UNIVERSITY OF LEEDS

This is a repository copy of Analysis of Powder Rheometry of FT4: Effect of Particle
Shape.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/120007/

Version: Accepted Version

Article:

Nan, W, Ghadiri, M orcid.org/0000-0003-0479-2845 and Wang, Y (2017) Analysis of
Powder Rheometry of FT4: Effect of Particle Shape. Chemical Engineering Science, 173.
pp. 374-383. ISSN 0009-2509

https://doi.org/10.1016/j.ces.2017.08.004

© 2017 Elsevier Ltd. This manuscript version is made available under the CC-BY-NC-ND
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Accepted Manuscript

CHEMICAL

Analysis of Powder Rheometry of FT4: Effect of Particle Shape ENGINEERING
SCIENCE

Wenguang Nan, Mojtaba Ghadiri, Yueshe Wang

PII: S0009-2509(17)30507-9

DOI: http://dx.doi.org/10.1016/j.ces.2017.08.004

Reference: CES 13747

To appear in: Chemical Engineering Science

Received Date: 14 March 2017

Revised Date: 20 June 2017

Accepted Date: 2 August 2017

Please cite this article as: W. Nan, M. Ghadiri, Y. Wang, Analysis of Powder Rheometry of FT4: Effect of Particle
Shape, Chemical Engineering Science (2017), doi: http://dx.doi.org/10.1016/j.ces.2017.08.004

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ces.2017.08.004
http://dx.doi.org/http://dx.doi.org/10.1016/j.ces.2017.08.004

Analysisof Powder Rheometry of FT4: Effect of Particle Shape

Wenguang Namn? Mojtaba Ghadiri”, Yueshe Wang

1. Institute of Particle Science and Engineerindost of Chemical and Process Engineering, Univedditeeds, Leeds LS2 9JT, UK

2. State Key Laboratory of Multiphase Flow in Power Engineering, Xi'an Jiaotong University, Xi’an 710049, China

*Contact Email M.Ghadiri@leeds.ac.l!tkTeI: 0044(0) 113 343 2406

Abstract: Particle shape has a strong influence on bulk powder flalvita associated rheolagy
It promotes mechanical arching and adversely affectsfdasting and dosing. We use the FT4
powder rheometer of Freeman Technology to experimenthflyacterise the particle flow as a
function of the shear strain rate, and to predicditsamics for rod-shape particles using the
discrete element method. The results show a strotigmeeent of the orientation of particles in
the horizontal plane as the bed is sheared by the blatienmdhe flow energy required for
agitatinga bed of rodlike particles is-much larger than that of sghend it increases with the
aspect ratio, due to a combined effect of the coordinationber and excluded volume. The
flowability of rodlike particles can be improved by the a&iddi of spheres, and can be well
predicted by the mathematicmodel developed in this work. The bulk friction coeffitiefthe
binary mixtureis a linear functionof the volume fraction of its components. The flow energy
correlates well with the shear stress arising in fréthe blade, considering the effect of the bulk
friction coefficient.
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1. Introduction

Extreme particle shapes, such as acicular or plasgy, odten encountered in powder
processing in a wide range of industrial applications, sscfast feeding, conveying, mixing and

packaging processes. Particle shape has been shown ta tiame important effect on the flow

dynamics, such as the mixing rate and quality (Aramideh,e2G15(Sinnott and Cleary, 2015

Xiong et al., 201p), particle breakage (Grof et al., 2 Hua et al., 2013)and the flow

pattern within hopperg (H6hner et al., 2D15). Although the flovpgmees of spherical particles

have been studied extensively by various researchers enewed by Campbell| (2006)

Delannay et al} (2007), Jop et gl. (2P06), Mort e} al. (R015) amtbI &t al{ (2003), the impact of

particle shape on the bulk powder flow and associated wpedias only recently been analysed

Azema et al., 20QfCampbell, 201{iCleary, 2008 Guo et al., 201f2). Cleary (2008) simulated

the plane Couette flow of super-quadric shaped parti®i@s<(.0, whereAR=lyaylmin-1 is the
aspect ratio of particles and is 0.0 for spheligs and |, are the size of longer side and shorter

side of particles, respectively), and found that suchgharshapes could lead to much larger

resistance to shear due to the interlocking betweerclpartCampbell |(201[l) simulated the

simple shear flow of ellipsoidal particlesAR=0.25, 0.5, 1.0) and showed that the
guasi-static/inertial transition could occur at a muchllnsolid fraction for ellipsoidsAR=1.0)
than that of sphere\R=0.0), as it was much easier to form force chains wiihseids. These
studies revealed some important trends of the effect dfcleashape on the bulk powder

performance. However, in their simulations, the aspis of particles are rather small (iAR

< 1.0). It is noteworthy that plane Couette flow and simple sHearfere used by Cleary (2008)




and Campbel| (2011), respectively. These shear condiignfar from the test conditions which

can be replicated using existing instruments, and hencetchareasily validated.

