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Abstract.

Characterisation of particle flow using Positron Emission Particle TragidPT) is based on
tracking the position of a single particle in a dynamic system. Recent developm®&HEBPT hae
facilitated tracking multiple particles aiming at improvements i depresentation. Nevertheless for
systems with a wide residence time distribution and/or dead zone, the conditiogstting
representative data which could reflect the bulk behaviour of the poweedsto be analysed and
specified. In the present work, an attempt is made to simulate PEPT expeffionenfsaddle mixer
using Discrete Element Method (DEM), with a view to investigate the efféctidasing the number
of tracers on their time-averaged velocity distribution and whether itegmasent the data on whole
population of particlesThe time averaged velocity distribution of the individual tracer particles
(resembling simulated PEPT) is obtained and compared with the time averaged data qrasiaie
population. The DEM results indicate that for the investigated paddle mitakeg 251 seconds for
one tracer to travel adequately in all the active space of the systerimsfdrganeous tracer velocity
fluctuates around the average value obtained for all the particles, suggestiagethge tracer
velocity is adequately representative of the average particle velocity in teensyi$te data of PEPT

experiment with one tracer with those of DEM with one tracer are in goedragnt, however DEM
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simulation suggests that increasing the number of tracers in the paddle mixer dgstemot
influence the average velocity distribution. Furthermore, the velocity fopaaticles in the DEM
shows a smooth distribution with a peak frequency of the velocity distribution that is andPEPT
and DEM tracer. When tracking a single tracer in DEM or PEPT, it may not heedkbte have zero
velocity at any instant of time, while the data for all particles show that &@Ww of particles are

stagnant.

Keywords: Discrete Element Method (DEM), Positron Emission Particle Tracking (PEPT), Paddle

mixer, Number of Tracers

1. Introduction

In industries such as detergent, cosmetic, food and pharmaceutical manufacturing, paimdes @i
common process. Optimisation and control of mixing are critically impobiaintery challenging. A
key step in optimising the mixing process is to understand the powder kinematic belevwou
fields, mixing patterns, etc.) to enable efficient process design and cditrblovever it is difficult
to obtain an insighinto the internal flow field during mixing processes and to address the kinematic
behaviour of powders using experimental approaches, particularly at largs. s@dvances in
experimental measurements of internal flow based on Positron Emission Particle TrReRI (
have made it possible to get detailed information on the rate of mixing, bunhdesllto small scales
[2, 3. In PEPT, the motion of an irradiated tracer particle is tracked) @ propriate sensors, from
which the temporal and spatial information about the particle is deduced [4]. Alrrptastion which
emerges is to what extent the data from a single particle are repriesestat how such information
could be applicable to larger scales. For this purpose Hassanpour et al. [5]esimutetddle mixer
using the Distinct Element Method (DEM) and compared the results to th&Pdr. A qualitative

comparison between the time-averaged velocity profiles of a representativefraasd?EPT

measurements and corresponding DEM simulations showed a good qualitative agreement on the

internal flow patterns. In order to make quantitative comparisons, the particle dynamics were analysed

in terms of normalised velocity distributions (i.e. magnitude of particle vglooitmalised to paddle
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tip speed). Due to the computational limitations, DEM simulations were carriéddr@maximum of

10 s of real time only. Within this short period, the data were insuffié@none single particle
relating to comparison with PEPT measurements; therefore the data from alegdrtithe DEM
simulations were used in the calculations. The time-averaged normalised yvalistitbution
obtained from DEM analysis was compared with that from PEPT measurementsrésentgtive
process conditions. It was found that the DEM model predicted a smooth distribéitarticle
velocities while the PEPT data shedvmore scatter or fluctuation in the frequency plot. This
difference was attributed to the fact that the PEPT analysis was based on dataljrome particle,

i.e. the tracer, while the DEM results were from the velocity profiles ofwthele population of
particles. Overall there wasreasonable agreement in the velocity distribution, but the comparison

was not rigorous.

