5 10 15 20
_5  Ssamimie . " ;2
. . K] 2 Major Principal Stress (kPa)
2 . Ba I I | n d e ntatl o n ?4 . : ° . z i Figure 4. Inorganic powders: hardness/UYS vs MPS
é 3 (] 4 2 3 +Maize Starch ball indentation 12
Many processes expose particles to very low consolidation stresses (<1 kPa), such as £ 2 o 3 % g | " Sweetenerballindentation & c
dry powder inhalers, feeders for packing and tableting machines and filling and dosing o < B ?B 5 5 Pea Protein ball indentation ! 10z
of powders in capsules. To address the aforementioned issue, the ball indentation 1 & 5‘ - 3 25 ;!::;:;:;C:n::aore;s” %
technique was developed. . ; < g pea Protein shear cell [ s} 83
3
Ball indentation' is a method for assessing powder flow under low stresses and varying 0 2 4 6 8 10 12 EZO [ ] 6 i
strain rates that requires only a very small amount of material. The experimental Major Principal Stress (kPa) £15 1%
procedure comprises of three steps: Figure 3. Silanised glass beads: hardness/UYS vs MPS E " - 4 ]
- ® a
+ Apowder bed is consolidated to a desired stress Figure 3-5 show the dependency of hardness and UYS on the major principal 10 o R ¢ 1 5 ;
« The powder bed is penetrated by a spherical indenter, until a desired penetration stress for all the materials tested. Both flow indices are observed to increase 5 g 4 T 2 ¥
depth has been reached with applied stress, due to an increased packing fraction. The increase is Y - T L =
« The indenter is unloaded sharper in the range of low stresses (<1 kPa). From Figure 3 it can also be seen a0 N
that the smaller the particle size, the larger the exhibited hardness. This trend is 0~ o
s 0 5 10 15 20

F i i by ing hardness (Eq. 1), which represents flow stress
and is the resistance of a material to plastic deformation, from the force-displacement
response of the bed (Fig. 1). Provided that the bed does not consolidate, hardness can
be linked to the unconfined yield strength, which is derived by the commonly used
shear testers, via the constraint factor (Eq. 3). Currently there is no understanding of
how C varies with particle properties.

0.03
Frnax
0.025 e E
_ 002
£
T0015
S
0.01
0.005
R P
0 02 04 06 08 1 1.2
Penetration Depth (mm)
Figure 1. Force-displacement curve Figure 2. Bed surface profile
H=F,,/A (Eq. 1)

A=mld,h, -h?) (Eq.2)
H=cY (Eq.3)

5.Conclusions-future work

Ball indentation results exhibit very good reliability at both high and low stresses
Ball indentation provides a very good sensitivity of hardness to particle size

All the materials exhibit a sharper increase of hardness in the region of low stress,
with it being more pronounced in the case of silanised glass beads and the three
food powders

For the materials tested, the constraint factor is found to be approximately constant
throughout the range of stresses tested, except for limestone and pea protein
Constraint factor is found to increase as particle size is decreased

In the case of silanised glass beads, the unconfined yield strength measured in the
shear cell and inferred from ball indentation correlates well at low stresses

Future work:

» Two talc powders and three copper powders with different particle shape (Fig. 12),
are going to be tested to further assess the influence of particle shape on the
constraint factor

Figure 12. SEM micrographs of three copper powders
» Glass beads will be silanised with different functional groups and tested in order to
assess the influence of surface energy on the constraint factor

» Shear cell and indentation results will be compared to uniaxial compression tests.
Preliminary results for the sweetener powder are shown in Figure 13.

35 2
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—25 Uniaxial Compression E
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o

10 15 20
Major Principal Stress (kPa)

Figure 13. Comparison of ball indentation, shear cell and uniaxial
p ion results for

» DEM will be utilised to investigate the behaviour of C at low stresses

clear among consecutive sieve cuts at high stresses, whereas at low stresses
the difference is less clear.