Conventional devices such as shear cglls (Carson,| @ebike, 196{lSchwedes, 2003)

cannot easily be used for slender (acicular) particles laitfe aspect ratios, typicalBR larger
than about 1.0, due to tine-alignment of particles on the shear plane, effelsticausing slip at
the wall boundaries, an artefact of test method. Moredke effect of the strain rate cannot be
analysed with standard shear cell methods. There amntdyrtwo proprietary instruments which
are commercially available for the dynamic analysis of powldeometry, the FT4 of Freeman

Technology, Tewkesbury, UK, and the Anton Paar Powder iRé, Germany. Recently Salehi

et al. [(2016) have analysed the powder flow behaviour in ther,lathist we have paid more

attention to the formef (Hare et al., 20[MNan et al., 201f7) as it has received a great deal of

~

attention [(Han et al., 20fiKinnunen et al., 20140sorio and Muzzio, 2038hur et al., 2008

Vasilenko et al., 2011Zhou et al., 2010) and used widely in industry. However, its underlyi

powder mechanics has so far not been analysed extensivdigefand cohesive powders with

extreme particle shapes, such as acicular or platyceh¢he focus of this work. The FT4

instrument has a twisted blade which rotates whilst pengjraiio a powder bed (Freeman, 2007)

The input work required to drive the rotating blade into the powddiis termed ‘flow energy’.
For spherical particles, Nan et al. (2017) have showrthbdtow energy correlates with the shear

stress on the blade and have proposed a linear cometatressing the trend with the inertia

number. Bharadwaj et al. (2010) simulated the blade resestnpowder flow in FT4, and

showed that the flow energy was sensitive to the particleestuiad friction coefficients. However,



the strain rate and the stress within the particle bed wetecharacterised. In the casé
non-spherical particles, the bulk powder flow is much nuplicated, due to the interlocking
between particles and the particle orientation.

We report on our analysis of the effect of particle shapehe dynamic behaviour of the
particle bed using both experiments and numerical simutatioth the discrete element method
(DEM). The particle bed comprises rod-like particles, ectigid to the standard FT4 testing
procedure. The flow energy, microscopic structbrek friction and the resulting stresses within
the powder bed are analyséchis provides a step towards understanding the influence aflpart

shape on the dynamics of FT4 powder rheometer.

2. Method

2.1. Experiments

In the FT4 powder rheometer, a stainless steel bladeesoand moves down and up through

the powder bed in a cylindrical glass vessel at a pre-setl §peeeman, 2007), as shown in Fig.

a) and (b) Two kinds of particle shape are used: spheres and rodsphieeical particles are
polyethylene and glass beads (designhated as SA and SBctredpe They are sieved and
narrow sieve cuts of 0.5-0.6 mm for SA and 0.30-0.35 mmBoar® used. The rods are extruded
soap cylinders with different aspect ratios. They a&st foughly sieved into three size ranges

designated as RA, RB and Rénd then measured by Morphologi G3. The dimensions of the

particles are shown jn Tabl¢ 1, where the response @anglso included. A photograph of the

particles taken by a Scanning Electron Microscope (SEMBhasvn in Fig. 2. In the experiments,

a conditioning cycle is first carried out to produce anahiparticle bed with a reproducible



packing state and low residual stress histdoring which the blade rotates clockwise whilst
moving downward and then upward. After this step the downward tEstried out, in which the
blade rotates anti-clockwise and penetrates into the povederlt this way, the blade action is
more compacting than slicing, resulting in shearing theupet®r a normal load provided by the
blade twisting angle. During the downward test, the torque Bxsiafiforce F are recorded. They
are then used to calculate the total input work E, which meg@ras theFlow Energy’ for

moving the powder:

E:'[[(Rt:all—na +F)dH (1)

where R is the radius of the bladejs the helix angle; H = §4H; is the penetration depth as

shown in Fig. L(b), where His the instantaneous vertical position of the blade afds Hhe

initial bed height. Here, the smaller glass vessel @4&tinm diameter and the corresponding 23.5
mm diameter blade are used. In'the standard downward testattes rhbves with a constant
downward speed, typically set around 0.1 m/s giving a dynamic dmgjile of -5°. As a result, the
downward translational velocity and rotational velocitytloé blade are 0.00872 m/s and 8.48
rad/s, respectively. For varying the strain rate the irapsjpeed is changed in both rotational and
downward motion so as to keep the helix angle constant. Hovtbeeimpeller speed and helix
angle are not changed in all downward tests in this wdwks, tthe translation and rotational
velocities are also not changed. An upward gas flow wighnlaximum velocity of 0.16 m/s
could be optionally introduced into the powder bed through augostainless steel disc at the
base of the testing vessel. Besides the flow energyprssure drop of gas flow through the bed

during test is also recorded. Before conducting any standstsl & particle bed with a height of



Ho=52 mm is generated through the conditioning cycle. The tiotal energy corresponds to a
penetration depth of 40 mm.

Fig. 1. Schematic illustration of (a) basic set up, (b) particle bedcamdeasured cells.
Table 1. The properties of particles in the experiments.

Fig. 2. The SEM images of spheres and rods.
2.2. Simulations

The FT4 measurement process described above is alsatgichby DEM, where particles

are modelled as discrete phases and their motionsamieadr individually by solving Newton's

laws of motion|(Cundall and Strack, 19fEhornton, 201h)As the effect of gas flow on the

particle flow in FT4 rheometer has been analysed foersgad particles by DEM-CFD simulation
in our previous paper (Nan et al., 2017), the same has notaeed out for rodlike particles in
this work, due to extremely long simulation time. Thus, ddBM simulation is carried out in
following sections. The numerical simulation platfoistdeveloped based on EDE¥software

provided by EDEM, Edinburgh, UK. For completeness, we only destihe key features of the

simulation method as follows and further informatiounld be found in Nan et dl. (20[16).

2.2.1. Numerical method

According to the DEM originally proposed by Cundall and Stiack (198)novement of

an individual particle could be reduced to the translatiandlrotational motiordescribed by:

mi%:ZFc,i+mig+fpfi (2)
%=R‘(2Mc,i+'\ﬂpﬂ) (3)

where m |;, vi andw; are the mass, moment of inertia, translational wi@nd angular velocity,

respectively;F; is the contact force, originating from particle interacs with neighbouring
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particles or wallMc; is the contact torque, arising from the tangential and abcontact force;
fori and My, are the fluid-particle interaction force and fluid inddic®rque on the particle,
respectively, and they are not considered in this wRiris the rotation matrix from the global to
the local coordinate system. The calculation of tdtation expressed by Eq. (& accomplished

in a local coordinate system which is a moving Cartesimndinate system fixetb the rod and

whose axes are superposed by the axes of inertia, as sh)j¢ugn 3 where the aspect rathiRis

defined as the ratio of the lengthd.the diameter d=2R. Spherical shape may be regarded as two
overlapping spheres, for which L=0. The transformatiorthef angular velocity and torque

between the local and global coordinate systems cagaltizad by the rotation matrix

Fig. 3. The representation of the global and local coordinate systeaiarfiped sphere represented rod.

As introduced by Faer et al. |(1999), the clumped sphere model is adopted to desieeibe

interaction between rods. Inthis model, the rigid rassumed to be a chain of spheres, centers of

which are located at the symmetry axis of the rod, aswvshin|Fig. 3. Thus the possible

interactions between any two rods can be simplified as ahapherical particles, which is
described by Hertz-Mindlin contact modilshould be noted that there are no inter-sphere forces
between the spheres in the same rod. Obviously, theratiffe between the real rod and one
represented by the clumped spheres can be adjusted bylloanthe separation distance fraction
of neighbouring sphereg<$x/2R, the ratio of the normal overlap of two adjaceritesps to the

diameter of the rod). Generally0.5 is sufficiently large to give an accurate represiemtatf the

real rod, while providing reasonable computational timeuggested by Grof et gl. (20Q{Z011)

and Nan et all (2014).