In PEPTthe tracking process is carried out for a few minutes to generataéeniffiaccurate time-
averaged data. However, the total length of experiment for reliable and sthtistipeesentative
data is based on trial and error and there is no solid evidence confirming the traceep@sent the
data for all particles. It has recently been shown [6] that using mamrigudégorithms, multiple
tracers can be used in PEPT, however its effect on providing better represatdtdifer all the
particles has yet to be critically evaluated. In the present work, an ateempate to simulate PEPT
experiments for a paddle mixer using DEM, with a view to investigate the effemtreasing the
number of tracers on the time-averaged velocity distribution. The velotityriation is available for
all individual particles in DEM; therefore, the average patrticle velocity and velosttybdition of the
whole population of particles could be compared with those of individuakdratehe simulation.

The results of DEM are also compared to those of PEPT experiment using a single tracer.

2. DEM simulation of the paddle mixer

DEM simulations provide dynamic information of transient forces acting orwidwgil particles
throughout the simulations, which is otherwise difficult to obtain. The interesctbetween the
constituent particles are based on theories of contact mechanics. More details on theloggtbbdo

3



90 the DEM and its applications are presented elsewhere [7, 8]. The simulations were consingted
91 EDEMP® software provided by DEM Solutions, Edinburgh, UK. The calculation of the contact forces
92  of the particles is based on the Hertz-Mindlin model [9]. The experimewtdd using PEPT was
93  carried out on dry, free-flowing particles; hence the contact model didalotle adhesive term. Due
94  to the limitation of computer power, it is not possible at this stagamalate the actual number of
95 particles (around 50 millions) within a reasonable time. Therefore, the sonuleds carried out with
96 a smaller number but larger particles. In this case particle density isealdjasmaintain a similar
97 momentum exchange between particles as of the real case [10]. In tlupreerk by Hassanpour
98 et al. [5] it was shown that the steady state average velocity magnitghity stlecreased as the
99 particle size was reduced in the same paddle mixer system. This shows that the padielg
100 velocity is slightly sensitive to the particle size, but the effect is ant significant. Here, the same
101  particle size similar to that used by Hassanpour et al. [5] is used. The geofm#te simulated
102  paddle mixer is the same as the previous work, for which a CAD drawing was imjpatetie

103 EDEM computer code (Figure 1).

Time:0s

Position of
particle
generation
Impellers
Zz
L.
i
104
105 Figure 1: The imported geometry of the paddle mixer simulated by the DEM.
106

107  As it can be seen, the mixer consists of two intersected semi-cylinders ofrtbesgan and two
108 counter-rotating impellers, each with 10 paddles positioned pair-wise along 5 axiangosit
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Properties of the particles are also the same as the previous work [3],cahide seen in Table 1
and 2. Particles were generated randomly at spatial locations above thersnfed position shown

in Figure 1).

Table 1: The properties of particles and walls used in DEM simulation

Property Particles | Equipment wh
Particle diameter (mm)| 4.52 -

Shear modulus (GPa) | 0.1 70

Density (kg/nd) 1000 7800
Poisson's ratio (-) 0.2 0.3

Table 2: The contact properties used in DEM simulation

Property Particle-particle | Particle-wall
Coefficient of sliding friction | 0.3 0.3
Coefficient of rolling friction | 0.01 0.01
Coefficient of restitution 0.4 0.4

The filling of 60000 particles was carried out while the mixer impellers w&tionary similar to
previous work [5]. The particles were subjected to gravitational acceleatibrgradually settled
toward the bottom of the mixer. The simulations were carried out under a consinnal speed of
impellers for 10 minutes of real time which took three months to complete. For confitendiations

it is not possible to disclose the impeller rotational speeds.

3. PEPT experiments

The experimental results of PEPT are taken from the previous work ofrijassat al [5]. In their

work, the Positron Emission Particle Tracking (PEPT) facility of the UniyedditBirmingham
(Birmingham, UK) was used to track particle motion. In a typical experirpanticles were loaded

into the mixer which was then started and run for a couple of minutes to ensutetbady state

was reached before starting the data requisition process. Radioactive particham(ih7diameter

with 1200kg/m? density) were used as tracers, which were activated by an ion exchange method with

radioactive water produced in a cyclotron [4]. For each experiment one trexceisecg and the data
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acquisition was performed for at least 15 min for each run which gave at least 20000ide in

the form of spatial locations in the Cartesian coordinate as a function of time.