Maijor Principal Stress (kPa)
Figure 5. Organic powders: hardness/UYS vs MPS

4. Constraint factor & flow at low stresses

In order to use ball indentation to assess powder flow, it is important to be
able to infer the unconfined yield strength from the measurement. Therefore
the constraint factor, C, (Eq. 3) needs to be established in order to relate the
hardness to the yield strength. To quantify the constraint factor, unconfined
yield strength measurements by the shear cell are used. C is found to be
almost constant for all the materials tested (Figs. 6-7). Also, it is observed
that it increases as particle size decreases, as shown in Figure 6. However
the span of the size distribution appears to have limited effect.

3

~
o

N

n m
+

ngem

3

Constraint Factor
- o

*45-53um =53-63 um
05 63-75 um ©75:90 um
=90-106 pm A53-90 pm mixture
45106 pm mixture
0
0 2 4 6 8 10 12
Major Principal Stress (kPa)
Figure 6. Silanised glass beads: constraint factor vs MPS
3.5
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3 Pl 7590 pm shoarcol cata
& a 90-106 ym shear cal data
- e —
8 £ 15263 ym dats e rom bl ndertation
& 375 m ot fere rom bl ncrtaion
205§ 07590 um dat e fom bl ndontaion
90-108 ym cat o fom b indentatn
0
0 2 4 6 8 10 12

Major Principal Stress (kPa)

Figure 8. Silanised glass beads: UYS vs MPS

Shear Cells usually fail to provide reliable results at low consolidation
pressures®. For one of the glass bead single sieve cuts, the 45-53 um, shear
tests with acceptable repeatability were carried out using the FT4 Shear Cell
down to 0.1 kPa pre-shear normal stress. The shear cell results follow a similar
trend to those inferred from ball indentation in the low stress region (Fig. 11),
however the shear cell appears to underestimate the unconfined yield strength.

535
€ 3
= - .
D25 .
I3 *
» 2
2 *
s 15 .
£'e
§ 05 ¢ #45-53 ym shear cell data
c ’0 #45-53 um data inferred from ball indentation
20
0 2 4 6 8 10 12

Maijor Principal Stress (kPa)

Figure 11. Shear cell and ball indentation UYS correlation
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In order to calculate the unconfined yield strength at low consolidation
stresses, it is assumed that the constraint factor remains constant at low
stresses. Using the hardness values, the unconfined yield strength is
calculated at low stresses, showing that an extrapolation of higher stress
shear cell results would lead to an overestimation of UYS (Figs.8-10).
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Powder Structure Control

Fluid bed agglomeration, simulation and overview

J. Harnacke, R. Kohlus

Introduction

Granule structure of homogeneous (no porosity) and
porous particles has been summarized by particle-particle
distance of non-soluble primary particles. Porous material
was generated by a sinter method as well as fluid bed
agglomeration: Strength and dissolution were investigated
as powder properties.

/Random close \

Granules with different particle-particle distances but
same packing densities were generated to investigate the
main influencing factors.

- high particle-particle
; distance
- large pore space of
dissolving material
—> fast dissolution
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Structure of powder with high degree of porosity was
generated using a sintering technique and single particle
strength was measured (Welbull Approx.)

0.6 oy = Pore size 30.8 um, bimodal
® Pore size 64.9 um
Pore size 110.9 um

o
I
|

Strength [N/mm?]
o
w

o
N

High water uptake

o
—

o
o

Structure description
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disperse and continuous phase.
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Additionally dissolution was Investigated by a simulation
approach, allowing detailed assessment of single particle
behaviour. Dissolution of highly pre-dissolved particles
varies very much. Particle strength, especially of fluid bed
agglomerates was tested by an impact test. An influence
of the ratio of primary particle size to granule size was not
found.

-

Prediction of structure descriptors O

Particle-particle distance calculation was used as
structure measure for dissolution characterization.
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Simulation
A “Volume of fluids” VOF program has
been set up to simulate the dissolution
of single structured particles based on a
finite differences scheme. The structure
IS captured by 3d- XRT images.

