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Abstract: Understanding of particle flow behaviour as a function kHistrate is of great interest in
many items of equipment of industrial processes, sucsci@sv conveyorsimpeller mixers, and
feeders, etc. The traditional commercial instrumentitdk powder flow characterisation, such as
shear cells, operate at low shear strain rates, antcdreepresentative of unit operations under
dynamic conditions. In recent years, the FT4 powdermie¢er of Freeman Technology has emerged
as a widely used technique for characterising particle flowruthgleamic conditions of shear strain
rate; yet little is known about its underlying powder mechamés analyse the effect of gas flow on
the flow behaviour of cohesionless particles in FT4 botpeementally and by numerical
simulations using the combined discrete element method jC#BlI computational fluid dynamics
(CFD). The results show that the effect of gas flow lwn ftow energy could be described by the
resultant fluid-induced drag on the particles above the lpadéion as the impeller penetrates the
bed. The strain rate in front of the blade is mairdyedmined by the impeller tip speed, and is not
sensitive to the gas flow and particle size. The flow gneagrelates well with the shear stress in
front of the blade. They both increase with the straia and are significantly reduced by the upward
gas flow.
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1. Introduction

The study of powder flow as a function of strain rateofisgreat interest in fast feeding,
conveying, mixing and packaging processes. At low shear sti@s powders naturally form dense
structures, where the shear resistance is driven byofrieind mechanical interlocking. Techniques
have long been established for characterising powder flowaklit the initiation of flow under

guasi-static conditions, using shear cells; based on whedries have been developed for hopper

design [(Carson, 201Benike, 196{lSchwedes, 2003). There ‘are extensive works reported in the

literature on arching; for example cohesive arching e analysed by Enstad (1975), and more

recently mechanical arching by Tang and Behringer (RO4&yertheless, flow inconsistency of

powders is still a major challenge. Many products and procesgege fast and reliable flow of
powders at low stresses, e.g. filling dry powder inhalers, capdalaglsiting shoes, and cartons.
However, neither prediction nor characterisation odirtiflow behaviour is achievable with
guasi-static based approaches, because at high strai thetepacking density decreases and
interparticle collisions and interstitial fluid drag be@dominant in the shear behaviour.

Rheometry -and modelling of powder behaviour under the dynamie dlonditions have

received some attention in recent yeprs (Freeman,|[208in et al., 2008Langroudi et al., 2010

Luding, ZOOtHSavage, 1998rardos, 199|fTardos et al., 20Q3Yardos et al| (2003ralysed particle

flows inside a Couette device consisting of two concentylmaers with differential rotational
speeds, thus forming a shear band. Work reported int¢hnatlire so far suggests that the shear stress
is constant in the slow, frictional regime, graduallyréa®s with strain rate in the intermediate

regime, and rapidly increases in the dynamic regimeéandem to the requirement of powder flow



characterisation in the dynamic range of strain rdtese is also a great need to develop techniques

for measuring powder flow at low levels of consolidationssiyas relevant to feeding operations for

dry powder inhalers, capsules and tabletting shoes (Pasha 2214 |Wang et al., 200+Wu and

Guo, 2012) and for quality by design for formulatigns (Letatial., 201#)Bulk powder flow under

dynamic conditions and the associated rheology has aealysed by Campbe|l (2002006)

Delannay et al| (2007)

works of Gutam et al

, Jop et Al. (2P06), Koval et al. (2009Pantiquen et all (2006The recent

(2013) and Kumar et|al. (2013) show tleafidv pattern even in a simple

Couette geometry is more complex than previously perceivetbdhe secondary recirculating flow

Therefore, understanding and predicting the bulk powderifidrms of the underlying physics, the

effect of boundary conditions and material propertie®sacthe full range of shear strain rates

remain a great challenge as elaborated by Mort ¢t al. (2015)

As an alternative to the shear cell anol€ite device, a rotating impeller has been used to study

the powder response to shear deformation. Bruni ¢t al. (20@7Yomasetta et gl. (2012) analysed

the rheology of aerated powders in a flat-bladed paddlellenpehere the torque and shear stress

were measured by a modified shear cell. They showed thapdwweler rheology was mainly

determined by the content of fines, and proposed a rhealogodel using mathemagicmodelling

based on continuum mechani&ased on experiments and CFD simulatjafisalilitehrani et al.