Practically, a clumped sphere represented rod may haugple collision points with

another one, which may deviate from the fact two reahdgts with hemi-spherical caps could

make contact by only one contact point or a contact|lineldioet al., 2014@. As a result, the

simulated restitution coefficient of the whole rod wdépend on the number of contact points and
eventually the number of its sphere elements. For ebeamp the “axes of the two
sphere-represented rods in contact are parallel, thesionllpoints will 'be more than one,
resulting in an over-damped collision proceBs reduce this deviation as much as possible, a
collision factor is introduced, which is equal to the ingeo$ the number of collision points
between two sphere-represented rods. All possible collisiames at these collision points are
multiplied by this collision factor, and eventually summedughe two sphere-represented rods.
Of course, if there is only one collision point betweeasséhtwo rods, it is equal to the treatment
of the conventional clumped sphere model.

2.2.2. Simulation conditions

The simulations use the same geometry of FT4 vessdiladd and the same blade speed as

the experiments, as shown in Fi};. 1(Using the poured packing methquhrticles AR=0, 1.5,

3.0) with-a flat distribution of volume-equivalent diaerst in the size range of 0.85-1.0 mm are
generated to forra packed bed, and then the particles above the height ofrb@renremoved to
obtain a constant bed height for particles with difiér@spect ratios. As the packed bed isin
reproducible packing state with low residual stegsthe bed preparation procedure (namely the

conditioning step) is omitted in the simulations to redineecomputational time, following Hare

et al. |(201%) and Nan et al. (201The number of particles in the bed is around 36000 and its




exact value depends on the aspect ratio of particlegthEqarticles with aspect ratio of 0.0, 1.5
and 3.0, the particle number is 36000, 38274 and 34927, respectively,eandrtésponding
porosity of the initial particle bed is 0.410, 0.379 and 0.434, cé&spl. Preliminary work not
reported here showed little variations in the bed poros$ a sufficiently large number of

particles are used, so the results hawvgh repeatability. The material properties and interactio

parameters in the simulations are listgd in Ta‘bledZTable B respectivelybased on the work of

Nan et al. (2017)Due to the interlocking between particles, rodlike partiedes much less
sensitive to the tip speed compared to spheres. Thus, we ombofothe effect of particle shape
on the dynamics of FT4 rheometer in the simulations. investigate the effect of the
orientation/structure of the initial bed on the flowergy, one particular case is also used, where
the orientation of particles generated to pack into the lifiga is vertical. Besides rodlike

particles, the flow behaviour of the binary mixture of spi@rand rodlike particles is also

analysed. Nan et alEl?) showed that the flow energgriglated with the shear stress and
strain rate by which the flow regime could be mappedByincreasing the tip speed to 0.25 m/s,
almost the same flow energy is obtained, suggestingthieaparticle flow in this work is in
guasi-static flow regime, which is not shown here for lhyevi

Table 2. Material properties in simulations.

Table 3. Contact interaction parameters in simulations.
3. Experimental results

Compared to the snapshots of particle bed of spherieatis whilst the impeller is

penetrating it, the rodlike particles show several diffiees as observed from Fig. 4: 1) besides

the particle position, the particle orientation changeth the blade motion; 2) due to the
9



interlocking between rodlike particles, there are diluteoregibehind the impeller blade, as the
void caused by the forward blade motion could not be immediliely by the particlesThis
behaviour is more significant when the blade moves up thitedownward test.

The variation of the total flow energy with the airegsure drop for different particles is

shown in Fig. b, where the non-dimensional flow endtyand pressure dropP* are defined

as:
E
o 4
(rn)gH)max ( )
AP
AP*= ——
mg/S ()

where g is the total particle mass above the bladgjs the total weight of the particle bed; S is
the cross-area of the vessel. Due to differences inceupiaperties, there &difference between
the flow energy of the two kinds of spherical beadsjqadarly for no or little air flow, where the
frictional effect dominates.. Compared to the flow enesfygpherical beads, the corresponding
value of rodlike particles is much larger. For examgie, ftow energy of particles RBAR=1.6)

is about 3.1 times that of particles S®RE0.0) and 2.7 times that of particles SERE0.0). With

the increase of the aspect ratio of rodlike partidles flow energy also increases but its extent is
less than the corresponding value when the particfgesti@anges from spherical to rodlike shape.
When the gas flow is introduced, the total flow energyeduced, athe bed weight is partially
supported by the air draghe difference of the flow energy between particleth wiifferent
aspect ratios decreases as the air flow rate is setegor spherical beads, the reduction of the
flow energy is almost linear with the pressure drop, stffidr rodlike particles, the rate of the

reduction of the flow energy (i.e. the slope) increadightly with the pressure drop. For rodlike

10



particles, at higher air flow rates, the interlockingween particles is weakened and thus the
particles are easier to be sheared by the blade motiontolthere-orientation of particles, the
microscopic structure of the particle bed changes witlbldee motion, influencing the particle
behaviour in the downward teStherefore, large fluctuation could be observed .in the doergy

of rodlike particles.