—> higher no. of bridges SN T S N—
\9 more stable granules T e Y

o

\_ /

Summary \

Powder structure was characterised by stereological
methods, I.e. covariance function. Particle size dis-
tribution and phase volume ratio define the stochastical
particle structure for most granulation techniques. The
covariance function allows to predict the size distribution
of free volume between the particles and related effects
like capillary pressure curve. Strength and dissolution
\behaviour scale with average particle —particle distance. /
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ABSTRACT: Segregation rate models hold promise for scale-up via
continuum-level analysis using device-specific transport equations. Our
approach involves both a unique experimental*“‘equilibrium” between
mixing and segregation via flow perturbations as well as a focus on
models that are written expressly in dimensionless form with an aim at
transparent scale-up. We are using our experimental segregation vali-
dation framework both to benchmark existing segregation rate models
as well as to test our new and developing models. Using our scaling
approach we have recently established the first analytical connection
between density-based segregation to granular rheology. This model is
based largely on first principles and fits data from a variety of bound-
ary conditions, density ratios, shear rates, gravitational conditions, and
material properties. Moreover, we have begun building complemen-
tary segregation models for size, shape, and cohesive segregation and
have validated our shape model.

Project Briet

¢ Identify material and process parameters that control the extent of
powder segregation

e Develop quantitative models that predict segregation
e Validate models with appropriate experiments
e Demonstrate that the models are applicable to full-scale processes

e Add’l considerations: (1) Cohesive powders, (2) Particle shape
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Evaluating Models for Segregation
Density Segregation

buoyant model drag model
experiment i
rs=-0.6652 experiment
0.4+ o 015 041 r.=-0.8226 © 0.15
o} o 05 o} o 0.5
0.3 P ng}gﬁ A 031 03 Cﬁ@é; A 031
: *+Ipf * 0.31HF * 1 * 0.31HF
0 0.2 é L 0.2 o D{ Q o o0
0.1 0.1
0.0 T T 1 0.0 ! ! !
0.0 0.5 1.0 1.5 0.0 0.5 1 1.5
. . (a) (a)
simulation . .
simulation
0.4- 0.4-
rs__0-9669 o 0.15 . rs=_0.9920 o 015
(o] o 0.5 o 05
0.3- o ] ©
a° g a 031 03 2% A 0.31
202 o ® 0.2 a
O oo Op O
0.1- 0.1
0-0 T T 1 o-c 1 1 1 1 1
0.0 0.5 1.0 15 0.0 0.2 0.4 0.6 0.8 1.0
fIf.i0 (b) it (b)
linear model
log model
experiment experiment
0.4 rs=-0.8908 o 05 0.4- o 05
0.3 %i A 067 0.3 ,% A 0.67
0.1- 0.1
o-c 1 1 1 1 0-0 L] T T T 1
0.0 0.5 1.0 1.5 2.0 00 05 1.0 15 20 2.5
(a) (a)
simulation simulation
0.25-
ry=-0.9034 0257
0.20 b0 ® ) re=-0.9241
% O 0.20 oo ®
2 Aa o
1 A A A
0.15 L 0.154 A R
oo oo
0.0 0.5 1.0 15 2.0

00 05 10 15 20 25
i oy
(b) (b)

e “Proper” model will yield monotonic change in IS vs f/f.-i

e 1 for quantitative measure (I — monotonic)

Quantitative Prediction of Segregation at Process Scale
Joseph J. McCarthy

Department of Chemical and Petroleum Engineering University of Pittsburgh, Pittsburgh PA 15261

Building New Models for Segregation

Direct Forcing for Rigorous Segregation Testing

Constant P

Constant v

Oscillating g

heavy tracer particles

e Vary density ratio
e Vary shear rate (velocity)

e (Mostly) Constant pressure BC

Density Segregation — Built for Scale-Up
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e Dimensionless segregation rate: vg = Uj
Y

e Dimensionless “flow” parameter: I = ydy+\/p/P
e Collapses results for different d,,, 7, g, and BC’s (P and CV)

Interesting Density Ratio Dependence
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e “Extra” density dependence results from “added mass” from particle
collisions (energy balance)

Origin of Our Scaling
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e Scaling for n: n ~ where v, 1s a (pre)-collision velocity