4. Results and discussion
Figure 2 shows the streamlines of the tracer from three different viewing asghesd| as a view of
all the particles in the system, all coloured based on the normalised speed di@. traiier particle

speed to paddle tip speed): red being the maximum (i.e. 1) and blue being the minimum (i.e. 0).

Figure 2: The tracer streamlines and patrticles view: (a) front view streaufd)rfesnt view of the
particles (c) right view streamlines and (d) top view streamlines in thensy¥he colour scheme is

based on the normalised speed of the tracer/particles.

Figure 2 qualitatively shows that the tracer particle has been present almostditivallocations of

the mixer space, which was occupied by the particles. The velocity distribwifooh can be
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gualitatively seen by the colour scheme used in the figure, matches witlh tih@twhole population
of particles in the simulation. This has been analysed quantitatively dindevshown in the next

section.

Figure 3 shows the development of tracer streamlines at four different simtitagsn 1, 13, 52 and

384 s. The trace is coloured based on the normalised speed of the tracer pedtitieing the

maximum (i.e. 1) and blue being the minimum (0).

Figure 3 Tracer streamlines development at four different simulation times: (a) 13,(£9) 52 and

(d) 384 s. The trace is coloured based on the normalised speed of the tracer particle.

Figure 3 qualitatively shows the streamlines gradually develop and after about 384 sdconds o

simulation time shows presence in almost all the dynamic space of the geometry.
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Figure 4 shows the average velocity (magnitude of velocity) of the whole partipldation as

compared to the tracer velocity for the first 100 seconds of the simulation.

12

=== Tracer == All Particles e\ ovingAverage

Normalised velocity (-)

Time (s)

Figure 4: Average velocity of the whole particle population, tracer velocity and its moving average for

the first 100 seconds of the simulation.

The figure shows the tracer velocity fluctuates over the average value obtaiadHerparticles in
the system. In order to better compare the tracer velocity with the averagiyved all particles, the
fluctuations of tracer particle were reduced by arithmetically averalgenggdcer velocity for every 5
data points (i.e. every 0.05 seconds instead of every 0.01 seconds) which is also plditedtasia
of time. The moving average trend of the tracer velocity demonstrates fewer fruatiggesting

that the average tracer velocity could be representative of the average partictg iretbei system.

In order to quantitatively investigate the time needed for the tracer to det®lstreamlines, the
normalised tracer velocity distribution is evaluated at different simakattimes ands plotted in
Figures 5 and 6. To do so, the active region of the geometry was divided into cuboid bins each of
which had dimensions of 0.0205, 0.02 and 0.02 m in x, y and z direction, respectivelghIln ea
recorded time-step, based on the position of the tracer, the bin in wleidnatier existed was
determined. This spatial discretisation is similar to PEPT analysis. Thalis@dhtracer velocity in

each bin which was then evaluated and its distribution among bins is plotssb(am Figures 5 and
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180  6). Throughout the present paper, the velocity distributions for DEM tracegg)btained based on
181  recording sample rates of 0.01 seconds.

182
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Normalised velocity (-)
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183

184 Figure 5: Tracer normalised velocity distribution at different simulations fimn21, 39, 73 and 600 s
185

186  As it can be seen in Figure 5, the normalised tracer velocity distribution devétbpsme. If the
187  velocity distribution does not change after some simulation time, it can be detdhat at that time
188  the velocity distribution is developed and therefore there is no need to carrysamdifetions (or in
189  experiments carrying out the PEPT experiments). This can be seen in Figure ghehemamalised
190 velocity distribution of the tracer does not change much after about 251 seconds of sirioiation

191
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192
193 Figure 6: Tracer normalised velocity distribution at different simulations tinig: 3%} and 600 s
194

195 In order to investigate the effects of multiple tracers in the velocityildition, five particles were
196 tracked in the simulations. These five particles were selected randomly at different possiabenshie
197  mixer at the end of the simulation (i.e. at t = 600 s), then post processing start@dtiabtime (0 s)
198 for these particlefigure 7 shows the normalised tracer velocity distribution using 1-Sdraté¢he
199 end of simulation (i.e. t = 600 s). For the multiple tracer cases, thealiggthvelocity is calculated
200 by taking the average value of the normalised velocity of the tracers ii@adhmust be noted that
201  the sampling rate can affect the distributions however since allgtrébdtion are based on the same
202  sampling rate (every 0.01 seconds), the comparative conclusions are valid.