Fig. 4. The snapshots of particle bed for (a) rodlike particlesgldownward test, (b) spheres and (c) rodlike
particles when the blade moves up after the test.

Fig. 5. The variation of the flow energy with pressure drop.
4. Simulation results

The impeller motion mainly affects the particles localpund the blade, whilst particles
remote from the impeller are essentially stationary. Ruthe blade motion, the orientation of
particles changes with the penetration depth especiallyndrthe blade. The particle flow in
front of the blade could be the main influencing faabparticle behaviour in FT4. Thus, the

measurement cells (shaft, middle and tip) in front oflilaele, spanning the width of the blade,

are considered in the analysis following the approach of Egaal.[(2015) and Nan et al. (2017)

as shown ip Fig.|1(c). The microscopic structure ofpideicle flow shown in Fig.|4 is simulated

and the coordination number and orientation angle aerrdieted. The coordination number is
defined as the number of particles in contact with theidened particle. The orientation angle is
defined as the angle between the axis of rodlike particldsttae vertical direction. Due to the

symmetry, the orientation angle is calculated in %] for simplicity.

The variation of the mean coordination number withabpect ratio is shown|in Figl 6 and

its probability distributions shown in Fig. . The mean coordination number in thastnement

11



cells is averaged for the last 20 mm penetration deptsyggested by Nan et al. (201Fbr the
initial bed, as the aspect ratio changes from 0.0 to Ae5mean coordination number increases
from 4.8 to 6.4. With further increase of the aspeco rahie mean coordination number shows a

slight decrease, due to the effect of excluded volume defisgbe volume around an object, in

which the centre of another similarly shaped object isatloived to penetrate (Balberg et &

1984) The trend shown in Fig.|6 is consistent with the packingdike particles, in which the

mean coordination number firstly increases sharphatmaximum value and then decrease

gradually, as the aspect ratio increases from 0.0 (spher&sje value such as 20 (Woutersg et

al., 2009) As the particle bed is agitated by the blade, it becdateser locally, resulting in the

decrease of the mean coordination number. In the nerasuat cells, with the increase of the

aspect ratio, the mean coordination number increaseglglaad then slightly. Correspondingly,

the distribution shown |E 7 moves to the left, witlore particles having a coordination
number with low valueFor spherical particles, almost 10% of particles haveomacts with
neighbours. Due to the effect of excluded volume, the rodlikéclgs have less freedom to
move As a result, the rodlike particles have less free-movmagticles CN=0) in the
measurement cells than that of spherical particlesth@slade moves away, the particles pack
again due to the gravity. Therefore, the mean coordinatiomber in the final bed is larger than
that in the measurement cells. Correspondingly, teiilblition moves to right slightly and the
probability of CN=0 is greatly reduced his trend is more significant for spherical particles.

Fig. 6. The variation of the mean coordination number with aspézt rat
Fig. 7. The probability distribution of the coordination numizgriR=0 and (b)AR=1.5.

The blade motion has a large influence on the evolutibrparticle orientation. The
12



orientation of particles at the slice of Hrkl2 before and after test is shown in FigGh the

horizontal plane, the particle axes are almost ramgafistributed in the initial bed as a

consequence of filling; as the particles are generateyglfahen to the bed surface and ‘assume a

random orientation on the horizontal plane as shm@ (a). They realign on shearing by the

blade, and their orientation on the horizontal plareobes almost tangential. The particle colour

in|Fig. § shows the orientation angle with the vaitairection,d. Most particles in the initial bed

lay horizontally (co8=0), but the degree of this horizontal alignmsnteduced in the final bed

as the blade shears the bed, the particles go over it amoletidown behind jtand their

orientation becomes more random as shown in Fig.8(khe increase in red colour.