A Novel Rheology-Focused Density Model
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Next for Density

e Experimental apparatus for continuous shearing

e Can be run in both “perturbation mode” and traditional shear

New Directions
Testing Size Segregation
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e Results are not linear with either v or 1
e Clearly we are missing some other rheological effect ...

e New modeling efforts are promising (See Student Poster session)

A Proposed Approach for Shape Segregation

LT 5

Aprojected — F( e)

e If particles are able to freely rotate:

Aprojected

Acrr = Aavgy

e Use this approach to predict segregation direction

Experimental Work on Shape Segregation

Segregation extent

0 0.25 0.50 1.0 1.75 2.3 40
Acylinder/ Asphere

Cohesive Effects on Segregation Rate

100
e Free-flowing <<
75 m Cohesive p
«V
= L 4
%)
3 50 v
L_Joo !
~ 25 .
¢
u
0 +------ L el e = S R — -
-20 -15 -10 -5 0 5 10

(Wh - Wl - ZFC)/WZ

e Proposed model matches “new’” model well
e Neither have been tested experimentally

e Segregation control framework should (finally) make this “easy’!

e Changing density — changing wetting
e Use TEOS to build a *silica skin”

e Further surface modification allows additional control

What’s next?

e Run experiments with the direct forcing apparatus

e Perform cohesion experiments/simulations (in baffled tumbler and
direct forcing)

e Perform shape segregation simulations (to compliment our experi-
ments)

e Test multi-modal size and density (and mixed-mode) segregation in
direct forcing



A Holistic Approach for the Model-based Control of Crystal
Size, Shape and Purity in Integrated Batch and Continuous
Crystallization - Wet Milling Systems

Botond Szilagyi, Zoltan K. Nagy
Purdue University, Davidson School of Chemical Engineering, West Lafayette

Specific aims. This project aims to develop and provide the first proof-of-concept simulation and experimental demonstration of a real-time
implementation of a full population balance model based nonlinear predictive control approach for batch and continuous crystallization
processes integrated with wet milling and classification/recycle system, in order to achieve desired crystal size and shape distribution.
Additionally the effects of impurity/additive mixtures on the size, shape and crystal purity distribution will be incorporated in the model.

Normalized number density

Model and soft-sensor development

Implementation efficiency — the CrySiV function
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Tiress 5]

Mean AR calculation (2D CSD)

High performance, GPU accelerated
implementation of the high resolution
finite volume method (HR-FVM) for 1D
and 2D crystallization processes

Soft sensor: based on random projection
of pre-determined crystals (crystal
dimensions used in the FVM solution)
Mapping all possible chord lengths and
aspect ratios of all possible projections
(off-line calculation)

Weighted summing of individual
crystal's CLDs and ARDs to generate
the CLD and ARD of the crystals
population (on-line calculation)
Estimation of measurable AR of a
crystal population (PVM-soft sensor)
from mean crystal size data.

CrySiv1.2

simulating crystallization easier

crysiv.github.io

Integrated system, 1D PBM
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Conclusions. Projection-based soft sensors of PVM and FBRM for 2D rod-like crystals, with high real time applicability potential was created.
GPU accelerated simulation of integrated batch-crystallizer-wet mill system, involving 1D PBM was applied for process optimization. The
optimization revealed unexpected operation, using the wet-mill as in-situ seed generator and the recirculation stream as optimal dynamic seeder.
Publications. Szilagyi B., Borsos A., Simone E., Nagy Z. “Model Based Estimation of 2D Crystallization Kinetics From Concentration and
CLD Measurements”, Computer Aided Chemical Engineering, Accepted




Milling and Material Grindability

1Y. Ooi, X.Z. Chen, L.G. Wang, J.F. Chen* and J. Sun
Institute for Infrastructure and Environment, School of Engineering, University of Edinburgh, Scotland, UK

*School of Planning, Architecture and Civil Engineering, Queen’s University Belfast, UK

Project overview Particle dynamics from DEM simulation

The goal 1s to develop a generic methodology o Real-geometry of impact pin mill UPZ100 was

to link material grindability with particle simulated using DEM

dynamics 1n a mull. o The average impact velocity increases with

Main objectives include: the increasing rotary speed

Layout of impact pin mill

o Understanding the local stressing events
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Gravity and Hydrodynamics join forces to destroy Colloidal Gels