2013|2015

) studied the rheology of dense granular flows in aidipeller high shear granulator.

Remy et al.

(20(H;2011

) carried out stress analyses of particle flow in aingtétlade mixer using

DEM. They found that the normal and shear stressesaffected by the degree of polydispersity of

particle size, and the shear stress was sensitive fgathiele friction coefficient. Hare et a||. (2011
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2013) used DEM to calculate the stress and strain ratébdigtnsin an agitated powder bed driven

by an impeller, and then characterised the particle atirtierein They showed that for a given

number of impeller rotations, the extent of breakage wdspendent of the impeller speed in the

tested range as the bulk powder was in quasi-static re¢ioee.et al.[(20132013) used DEM to

predict the internal stress of rodlike particles imwa-kpeed vertical axis mixer and showed that the
largest stresses within the particles occurred at demtral cross-sectional plane

These methods, however, have the rotating impeller fixed abrstant vertical position
throughout the test, and hence the results obtained niayenepresentative of the whole particle

bed as the flow properties are dependent on the bed. ddmh-T4 powder rheometer of Freeman

Technology (Tewksbury, UK) on the other hand has an impehérh penetrates the bed (Freeman,

2007). Atwisted blade rotates at a set tip speed whilst tranggslatior out of the powder bed. The

input work required to drive the rotating blade into the powder, terthed ‘flow energy’, is

measured and advocated to represent the ease with which pmderThis instrument has emerged

as a widely used device for powder rheometry in industry aadeacia| (Han et al., 20[LKinnunen

et al., 2014Osorio and Muzzio, 201iShur et al., 2008Vasilenko et al., 2011Zhou et al., 2010a

Zhou et al;, 2014b). Recently, several studies have fdause¢he analysis of the powder mechanic

of FT4 by numerical simulations. Bharadwaj et|al. (2010) tisediscrete Element Method (DEM)

to simulate the effect of friction coefficient and jpae shape on the resistance force and torque of
the blade in FT4, and showed that the flow energy was sengit the particle shape and friction
coefficients. However, the strain rate and the stwasn the bed during the test in FT4 have not

been well characterised. Therefore, the device can tlyriem used only for comparative testing,



rather than for production process design. Hare et al. [Zihilated the dynamics of FT4 powder

rheometer for a bed of glass beads made cohesive bysatiani and plotted the flow energy with
the penetration depth. They also analysed the parti@ssstin front of the blade and showed the
shear stress increased with the penetration dBafparding the constituting particles of bulk powder
through which a fluid permeates, the air-particle intéwastinfluence the powder movement. In FT4
rheometer, to evaluate the effect of aeration orfldve properties, the controlled gas flow (usually
air) is optionally introduced into the particle bed throagporous stainless steel disc at the base of
the testing vessel. As a result, the blade rotating andngn down into the bed will encounter less
resistance and the measured flow energy will decrease.dovibe fundamental effect of gas flow
onthe particle flow at high strain rates in FT4 rheombtes not so far been addressed.

We report on our analysis of the dynamic behaviour@fpirticle bed under aeration conditions
using both experiments and numerical simulations witlttimebined discrete element method (DEM)
and computational fluid dynamics (CFD). The particle besulsjected to the standard FT4 testing
procedure. By varying the permeating air velocity and tip dspibe effect of air drag on the particle
flow under different strain rates is analysed. Thisfigparticular relevance to fine and low density
particles, as their motion is affected by air drag. @=sthe flow energy, the strain rate and stgess
within the powder bed immediately in front of the blade @s® analysd This provides a step

towards understanding the dynamics of the FT4 powder rheoimeher presence of air.