The distributions of vertical orientation angle oftpdes in the initial particle bed as well as

the final bed are shown|in Figl 9, where the x-axis isgldwiinto 20 binsThe mean values of the

vertical orientation angle of particles, <6os are given in Table{4 and <&ps in[Fig. 9 is

referred to the value in the initial bed. Two cases ansidered, one is where the particles have a

random distribution of vertical orientation angle whirey are rele@sl However, most lie

horizontally when settled, as shown in Fig| 10(&)s is referred to as the ‘standard’ case and is

always used if not specified. The second case is a gartione, where the particles are all

released vertically (césl), as shown in Fig. 10(b)t is intuitively expected that fothis

particular case <c@s is much larger than zero when particles have settledless horizontal

alignment in the initial bed than that of the standare. As shown iE Fig.|9, for the initial beds

the peak being near a0 confirms the horizontal alignment of most particleshe bed, but

cog increases with the aspect ratio. As the particle bejitmted by the blade, the degree of

13



horizontal alignment of rodlike particles is reduced. (ess probability at c#s0), resulting ina
more random distribution of the angles between theaxis and vertical direction for both
particles withAR=1.5 and 3.0. Compared to the standard case AR=1.5, <c08;>=0.316) a
much less horizontal alignment of particles in the ahibed and a smaller difference of the
probability distribution of the orientation angle betweke initial and final beds are found in the
particular case (i.eAR=1.5, <c08,>=0.437) The mean vertical orientation angle of particles

averaged in théhree measurement cells fluctuates with the blade maodioa its averaged value

as well as the standard variation along the last 20 mmrpé&natdepth is also shown|in Table 4

<co¥> is the largest in the measurement cells; this inelésctttat particles in the initial particle
bed assume a less horizontal alignment on sheamadghan align again into horizontal direction
as the blade moves away.

Fig. 8. The orientation of particles on the horizontal plane.
Fig. 9. The probability distribution of the orientation angle.
Table 4. Mean value of the orientation angle.

Fig. 10. Schematic diagram of the particles before packifa) istandard case with random orientation and (b)
particular case with vertical orientation

4.1. Flow energy

The evolution of the simulated flow energy E* with the gteation depth is shown|in Figl

where <0%;> is the mean vertical orientation angle of paridtethe initial bed and specified to
be 0.5 for spherical beads as they do not have preferiesttation As the impeller is driven into
the particle bed, the flow energy of the rodlike pagds always larger than that of the spherical
particles For example, the total flow energy of rodlike partiqld@R=1.5) is about 2.6 times that

of spherical beadsAR=0.0) at the maximum penetration depilhe strong dependence of flow
14



energy on the aspect ratio is mainly ascribed to the combffesd ef the coordination number

and excluded volume. Nan et al. (2017) have shown that thediergy increases with the

coordination number if the tip speekept constant. In botAR=1.5 andAR=3.0 cases, the mean
coordination number is much larger than that of sphebeads. A large excluded volume
promotes large interlocking and thws large resistance to the shear deformatidhese
mechanisms contribute to the increase of the flow gnetgen the particle shape changes from
spherical to rodlikeOn the other hand, for comparison between the two caséR=df.5 and
AR=3.0, the coordination number changes little, sthihe flow energy increases. This trend
suggests that the flow energy is controlled by the excludedne \4/V, when the aspect ratio is
large. It is intuitively expected that as the aspect iiatincreased further, the strong interlocking
due to the large excluded volume could reduce the coordinatimber of particles. In this case,
the effect of increased excluded volume can surpassffinet ef the decreased coordination
number, resultingn the increase of flow energy

Particle orientation also plays an important roletle flow energy Compared to the
standard case (i.8R=1.5, <c08>=0.316), a slightly larger flow energy can be found in the
particular case (i.eAR=1.5, <c08,>=0.437), although the mean coordination number in both
cases changes slightly, which is not shown here fositigrén this particular case, the total flow
energy is about 3.0 times that of spherical be&#&#sQ.0). The reason for the increase of flow
energy is presumably due to the shearing of the vertiaéiiped rods and transformation of their
orientation to a more random state. Cleatthg flow energy of rodlike particles depends on the

orientation structure of the particle bed. This is sistent with the large fluctuation of flow

15



energy in the experiment.

Due to the effect of particle orientation, the flow eesfirodlike particles with aspect ratio
of 1.5 could be about 2.6-3.0 times of spherical partidteis consistent with the experimental
results, where the flow energy of particles RER€1.6) is about 3.1 times that of particles SA
(AR=0.0).