Xuemao Zhou, Joost de Graaf, Michiel Hermes, Wilson Poon

School of Physics and Astronomy, The University of Edinburgh, Edinburgh, United Kingdom
w.poon@ed.ac.uk
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The stability of colloidal gels is a limiting factor to the shelf-life of many
industrial products. Understanding the processes involved in the rapid collapse
of gels under gravity is crucial to establish ways to improve this shelf-life. Here,
we expand on our earlier analysis of the rapid collapse regime [1,2]. We
experimentally demonstrate that by removing the meniscus, rapid collapse can
be postponed, by removing dense particles falling through the gel. However,
this does not eliminate rapid collapse. Turning to hydrodynamic simulations,
we further show that pressure-driven hydrodynamic backflow alone can
trigger rapid collapse, for which the onset time is related to the gravitational
Péclet number of the colloids forming the gel.

Microscopy side view of the experimental model system (1 pm PMMA particles + polystyrene
polymer in water) showing the major features of rapid gel collapse: solvent droplets rising and
finger like clusters falling.
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Position of the gel (black dots) with respect to the base of the meniscus as a function of time.
The two droplets rising and the fingering event are also shown.
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The local density p as a function of position in the cell, time increases from blue to red. The
position of the interface can be extracted from the intercept with the dashed line.

The speed of the interface v over the single-particle sedimentation speed v, with (blue) and
without (red) hydrodynamics, as a function of time t over the sedimentation time t,. The
snapshots show the lattice-Boltzmann hydrodynamics (left) and Langevin (right) simulations
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(a-d): Graphic representations of the experimental geometries. (e): Position of the gel with
respect to the bottom of the meniscus (if present) as a function of time. (f-h): Cartoons
illustrating the major contributions to the onset of rapid collapse. (f): Collapse starts at the
corners of the meniscus, with debris sinking into the bulk. (g): Without a meniscus, collapse is
uniform; droplets rising precurse the collapse. (h): With a partial meniscus both processes
occur: the collapse due to sinking debris overtakes the one due to rising droplets.

A bulk piece of colloidal gel, ¢ = 0.1, subjected to gravity and hydrodynamics for low (top) and
high (bottom) Pe,. Time increases from the left in steps of 50tg; t; = Brownian time. Red
colored particles move up, blue ones down.
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(left) The number of particles in the largest cluster N, over the total number of particles N,
for Pe, = 2.0 and two different system sizes: Ny, = 10.500 (blue) and N, = 25.000 (red). The
onset time for clusters to shear off, T, is indicated by the arrow and is the same; the larger

system collapses more rapidly. (right) The inverse of T, as a function of Pe,.
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Self-Assembled Monolayers as Nucleating Surfaces to Study Early Formation
Pathways of Crystallographic Polymorphs

Cornell University

Abstract

Self-assembled monolayers (SAMs) are well-defined surfaces that can be used to study
the relationship between the nucleation event and the final polymorph selection.
Furthermore, by tuning the substrate-crystal interface energy, potentially crystalline
order of SAMs can promote the nucleation of polymorphs not accessible via solution
methods. It is these two advantages, i.e. the establishment of scientific correlations
between nucleation and observed polymorph and access to polymorphs not accessible
via solution methods, that have led us to choose heterogeneous surface nucleation via
SAMs as the primary means to study polymorph selection.

In this work, we have examined multiple SAM chemistries on gold and silicon in the
presence of various solvent systems to investigate their ability to influence the
nucleation, crystal growth, and polymorph selection of a common drug,
acetaminophen (ACM). We have found that both solvent and substrate work together
to control crystal polymorph. The —CH, and phenyl terminated surfaces promote the
formation of the less thermodynamically stable orthorhombic form of ACM with (002)
cleavage planes perpendicular to the substrate, and the -OH surface induces the same
polymorph of orthorhombic ACM, but with the (002) cleavage planes parallel to the
substrate surface. We hypothesize that this selection is due to the energetic favorability
of certain crystal facets interacting with the chemically specific SAMs surface.