2. Method

2.1. Experiments

The FT4 powder rheometer (Freeman Technology, UK) usethigh work comprisesa



cylindrical glass vessel and a stainless steel blade whiates and moves down and up through the

powder bed at a pre-set spged (Freeman,|2007). The instramoeblade are shown(in Fig. 1(a) and

Fig. 1i(b) Polyethylene (PE) particles (density: 1000 k§/supplied by Cospheric LLC, USA, are

used for the experiments, wiimarrow sieve cut of 500-600 pm. A photograph of the partiaken

by a Scanning Electron Microscope (SEBIshown in Fig. RIn the experiments, the bed is initially

prepared in a conditioning cycle in which the blade rotak@skwise whist moving downward and
then upward. In this way, the blade slices and lifts thectestin order to bring the particle bedao
reproducible packing state and residual stress higdter this step the downward test is carried, out
in which the blade rotates anti-clockwise and moves imopowder bed while pressing dawn
this way, the blade action is more compacting than sligiegulting in shearing the bed, whilst
applying normal stressto the particle bed by the blade. During the downward testptee T and
axial force F required for the blade rotating and moving davenrecorded. They are then used to

calculate the total input-work E, which is also referredstlow Energy’ of the powder:

T
E-l&uada)+F)dH (1)

where R'is the radius of the bladeis the helix angle; H = H Hy is the penetration depth as shown

in|Fig. 2f(b), where His the average vertical position of the blade apdshhe initial bed height.

The vertical translational velocity u and rotatiomalocity w of the blade are given as:
U=y, sine) 2)
w=u,, coga)/ F 3
where u, is the tip speed, with the maximum value of 0.1 m/® fAdlix anglex is set by controlling

the ratio of axial and angular velocities, by which tregmtude of the tip speed is defined.
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In this work, the smaller glass vessel with 25 mm diamand the corresponding 23.5 mm

diameter blade are used, as shown in Hig. 1(b), to enabtealso carry out numerical simulations

on the exact number of particles in reasonable.timéhe standard downward test, the blade moves
with a constant downward speed, typically set around 0.gwifsg a dynamic helix angle of -5°.
An upward gas flow with the maximum velocity of 0.16 m/s cdaddoptionally introduced into the
powder bed through a porous stainless steel disc at theobdlse testing vesseThe total flow
energy corresponds to a penetration depth of 40 mm. Besde standard downward test, a
permeability test is also carried puthere the blade is only used during the conditioning cycle and
kept away from the bed during the telt the permeability test, the superficial gas velocity is
increased in small steps and maintained for enough longtdirekminate the disturbance caused by
the sudden increase of gas velocityis method could also be used to measure the minimum
fluidisation velocity of the particle bed. It should beted that the permeability test in this work
differs from the standard permeability test in FT4, whertde latter the particle bed is confined by a
piston during the measuremerefore conducting any standard tests and permeability tests, a

uniform particle bed with a height ofy¥62 mm is generated through the conditioning cycle.

Fig. 1. Schematic illustration of (a) basic set up, (b) simulationrsyaid (¢) measured cells.

Fig. 2. The SEM image of polyethylene spheres (sieve cut 0.5-0.6 mm).
2.2. Simulations

The FT4 measurement process described above is alskatgichby the combined approach of
DEM and CFD. In this method, particles are modelled asetesghases and their motions are

tracked individually by solving Newton's laws of motion, whihe fluid phase is still considered as



a continuumf (Xiong et al., ZOHBOM) The DEM-CFD numerical simulation platform is developed

based on EDEM software provided by EDEM, Edinburgh, UK and Fluent software geavby
ANSYS. For the case where the gas flow is not introduced h#csystem, only DEM simulation is

utilised For completeness, we only describe the key featurelseo§imulation method as follows

and further information could be found in Nan et al. (2016).

2.2.1. DEM for spherical particles

According to the DEM originally proposed by Cundall and Strdd&k79), the movement of an

individual particle for the case under consideratiomldde described by the translational and

rotational motion:

mi%:ZFc,i—i_mig-'-fpfj (4)
W:R'(ZMM+MM) (5)

where m i, vi andw; are the mass, moment of inertia, translationaloigicand angular velocity,
respectivelyF.; is the contact force described by the Hertz-Mindlin contagtlel, originating from
interactions with-neighbouring particles or wdj; is the fluid-particle interaction force on the
particle. M is the contact torque, arising from the contact force atlshgdfriction torque My;; is
the torque due to fluid flow, but is not taken into accounhim Wwork.R; is the rotation matrix from
the global to the local coordinate system in which #ieutation of the rotation expressed by Eq. (5)
is accomplished, and is specified as unit matrix for sphepadicles.
2.2.2. Continuum model of fluid phase

The motion of the gas phase is described by the fluidiraotyt and Navier-Stokes equations

based on the local mean variables over a computatiebafccording to the coupling scheme Set



or Model A as reviewed by Zhou et al. (20{LGbge governing equations for the incompressible fluid

taking into account the effects of fluid-particle iretion can be given as:

%w-(gfu):o ©)

A(p&; )

TV (preu) = =g Vp—Fy 44 (u +4)V- (VU +(VU) 140, & 9 (7)

where p; and i are respectively the density and viscosity of fluidand p are respectively the
velocity and pressure of fluid; is porosity in the computational cell with-the volunfeA¥. F is

the volumetric fluid-particle interaction force amgion the fluid phase due to drag fofge given as:

_ z.k; fdvi (8)

F
or AV

where k is the number of particles in the fluid cell.is the turbulent viscosity, and set to be zero as
the laminar flow is assumed here.
2.2.3. Particle-fluid interaction
The dominant forces acting on a particle due to the flo fire the pressure gradient force
and drag force, given as:
fo=-V, Vp+f,, (9)

where \j; is the volume of an individual particle. Based on the dvagan individual particle, the

scheme proposed by Di Felice (1994) is used as given by:

fo; =0.5C, 0 A |u —v| U —V )5 * 7 (10)

where G is the drag coefficient, andpAs the cross-sectional area perpendicular to the flovd

The coefficienty is calculated based on the improved correlation suggést&bng et al.| (2013)

which takes into account both the effects of the porosiyRaynolds number:

(1.5- log,Re,; ¥
2

7 =2.65¢, + 1) (5.3- 3.5 &7 expl (12



whereReg,; is the particle Reynolds number, given by:

Rep,i :pfdvjif|q _V| (12)

where d; is the diameter of the sphere which has the sameneoés the considered particle. For the

drag coefficient of particles, the equation proposed by Mallia [1948) is used:

JRe,

C,, =(0.63+

2.2.4. Simulation conditions

The simulations use the same FT4 vessel and blade aspimensents, as shown|in Fig. 1(b)

Using the poured packing methpd (Nan et al., #0lh et al., 2015 )approximately 36,000 spheres

with a uniform distribution of diameters in the size range &561.0 mm are generated to foem
packed bed with height of 52 mm corresponding to experimeht RE particles. As the initial
packed bed is almost uniform and has a low porosity of 0.41, tdepbeparation procedure (namely
the conditioning step) is omitted in the simulations ttupe the computational tim&he tip speed is

varied from 0.025 m/s to 1.0 m/s with a constant heliXxeanf-5°. The material properties are listed

in|Table 1 The friction coefficients for particle-particle andrppele-blade/vessel are 0.5 and 0.25,

respectively. The restitution coefficient for partigarticle is 0.6 and the same value is applied to
particle-blade/vessel. For DEM-CFD simulations, air wdémsity of 1.2 kg/rhand viscosity of
1.8x10° Pas is used. The gas flow is introduced from the bottothefessel and three superficial
gas velocities are simulated, 0.1, 0.2 and 0.3 fitie effect of blade motion on the air flow is
considered by using the method of dynamic mdémot specified, all simulation parameters
discussed above are used in the following sections. Tlhe @& the restitution coefficient is based

on measurement using video motion analysis compare the simulation results with the
10



experimental datal71, 260PE particles with a uniform distribution of diameter hetsize range of
0.5-0.6 mm are also used in some particular cases weextremely long computational time is
required.

Table 1. Material properties in simulations.
3. Experimental results

The variations of the air pressure dray,, and total flow energy, & with the superficial air

velocity, u, in the standard downward test, as well asARevith the impeller out of the bed in the

permeability test are shown|in Fig. 3 for PE partickRegarding the standard downward test, the

pressure drop increases linearly with increasing gas welaod then reaches a plateau. As the bed
weight is partially supported by the air dradlge total flow energy decreaststhe fluidised limit,
following a linear trend. As for the permeability tesk firessure drop shows a similar trend as that
in the standard downward tegt the packed bed state, the pressure drop has the shmeanvaoth

the standard downward test and the permeability test, whéne iatter case the blade is out of the
particle bed. This suggests that the blade motion does angelihe global porosity of the particle
bed. However, when the particle bed is fluidisegus), where yy is around 0.1 m/s, the pressure
drop in the standard downward test is slightly larger thahin the permeability test. A number of
factors may be responsible for the additional pressune, @:g. the constriction brought about by the

mere presence of the impeller and the action of blademoti

Fig. 3.Flow energy and associated pressure drop in the standard test fmitvatta impeller motiopand
permeability test without impeller f&E particles (4,=0.1 m/s).

