
3rd Int. Congress Pharm Eng 2009 September 17, Graz 1

����������	
���
����������	��
�����	��������������������


S. Radl ,1,2 D. Brandl, 1 H. Heimburg, 1 M.S. Siraj, 1 J.G. Khinast 1,2

1Institute for Process and Particle Engineering, 
Graz University of Technology, Austria

2Research Center Pharmaceutical Engineering GmbH, Austria



3rd Int. Congress Pharm Eng 2009 September 17, Graz 2

�����������������	������������	�����
��
�
	��

Introduction

Mixing

“One-Pot” Technology

Coating
www.glatt.com
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Challenges
• Model the flow of cohesive granular matter

• Prediction of mixing and segregation

• Prediction of product properties (uniformity, 
flowability)

• Optimal and reproducible conditions for 
mixing, granulation & drying

Motivation & Goals

Significance of this Work
• Investigate mixing mechanisms as a function of moisture 

content in a bladed mixer

• Effect of process parameters (e.g., particle size, which is 
extremely important for simulations)

Estimated „Costs 
of Quality “ in the 
pharma industry:

> 20% of 
production 

costs!!
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Dry Granular Matter
• Simulation of granular flow on the particle level
• In-depth analysis of mixing mechanisms by 

means of simulations
• Build up of a granular particle image 

velocimetry (gPIV) system
• Investigate the effect of process parameters on 

granular flow (stirrer speed, moisture content, 
blade angle,…)

Wet Granular Matter
• Sophisticated particle interaction model for

cohesive forces (e.g., due to liquid bridges)

• Experiments (e.g., drying and gPIV) under a 
controlled atmosphere 

Achievements

aaaa = 38°

aaaa = 25°

aaaa = 28°

phase 2, sim

phase 3, sim

phase 3, exp

Particle velocity distribution 
in a granular Hele-Shaw cell
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Liquid Bridge Networks in Wet Granular Matter

A little Bit about the Simulation Method...

Shape of Liquid Bridges
• Complex shapes of liquid 

bridges have been observed 
experimentally.

• If the total content of liquid is 
small, pendular bridges will 
dominate.

Forces due to Liquid Bridges 
• The capillary number character-

izes the relative importance of 
dynamic forces over (static) 
capillary forces . In our case, we 
have Ca � 0.01.

µ…dyn. viscosity

V…characteristic
velocity

s…surface tensions
m V

Ca
×

=

3
2,1

*

r
V

V L=

Distribution of liquid bridges in a bed of wet glass 
beads (each point represents a single capillary 
bridge characterized by surface S and volume V, 
lines indicates S/V under the assumption of an 
idealized liquid distribution; W=0.035 (about 8% 
saturation , Scheel et al., 2008)
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Simulation Study Bladed Mixer
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100 mmDSStator diameter

45 °BABlade angle

95 mmBDBlade diameter

25 mmBWBlade width

ValueSymbolParameter

1- 3 mmdParticle diameter

0.01µr
Rolling friction 

coefficient

0.5µ
Sliding friction 

coefficient

0.98, 0.8, 0.7CORCoefficient of 
Restitution

1.05.105 N/mkt
kn

Stiffness

2500 kg/m³r PParticle density

ValueSymbolParameter

Schematic sketch of the 
bladed mixer (Radl et al., 
2009)

Particle distribution after a single revolution (10 rpm)
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Schematic representation of the 
cutting planes used for flow 
analysis

Simulation Study Bladed Mixer
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impeller
rotation

a: absolute x-y velocity field from EDEM™, b: absolute velocities on Eulerian grid, c & d: blade relative velocities

a b c

|U|/u tip

d

a: absolute t-r velocity field from EDEM™, b: absolute 
velocities on Eulerian grid, c: blade relative velocities

z

t

blade

|U|/u tip

a b c
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Simulation Study Bladed Mixer

Simulation and experimental results for the velocity at the top of the particle at (60 [rpm] )

y

x

impeller
rotation

Results for COR  = 0.98, lower 
COR gives -13% to -24% lower 
peak velocities

Experimental Data

dp = 4 mm

dp = 0.5 mm

Simulation, d p = 3 mm
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• Experimental Results 

- Increased porosity and roughness of 
the surface , formation of agglomerates

• Simulation Parameter Capillary Forces
- V* = 10-2 (approx. 2 % saturation), f = 

0 [rad]
- dP = 500 [µm], s = 0.073 [N/m]
- Bo = 8.4.10-2, (Bog = 71)
- “slow” flow, i.e., high Collision number 

Co = 16.s/(r p
.dp³.k².(du/dy)²)

Top: Simulation, cross section of the particle bed, 
60 [rpm], wet particles

Bottom: dry particles

particle blade

s
r 2

PP dg
Bo

××
=

Simulation Study Bladed Mixer

2

6

PP
g dg

Bo
××

×
=

r
s

wet

dry

Experimental results 
wet granular matter, 60 
[rpm]
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Squared velocity fluctuations in (a) circumferential, (b) radial and (c) 
axial direction for wet (top) and dry (bottom) granular matter, 
h = 15 [mm]