Background
Why try to control crystal polymorphs?

The understanding and control of crystallographic polymorphism and crystal habit of
organic as well as inorganic compounds is scientifically and technologically important to
a number of industries. To date, however, the experimental control of polymorphs
(crystalline solids with different arrangements of the same constituents) is difficult.

Use of surfaces as nucleating agents

We form arrays of self-assembled monolayers (SAMs) from alkane-thiols, with different
terminal (omega) functional groups, on gold substrates. These arrays of SAMs will
provide nucleating surfaces with diverse chemical functionality.

Why use self-assembled monolayers?

One benefit of using SAMs to study polymorphism is that the polymorph selectivity of a
given surface should be related to the chemical, stereo-chemical, and 2-D crystalline
structure of the SAM. By studying the relationships between the structure of the crystal
and the nucleating surface, we will gain insights into molecular-scale recognition events
that can lead to polymorphism.

Experimental Design — Drug Choice

Acetaminophen (Paracetamol, ACM)

Two well-known polymorphs:
monoclinic and orthorhombic

Surface chemistries presented -

on crystal faces differ between the polymorphs

. . . . . https://en.wikipedia.org/wiki/Paracetamol
Popular use in medication and readily available

The monoclinic polymorph (Form 1) is the thermodynamically preferred and
commercially produced form

The orthorhombic polymorph (Form Il) would be desirable for easier
commercial processing due to its flat cleavage planes
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Key Results

Solvent Effects on the polymorph control: hydrophobic surfaces
SAM chemistry n
SH 20 80% 20%
PN 18 94% 6%
o {-sici, 14 93% 7%
SH 9 93% 7%
DI water SiCly 18 89% 11%
{H-sici 10 90% 10%
SH 12 100% 0
1,4-dioxane sicl - - T
o - iClg 6
P QSiCls 10 70% 30%
SH 1 9% 91%

) SiCly 11 0 100%
{Y-sicly 9 0 100%
ACM crystallization in a mixture of water and 1,4-dioxane results in Form I, while either
pure water or pure 1,4-dioxane primarily yields Form I. Polymorph selection is not
strongly sensitive to the specific hydrophobic surface chemistry.

Solvent Form | Form Il

Ethanol

DI water/dioxane
20:80

Both solvent and substrate work together to control polymorph

Sgbstrate -CH3 on gold (hydrophobic) -OH on gold (hydrophilic)

Solvent N Form| | Formll N Form | Form Il

DI water 9 93% 7% 17 100% 0

DI water/ dioxane
20:80

11 9% 91% 10 0 100%

1,4-dioxane 11 100% 0 10 20% 80%
Ethanol 20 80% 20% 11 9% 91%

In water containing systems, polymorph selection is independent of substrate chemistry,
whether hydrophobic or hydrophilic. However, for pure organic solvents, the polymorph
switches from Form | to Form Il when surface chemistry is changed from hydrophobic to
hydrophilic.

Substrate can dictate crystallographic orientation
SAM chemistry n

A~~~SH 11 9% 91%

DI water/dioxane SiCly 11 0 100%
20:80 (-sici, 9 0 100%
HO SH 10 0 100%

X-ray Diffraction (XRD) of ACM on PTS and —OH surfaces

Solvent Form | Form Il

Using a water/dioxane mixture as the crystallization solvent, Form Il crystallized on both
hydrophobic and hydrophilic surfaces, but the observed orientation of the crystal is vastly
different depending on surface chemistry.

! IFPRI

Internztional Fine Particle Research Institute

Substrate can dictate crystallographic orientation

3 n=19
@ OTS (-CH,)

-

Intensity{a.u.)

|
|
|
|
i
reference Form Il | I
. A .
| |
]
18
2-Thetal(")
m (00 2) or parallel B Non-orthogonal angle
The XRD patterns indicate that —OH terminated SAMs strongly orient the (002) plane
parallel to the substrate, whereas PTS and other hydrophobic SAMs induces “high angle”
orientations, which are perpendicular or nearly perpendicular to the (0 0 2) plane.