To depict the effect of gas flow on the flow energy, tatos x and % are introduced:

Xg = (Emax() - Ema>) / Emaﬂ (14)

11



Xo =AP /(mg/ 9 (15)
where Eaxois the total flow energy without air flow and.& is its value where there is an upward
air flow; Xz represents the relative reduction of flow energy dueda#s flow, compared to the case
without air flow; xp represents the normalised pressure drop of air flowghrehe bed, compared to

the bed weightm is the total mass of the particle bed; S is the @oss of the vessel. The variations

of xeand »with the superficial gas velocity are shown in Fig. gand » show the same trend and

increase with the gas velocity before reaching a plat€ha underlying cause is the interparticle
contact force reduction as the air flow is increasleds reducing the frictional worklowever, % is
larger than x and their difference increases with the superficial \gdscity. As x represents the
reduced work done on shearing the bed in the presence of ardugnidow and x is the associated
pressure drop, it is intuitively expected that they areetated as the interparticle shear force is

reduced with the bed weight partially supported by thaRir

Fig. 4. Variations of xand % with the superficial gas velocity in the downward test for Riiges (4,=0.1 m/s).

4. Simulation results

Snapshots of the simulated flow pattern for spheres thélsame size and properties as of PE

particles and tip speed as the experimegtd-0.6 mm, g= 0.1 m/s, 0.0 m/s) are shown in Fig.

For penetration depths of 0, 1, 5 and 10 mm, where the Engelbenetrating the bed surface, the
simulation shows a good visual agreement for the freeacirprofile with the experiment (not

shown here for brevity). As the blade is @rvdown further, the free surface of the particle bed

becomes flat when the penetration depth is larger thanr@0as shown in Fig.|5 (e). According to

Fig. §(a)-(f), the impeller motion mainly affects the tpdes locally around the blade, whilst

12



particles remote from the impeller are essentially@taty. The maximum particle velocity is a little
larger than the tip speed, especially when the penetrdépth is small where the particles have
more freedom to movehis trend of flow pattern is also observed for otherugation conditions.
However, the total flow energy (50 mJ) in the simulatiolaiger than that of the experiment (29 mJ)
This is attributed to the uncertainty of the value of plaeticle-particle friction and particle-wall
friction in the simulations. Due to the extremely large potational timethe effect of friction was
not investigated for the particles with diameter of 0.540r6 In order to estimate the sensitivity of
flow energy to the friction coefficients, simulatiowgre carried out with larger particles to achieve
shorter simulation times. Spheres with diameter & glze range 0.85-1.00m with a uniform

distribution were used under tip speed of 0.25 m/s. It was adabdhat the flow energy could

decrease to 12 mJ if the particle-particle frictionfioent was set to zeroBharadwaj et alf (2010)

and Hare et alf (2015) also.showed that the flow energysemsitive to the interparticle friction

coefficient. Hence, to get a better agreement, it isipless fine-tune the friction coefficients so that

the flow energy is the same in both experimental vemdk numerical simulation. This approach has

been adopted by Hare et pl. (2D15) in simulating the dynarhatshesive particles in FT4 rheometer.

However, this is not attempted here as the objective otk is mainly to get an understanding of
the effect of fluid drag on the dynamics of powder flow hédhar rather than getting a good fit with
experiments. Thus, the friction coefficients discussefidation 2.2.4 and particles sizg=@.85-1.0

mm are used for all simulations in following sectiofd, is not otherwise specified.

Fig. 5. The simulated flow pattern of spheres with the samegrepas oPE particles for the particular case
(d,=0.5-0.6 mm, =0.1 m/s and&0.0 m/s).