Fig. 11. The variation of flow energy with the penetration depth.

As discussed above, the flow energy increases withgbectratio. It may be possible to
use spherical beads to improve the flowability of rodliketiplas. The flow energy of the

mixtures of rodlike particlesAR=1.5) and spherical bead&X=0.0) for various volume fractions

of spherical beads:, is shown in Fig. 2. For the mixtures, the flow eneggless than that of

rodlike particles but larger than that of spherical beatts)g the penetration depth. It suggests

that the flowability of rodlike ‘particles could be much imprbuey the addition of spherical

beads, as also shown previously by Elliott and Windle (RO0®9. total flow energy Ea.x* of

mixtures of rods-and spherical beads generated in DEM siongais shown ip Fig. 13, where

the particles with the smaller aspect ratio tarmed as “shorter particles”. The reduction of total
flow energy due to the addition of the spherical baad®sore significant for rodlike particles
with larger aspect ratio. The total flow energy of the himaixture isa nonlinear function of the
volume fraction of the shat particles. These results indicate that the flow gnesf the

mixtures could be quantified by Eq. (6):

XX % X1
4E0E 9 ) E ©

whereg¢, andg, are the sphericity of the componeras defined by the ratio of the surface area of

volume-equivalent sphere to that of the actual partiglend » (=1- %) are the volume fraction
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of the componeni€; and k& are the flow energies of pure components, and E thaeahixture,

all determined by simulations. Based on this equationydhiation of the flow energy with the

penetration depth is shown as thick linds in Fig. 12. It sugtjest the flow energy of the mixture

can be well quantified by this equation along the penetraigpth. The variation of the total flow

energy with the volume fraction of tiséorter particles as predicted by Eq. (6) is also shown in

Fig. 13 following closely the actual simulated data.

Fig. 12. The variation of the flow energy of mixturé®€1.5 & AR=0.0 at volume fractionxof spherical
beads) with the penetration depth (thin sir@mulated results; thick lines: Eq. (6) with simulated E of the
mixture).

Fig. 13. The variation of flow energy of mixtures with the voludraetion of the shoer particles (data points:
simulated results; lines: Eq. (6)).

4.2. Stressanalysis

The stress analysis is also conducted for the partale ifhmediately in front of the blade,

within three measurement cells showh in Fig. 1(c). Heeestress tensor is given by:

0y = MYy + 3§ +p) @

peVv ceV

where Vs the cell volume; yis the mass of particle p within the céll; anddv; are the fluctuation
velocities of particle p within the cell; is the contact force at contact ¢ which is within the &ed
rij is the corresponding branch vector between mass ceinparticle i and that of particle j.
Based on the stress tensor, the three principal stressdd be calculated: major ong,

intermediate one,and minor ones. The normal stress p and shear sttes® then given as:

_9170,%0s

3 (8)

9)



Similar to the flow energy, the normal and shear stremisesincrease with the penetration

depth. At the same penetration depth, both normal and streases are the largest in the tip

region and the smallest in the shaft region. Thdationship for rods withAR=1.5 is shown in

Fig. 14 along the whole length of the blade, whereytare normalised by EO/Shax The

evolution of shear stress shows the same trend #waformal stress in all-measurement cells

and could be quantified by the bulk friction coefficietgip. The variation of the bulk friction

coefficient p=7/p with the volume fraction of the shertparticles is shown

friction coefficient is much larger than that shopreviously by Nan et al

n Fig. L9 he bulk

(20

L7), where the

value for the particle bed of spherical beads with difiestrain rate was always less than 0.41. It

should be noted that the strain rate in this work is gdrtite same in all cases. Thus, the results

also suggest that the bulk friction coefficient is mamesgtive to the particle shape than the strain

rate. The bulk friction coefficient increases withe thspect ratio and can be reduced by the

addition of spherest shows a linear function on the volume fraction ofredrgarticles.

Fig. 14. Tkerelationship between the normal and shear stresses for rodlilagsanithAR=1.5 across the

whole blade length.

Fig. 15. The variation of bulk friction coefficient of mixturegwthe volume fraction of the shertparticles

(data points: simulated results; ldtting line).