Molecular interpretation and orientation influence on the morphology

On PTS surfaces, ACM
crystallizes as Form II,
with the (002) cleavage
planes perpendicular to
the substrate. Crystallites
appear large and
smooth.

o g (002)
B T T R
B e >

Hiiliig

Conclusions

1. A more reproducible and inexpensive SAMs system on silicon wafers was introduced,
the results of which are consistent with our earlier studies on gold-thiol based SAMS

On -OH surfaces, ACM
crystallizes as Form Il, with
the (002) cleavage planes
parallel to the substrate.
Crystallites appear small
and rough.

On hydrophobic surfaces, use of pure solvents resulted in ACM Form |, while a
mixture of water and dioxane produces Form Il
In general, both the solvent and SAM surface chemistry act in concert to control
polymorph selection

4. The SAM detailed surface chemistry further influences the crystallization orientation

Future Directions (Year 3) p——

. In-depth studies of earliest stages of crystal
formation as observed by optical microscopy and in-
situ blade coating coupled x-ray scattering.

Blade-coating of ACM on PTS surface from 1,4-dioxane

cryo-scanning transmission electron microscopy
(cryo-STEM) on early nucleation and growth stages

Work with industry to identify other organic

compounds for in-depth polymorph studies .
In-situ GIXS of blade coated films

Y. Gu, UW. et al, Macromolecules 2016, 49, 4195.
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Die Filling of Aerated Powders

Joesry El Hebieshy, Serena Schianoand Chuan-Yu (Charley) Wu,
Department of Chemical and Process Engineering,
University of Surrey, Guildford, UK
Email: C.Y.Wu@surrey.ac.uk

.

1. Introduction

4 Die filling is a critical process stage in powder compaction, a common manufacturing

process for a wide range of products including pharmaceutical and detergent tablets,
catalyst pellets, fertilizer, biomass, ceramic and metallic components.

1 Powder behaviour during die filling plays a dominant role in controlling the performance of

subsequent processes and the quality of final products, as it determines the pre-
compaction conditions (e.g. density distribution, composition distribution, packing patterns).

have a detrimental impact on the properties of the products.

 Moreover, any defects induced during die filling (such as segregation, insufficient filling) will

4 Understanding of complex powder behaviour during die filling also helps decode

complicated nature of fine powder mixtures, as a number of powder characteristics
(flowability, permeability, etc.) controls the behaviour of powders during die filling.

The following three tasks are proposed:

Task |

Rotary die
filling

(MI-M12)

Task 2

Assisted die
filling

(Suction filling, paddled shoe;
MI13-M24)

 The goal of this project is to understand the die filling behaviour of aerated powder blends.

Task 3

Segregation

during die

filling

(M25 - M36)

e

2. Rotary die filling

Metal separator |

ok

A A rotary die filling system
was developed.

 The system was fitted with
two dies and a shoe with
adjustable length of 30-
150 mm.

d A filling speed of 0-1,500
mm/s can be achieved.

O Comparative study with

linear die filling was
performed using
Cenopheres 500 (d=500

um, p,=600 kg/m?).

 The effect of shoe length
was also explored.

|.2 ——Passive die filling Vc = 102.6 mm/s

FILLING RATIO 5 [-]
o o
o oo

o
~

0.2

0 100 200 300
FILLING SPEED [MM/S]

Experimental results.

——Active die filling Vc = 144.0 mm/s

400 500

1 —8—¢
0.8
=
S 0.6¢
-
ol ¥
= 0.4}
=
0.2} o Active
O Passive
0 I L ! !
0 100 200 300 400 500
Filling speed (mm/s)

DEM Simulation

(Wu, 2008, PARTICUOLOGY, 6 (6), pp. 412-418.)

J As the shoe

during

A A higher filling ratio is generally obtained
rotary die filling (active)

than

passive die filling (the die is stationary).

] Excellent agreement between experimental

and numerical simulations is obtained.

length

Increases,

more

powder is deposited into the die, due to
the increase in the effective discharge time

(i.e. residence time).