The variations of the simulated &nd x for the larger particles (i.e,#0.85-1.0 mm) with the
13



superficial gas velocity is illustrated [in Fig. ¥ the permeability test carried out by DEM-CFD

simulations, the gas velocity is increased step by st .every increment is maintained for 0.5 s
The minimum fluidisation velocity calculated from tlsgmulation is around 0.3 m/s; which is
defined as the gas velocity where the pressure drop begfhuetuate around the bed weight. It is

close to the value of 0.27 m/s predicted by the Ergun equ&egarding the standard tesiH0.1,

0.2 and 0.3 m/s) shown(in Fig.tBe pressure drop in the packed bed state is the samat as tie

permeability test. Meanwhilepxs clearly larger thangxin all cases. These results are in line with
the experimental results for the smaller PE partistesvn in Figs 3 and.4
Fig. 6. Variations of simulated:xand x with the superficial gas velocity €0.85-1.0 mm).

The difference betweer:xand % alsoincreases with the tip speed. As discussed abuve,
blade motion provides local agitation, compacting andngjithe bed, resulting in particle shearing
in front of blade. As xrepresents the interparticle frictional work, the imgretip speed has more
effect on x than %, leading to the trend of:xncreasing faster than.Xit also indicates thatexis
more sensitive to the strain rate which is representafitbe impeller tip speed. We consider the

strain rate immediately in front of the blade, withie theasurement cells that span the width of the

blade, as shown jn Fig| 1(c). Similar to the method suggest&eimy et al| (200$2011) and Hare

et al. [(201%) the measurement cell size is about 5-&lgadiameterBased on the velocity gradient

of particles, the strain rate in the measuremens eeljiven as:

y _1(6’ui +6u,-)
i T AVAL, | AL
2 0x; OX (16)

V= Zzyij Yi (17)

where y; is the strain rate tensoy; is the second invariant of the strain rate tengocan be
14



normalised according to Tardos et al. (2008here the non-dimensional shear strain rates

defined as:
Yo=7yd, 19 (18)
As the strain rate changes little with the penetratiepth, the time averaged value is used here.
The normalised strain rate at the tip region and tiadt gegion is about 1.3 and 0.7 times the
cell-average value, respectively. This is not shown Farérevity but as intuitively expected, the

normalised strain rate is largest in the tip regioth lamwest in the shaft region. The variation of the

simulated strain rate with the tip speed is shown in Rigvhere the results for the particles with

diameter of 0.5-0.6 mm are also included. It shows tleastitain rate is mainly determined by the tip
speed, and is independagitthe particle size and superficial gas velocity. Thedrienlinear with a
slope of around 3.

The strain rate also has a strong influence on theosdopic structure of the particle bed in
terms of the coordination number which is defined as thmber of particles in contact with the

considered particle. Here, the mean coordination numlieimwthe measurement cells is shown in

Fig. 8 It decreases with the strain rate, as the particle bedore agitated by the faster impeller

speed Furthermore, fora specific tip speed, the mean coordination number reducethdéy
introduction of gas flow. The strain rate changes only géghtly with the gas velocity, suggesting
that the microstructure of the bed as described by the cabiah number is affected strongly by the

strain rate and the permeating gas flow.

Fig. 7. The relationship between the simulated non-dimensional sitaiand tip speed.

Fig. 8. The relationship between the simulated non-dimensional sdteiand mean coordination number.

15



4.1. Flow energy

The evolution of the simulated flow energy with the peat®n depth and impeller tip speed is

given in| Fig. 9, calculated from Eq. (1). In the case gl here, the ternvacuuni is used to

indicate that the flow energy is calculated without abersng the fluid drag. The results show that it
increases with depth with a power index greater than whig,to the increase of the rotational and
translational resistances with the depth. It alsoemses with the tip speed. However, the increment

is not significant when the tip speed is below 0.1 m/s.é€fffeet of air flow on the evolution of flow

energy for the tip speed of 0.25 m/s is shown in Figwhere the case withx0.0 m/s is also given

and compared. In contrast to the caséevatuuni, the fluid drag is taken into accourdre, but there

is no fluid flow permeating through the bed. The flow eparfithe system with&0.0 m/s is the
same as that in vacuum, because the particles arealagigine tip speed is small, hence the air drag
has little influenceTo reduce the computational tirtee DEM simulation for the case of vacuum is
used for comparison with those for the gas flow, asstdmme flow energys obtained for both
systems 0 m/s andvacuum. The case of vacuum does not obviously exist in realiwever the
case without air flow can be representeditbyas the particles are unaffected by the fluid drag for
w=0 m/s and there is no difference in the flow energythia way, the simulation time is much
shorter as the coupling DEM-CFD simulation is time comsig. The flow energys significantly
reduced by the gas flow, and at gas flow rates near fulditate it is almost negligible as expected.
It should be noted that the flow energy is always larger zbam as there is always resistance for the
blade to displace the bed everitifs fluidised. The contribution of the rotational stance to the

total flow energy is around 90% in all cases.
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Fig. 9. Variations of the flow energy with the penetration ldépvacuum.