Nan et al.[(2017) showed that the non-dimensional flowgengE**=E/m,gH) and shear

stress ¢*= tS/mg) had a weak dependence on the penetration depth. They usa¢kthged

value of the last 20 mm of penetration depth for E** aridand found E** correlated well with

the averaged valug* in the three measurement cells in front of the bladeich is also the case

in this workasshown in Fig. 1pHowever, the whole trend shows that E** is not lineahwft

as the bulk friction of rodlike particles is much largjean that of spherical beadssuggests that
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the bulk friction coefficient should be taken into amebwhen considering the relationship
between the shear stress and flow energy.

Fig. 16. The variation of the flow energy with averaged shiass in the measurement cells for rodlike
particles (present work) and spherical particles (Nan et al. (R017)

5. Conclusions

The rheological behaviour of rodlike particles subjectesh&aring flows by an impeller has
been analysed using the FT4 instrument by a combinationpefriemental measurements and
DEM simulations The effects of aspect ratio on the particle flow hdes=n analysed and
guantified in terms of the microscopic structure, flow gpeand stress The main results from
the present study are summarised as follows:

1) The flow energy required for agitating bed of rodlike ipk$ is much larger than that of
spheres and depends on the aspect ratio. It is the combieeidoétthe coordination number and
excluded volume. The flow energy of rodlike particles lsoaaffected by the microscopic
structure of the initial bed.

2) The flowability of rodlike particles can be improved thg addition of spherical beads
and this improvement increases with the volume fractib the spherical beads in the binary
mixture. A mathemata& model based on the particle shape is developed, andld well predict
the flow energy of the binary mixture.

3) The bulk friction coefficient is sensitive to the paeishape, and could be reduced by the
addition of spherical bead§he bulk friction coefficient of the mixture showsimelar functiorof
the corresponding bulk friction coefficient of its pugponents.

4) The flow energy correlates well with the shear stiedront of the blade, and its value
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could be evaluated by the shear stresssidering the effect of the bulk friction coefficient
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Fig. 1. Schematic illustration of (a) basic set up, (b) particle bed anteg@3ured cells.
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(a) Glass Beads, SA

(b) Seap rod, RC HL MD6.0 x60 1mm

Fig. 2. The SEM images of spheres and rods.

23



Global coordinate system XY, Z,

Fig. 3. The representation of the global and local coordinate systeniarfiped sphere represented rod.
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(b) ‘ (c)
Fig. 4. The snapshots of particle bed for (a) rodlike particlesglddwnward test, (b) spheres and (c) rodlike
particles when the blade moves up after the test.
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Fig. 16. The variation of the flow energy with averaged shiass in the measurement cells for rodlike
particles (present work) and spherical particles (Nan et al. (2017))

Table 1. The properties of particles in the experiments.

No. Material Length Width Aspect ratio Diameter Repose
(L, mm) (d, mm) (Vd-1) (mm) angle (°)
SA Polyethylene beads  — - 0 [0.50-0.60F 19.1+0.8
SB Glass beads - - 0 [0.30-0.35F 21.4+1.1
RA Soap rods 1.33+0.28 0.62+0.06  1.17+0.51 0.89+0.10  31.6+0.5
RB Soap rods 1.68+0.29  0.66+0.10  1.60+0.58 1.03+0.08 32.5+1.6
RC Soap rods 1.94+0.40 0.66+0.12 2.00+0.73  1.11+0.14 31.9+1.1

* a. sieved by the standard sieves
* . circle-equivalent diameter
* +: standard deviation
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Table 2. Material properties in simulatsn

Material property Particles Impeller blade Cylindrical vessel
Density,p (kg/nT) 1000 7800 2500

Shear modulus, G (Pa) 1x1C 7.3x10° 2.4x10°

Poisson ratioy 0.35 0.3 0.3

38



Table 3. Contact interaction parameters in simulation

Interaction property Particles-particle Particle-blade/vessel
Friction coefficient, p 0.5 0.25
Restitution coefficient, ¢ 0.6 0.6
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Table 4. Mean value of the orientation angle.

<cog)> Initial bed Measurement Cell Final bed
AR=1.5, standard 0.316 0.4820.017 0.437
AR=3.0, standard 0.260 0.4990.025 0.397
AR=1.5, particular 0.437 0.4680.018 0.438

Highlights
® Effects of particle shape on FT4 powder rheometry arlyset

® A mathematical model is proposed to predict the flow enefdgwnary mixture.
® The flow energy and bulk friction coefficient are sémsito particle shape.

® The flow energy correlates well with the shear stie$gont of the blade.
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