14

12

10

Mass in die [g]

s| length = 30 mm)

ogon

length = 60 mm)
s| length = 90 mm)
I (shoe length = 120 mm)
length = 150 mm)
shoe length = 30 mm)

oe length = 60 mm)
length = 90 mm)
length = 120 mm)

length = 150 mm)

4 It was found that significant segregation took place during
filling the shoe and die filling.

O Segregation tendency during die filling depnds on the
filling speed.

0 100 200 300 400 500
speed [mm/s]
7
3. Density-induced segregation during die filling
- N B Density induced — bottom to top
_-e
s, N . ’,,/”
\‘§\\\‘——.’,/
1 ’_,—”’ \!\\\ 3
10g -~ - ‘\\\\
::: Compartment number b o =
Density induced - front to back
::‘\
T o
\'\ ”‘,_— \\\\\
i i : - " l’:>:\\~i. 4 ,»’!
[ Density induced segregation was experiemntally explored. S -l -
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4. Air pressure build up during die filling
I 100.1
0.8 = - al)
o 100.0 4
:.: g 99.9 _—
0:2 g 2.8
AP } +AP 99.7 k- 15
[kPa] 50 52 54 56 58 62 66 68 70 a2)l
-0.2 =
410 =
-0.4 AP £
: ]2
! Time [s] 0 40 l 80 ] 12(())
Time (s)
Using the die filling system instrumented with an online air pressure sensor,
it revealed that there is a significant pressure drop in the die during die The pressure and mass flow rate evolution of a hopper
filling. Similar phenomena were also observed by Donsi et al. (1997). discharging glass beads of d50= 5 5um (Donsi et al. 1997)
5 10
W =Cp, /g (D, —kd,)”
start‘ C= 5 PathP : s 0924
W*At —— +A 0 T%. AP-
‘ f m\ atm 1 {fi.! ...... % [kPa]
Vol .00001 .0001 “..|0.001 .01
. ‘/l AP =( Pam VO, J‘ 180h,77,(1-¢)° (=6)l,d 777, - - L 1
3
\1P VOId_Vmp Wzdp g3Cdpa Zhd/
g
Vmp — m—t 0.1
P dso [m]
00000
Descending at
constant speed
y = 9592.8e-3678x
o J R R2=0.89561 10000
Free fall arch Z\ o— -AP
7 . [PA]
z accelerating 1000
under gravity
Gt
y = 2380.8¢1953x
small +ve pressure Rz = 0.98767
due to drag
100
3 77 V S (1_(9)d y = |9 | 8e-1436x
— a t a I p R2 = |
=21 12 @321 2)
p p - — to-
0.00 0.00 0.00 0.0
D50 [M]
~"Model (A¢)  © Model (e=ci) © Experimental
A transient die filling model is then proposed, assuming the negative pressure is primarily
induced in the wakes of falling particles.
[ The model can predict the pressure change provided the voidage in the flowing powder stream
can be approximated.
\_ J
4 )
5. Correlation between powder flowability and die filling performance

[ Critical filling speed was
proposed to
characterise die filling
performance.

It is the highest filling
speed at which the die
can be completely filled.

4 Attempts were made to
explore the dependency
of the critical filling
speed on other flow-
ability measurements,.

35
ol such as the flow index measured using a Flodex
tester.
25
o L A wide range of materials and granules made of

. binary mixtures were evaluated.

% . . .
S Q It was found that there is a strong correlation
0 ¢ ; : : between the critical filling speeds and the flow
. ’ ’ index.
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6. Summary and future work

1 Active (rotary) die filling can lead to higher filling efficiency than passive (linear) filling.

 Significant density induced segregation can be induced die filling.

O A theoretical framework was developed to predict the air pressure build up during die filling. Its
accuracy relies on the precise determination of porosity.

 Critical filling speed has a strong correlation with the Flodex measurements

The following future work is planned
1) Suction filling: system development and detailed experimental investigation;
2) Paddled hopper/shoe: system development and preliminary investigation;
3) Correlation with other flow measurements;

4) Further rotary die filling study — moist/cohesive powders.
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