203
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205 Figure 7 Normalised tracer velocity distribution using 1-5 tracers att = 600 s
206

207  As it can be seen, increasing the number of tracers in this paddle mixer dgstemot influence the
208  velocity distribution. In addition, for the system studied in this work it has beenvelbsthat
209 increasing the number of tracers does not significantly shorten the time retuishieve a
210 representative and time independent data. Furthermore for experimental PEPT theqdiition
211  and analysis could be more complex and time consuming. Therefore, one conclude that the use of
212 multiple tracers in PEPT measurements does not provide improvements in the \aiftghytion
213 results and hence little benefit in this respect could be achieved. Figure 8 cothpanermalised
214  velocity distributions obtained from the experimental PEPT, one tracer particlENhddd all the
215  population of particles in DEM. The data on all particles has not been analysiad and rather data
216  on each particle was time averaged and their distribution was plotted. Theaaino compardf
217  PEPT results are representative of entire system in terms of entirdepadpulation velocity
218  distribution.

219
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Figure 8: Comparison of normalised velocity distributions obtained from the experimental PEPT, 1

tracer particle in DEM and all the population of particles in DEM.

The figure shows although the peak frequencies of the velocity distridati®@EPT and DEM with
one tracer are very similar, there are discrepancies over the width dfistnéution and the
frequencies of tracer with higher velocities. DEM tracer predicts derwvelocity distribution
compared to PEPT. For normalised velocity of 0.7 and higher, the frequency distribfitDEM
tracer is significantly higher than PEPTQne reason for this observation could be the differences in
particle shape and size distribution for DEM and the experiment. Furthermoresldiegyvfor all
particles in DEM shows a smooth distribution with a peak frequency of the vedistitypution lower
than PEPT and DEM tracer. The velocity distribution data for the populationtafigsmin DEM are
based on a large number of particles (60,000 in this case), while for PEPT and DEMitiadeased

on time-averaged velocity distribution of a single tracer. Therefore thtersaad fluctuations in
PEPT and DEM one tracer data, relative to DEM population, is eegbd@btential explanations for
the difference in the peak of the distribution could be attributed to dreraéntioned particle size
discrepancies and/or the sampling method: PEPT and DEM tracer analyses are bagadromd
only one particle within a discretised domain, i.e. the bins, while the DEM resuigder the
velocity profiles of the whole population of particles. Furthermore, in carttahe DEM with one
tracer data and PEPT, it can be seen that the data for all particles show that about 0.3% of ggarticles a
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stagnant at any instance. When tracking a single tracer in DEM or PEPT, itomnbg possible to
detect zero velocity at any time. This could have implications for diagmaesagnant regions where
some particles in the mixer have no motion. This is a short coming of single tracetddtacould
not be representing all particles, particularly those which are stagnantegjhiges further attention

in future work.

5. Conclusions

The DEM results indicate that for the investigated paddle mixer, it takese2bhds for one tracer to
travel adequately in all the dynamic space of the system. The tracer véllatitiates around the
average value obtained for all the particles in the system suggesting the awragediocity could
be representative of the average particle velocity in the system. Increasing ter péitracers in the
paddle mixer system does not influence the average velocity distribution. The datarovifEBne
tracer with those of DEM with one tracer provide a good agreement; hofeeverrmalised velocity
of 0.7 and higher, the frequency distribution of DEM tracer was found to be higher tRan e
reason for this observation could be the differences in particle shape antsibatidn for DEM
and the experiment. The velocity for all particles in DEM shows a smooth distniwith a peak
frequency of the velocity distribution lower than PEPT and DEM tracer. The velocity distribution data
for the population of particles in DEM are based on a large number aflggmmvhich reduce the
scatter and fluctuations. Potential explanations for the difference in thefp#ekdistribution could
be attributed to the particle size differences and the sampling method: PEPT and DEkhaysss
are based on data from only one patrticle within a discretised domain, wHidkheesults consider
the velocity profiles of the whole population of particles. When trackisgngle tracer in DEM or
PEPT, particle having zero velocity may not be detected, while the dadll fraarticles shows that

about 0.3% of particles are stationary.
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