Schematic representation of the fluctuating 
velocity field in a bladed mixer

Simulation Study Bladed Mixer

3/''' 222 wvuT ++=

Granular Temperature
- quantifies diffusive mixing

- obtained from blade-relative
squared fluctuating velocities

- normalized with utip
2

wet

dry
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Experimental Work Bladed Mixer

Equipment & Material

- Heated glass container
d = 145 mm, H = 250 mm

- Vacuum pump
VG = 2 m³/h, 7 mbar

- Camera system
1.4 MPixel @ 520 Hz, trigger 
device, metal-halide cold light 
source, direct link to PC 
memory, 
MatPIV software

- Motor with gearbox
n = 1 – 2000 min-1

- Glass beads
dp = 0.2 – 6 mm
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Bladed mixer experimental setup with camera, 
stirrer and heated glass container

support

bearing / 
sealing

mirror

stirrer

sample 
(glass 

beads)

heated 
glass 

container

vacuum
connection

high-speed 
camera

heated 
cover
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t+DDDDt

t

Principle of the cross-correlation method

Granular Particle Image Velocimetry (gPIV)

- recording of high-resolution image 
sequences with a high-speed camera.

- scaling of the images (pixel � m) 

- divide the image into interrogation areas

- using cross-correlation between two 
successive images to calculate DDDDx for 
each interrogation area

- Calculation of the velocity vector from u = 
DDDDx/DDDDt

Trigger position and image of the stirrer blades from 
the top

Experimental Work Bladed Mixer
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x

impeller
rotation

Velocity fields |U| from top, side and bottom of the mixer
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Principal Flow Pattern - Dry Particle Flow

- Particle diameter dp = 0.5 mm

- n = 60 min -1

y 
[m

]

0.04

0.03

0.02

0.01

0.0
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Experimental Work Bladed Mixer
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Results for Dry Particle Flow

- Random motion of big particles leads to spots of 
high velocity in the flow field (“roll & lock” ).

- The flow field for big particles is more 
homogeneous in circumferential direction.

- A relatively smooth flow field for small particles is 
obtained.
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Velocity fields |U| for different 
particle diameters – dry 

particles

Close-up of the 
vector fields for 
different particle 
diameters

dp=6 mm

dp=0.5 mm

y

x

impeller
rotation

Experimental Work Bladed Mixer
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Time profile of dimensionless velocity at r = 0.062m
Velocity fields |U| for different particle 

diameters – wet particles y

x

impeller
rotation
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(b)
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dp=0.5 mm, 2 w%

wet

dry

Comparison with Wet Particle Flow

- For the big particles the flow pattern does 
not change significantly. Stagnant zones 
are observed.

- Cohesive forces in the case of small 
particles lead to the formation of clumbs . 
The motion of particle near the surface of 
the bed is now significantly slower than 
for the dry particles.

r

ffff

probing position

Experimental Work Bladed Mixer
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Summary & Outlook

• EDEM has been used for the simulation of dry and wet granular 
flow on the particle level .

• A larger particle diameter leads to a more homogeneous velocity 
field with strong fluctuations. This was confirmed by simulations
and experiments .

• Liquid bridges lead to higher relative blade velocities and heap 
formation .

• Agglomerate formation has been visualized by an analysis of 
the instantaneous velocity field .

• Diffusive mixing is anisotropic in wet granular matter.
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2D Blade System

Instantaneous velocity field (left) and cross section of the particle bed (right, blue particles 8 mm 
diameter, red particles 10 mm diameter)

|U| [m/s]

- To decrease simulation 
time and study mixing 
efficiently , simulations
of the 2D experimental 
setup have been 
performed

- Simulation were 
performed for for 
different blade angles
(b = 30, 40, 45, 50, and 
60°), and particle sizes
(6+10, 8+10, and 10+10 
mm)

0.
2 

m

0.8 m

0.1 m

blade
blade motion 
(U = 0.5 m/s)

bbbb = 40°

bbbb = 50°

bbbb = 40°

bbbb = 50°

Summary & Outlook
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Rutgers Particle Dynamics (RPD) code using CUDA parallelization 
(results by Charles Radeke)

C. Radeke, A. E. Posch, G. Hoerl, S. Radl, C. Voura, S. D. Fraser, B. J. Glasser, F. J. Muzzio, J. G. Khinast. Optimization of Particle 
Simulations Using Online Process Monitoring, 3rd International Graz Congress for Pharmaceutical Engineering 2009

Summary & Outlook

Simulation of particle mixing close to powder scale 
(7.6 Mio. Particles, isometrical view)

Particle distribution in a cyldindrical cross section through the 
powder bed (7.6 Mio. Particles)
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Still a Challenge…
• Comparision of RPD and EDEM™

• Further validation with PEPT (Positron Emission Particle Tracking)
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