Fig. 10. Variations of the flow energy with the penetratioptitlén air flow with #,=0.25 m/s.

At any given height the prevailing stress state dependieohed weight above the blade. This
causes resistance to shear deformation. Here, the floyeisenormalised by the potential energy

of the particle bed above the bladgghl, where mis the total mass of particles ‘above the blade, and

H is the penetration deptiihe simulation results are showr in Fid{ where he non-dimensional

flow energy is given as a function of the penetratimpth. It decreases sharply first when the
penetration depth is less than 10 mm, and then graduallplieauas shown in the zoasd part.
However, for the casef u=0.3 m/s, the non-dimensional flow energy always decreagbsthe
penetration depth, but at a very slow rate when the pépetdepth is larger than 20 mmat great
depth the normalised flow energy is almost invariant witptldeThus, the non-dimensional flow

energy is averaged for the last 20 mm of the penetrdépth and its dependence on the strain rate is

shownin|Fig. 14 For the casesf vacuum, the non-dimensional flow energy increases lyneath

the strain rate. For the casekgas flow,a similar trend is observed albeit withree data points.
Furthermore, the flow energy decreases with the sug#rfies velocity, and with a slight change in
the strain rateFor a given specific superficial gas velocity, the flavergy always increases with the
tip speed, even when the particle bed is near fleddgate. It is noteworthy that in the case of
particles in vacuum, i.e. not affected by air drag, the #owrgy is almosindependent of the strain

rate at very low strain rates.

Fig. 11. Simulation result of the evolution of the non-dimensional #msrgy with the penetration depth for
Uip=0.25 m/s.

Fig. 12. Simulation results of the variation of the flow energy withirstate for different gas flow rates.
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As discussed above, the pressure drop contributes notalilg teduction of the flow energy

To further explore its effect on the flow energy, aeotbarameter is introduced here:

Hf
X, =(£ n{gdm /E, (19)

where s, is the summation of fluid induced forces on all partielbsve the blade position resolved in
the vertical direction, and this is equivaléatAPxS for the position above the blade;isthe bed
mass above the blade; i the incremeat flow energy for the impeller penetrating the incretaé
height dH in vacuum; Eis the total flow energy in vacuum at _penetration deptiCéhsidering a
simple concept where the incremental flow energyisiEeduced by a factog:f/ m,g to account for
the reduction of the normal interparticle contact fomhich is responsible for the magnitude of the

shear traction at interparticle contactsepresents the reduced flow energy due to fluid induced force

on particlesascompared to the one in vacuum. It is plotted as a fumcti the penetration deptt in F|g.

along with k. % increases with the penetration depth and then approagbleseau xs shows a
similar trend as that o with the increase of the penetration deptticularly at great depth§here

is a notable difference betweeg and x for the penetration depths less than 20 mm, as theclparti
flow is not stable and the particle inertia may havmes@ffect. However, with the increase of the
penetration depth, the deviation is much reduced, espediddly30 and 40 mm. This trend suggests
that the effect of gas flow can be accounted for by diphygihg factor reducing the incremental flow
energy in vacuum when an upward drag prevails. Another ndtgwoonclusion is that the flow
energy measurement is best to be made at great ddterding the contribution from the initial

heights.
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Fig. 13. Variations of simulate@ xand x at different penetration depths fap#0.25 m/s.
4.2. Stressanalysis

Similar to the strain rate analysis presented abdweestress analysis is also carried out for the

region immediately in front of the blade, within threeasurement cells shown|in Fig. 1(c). Here

the stress tensor is given by:

o =\%<Z MOVSY, +2, 6 -§) (20)

peVv ceV

where V is the cell volume; gms the mass of particle p which is within the céli; anddv; are the
fluctuation velocities of particle p within the cel};i$ the contact force at contact ¢ which is within the
cell and | is the corresponding branch vector. The first ternthes sum of the kinetic energy
fluctuations, and the second term is due to the contamtddretween particles. Based on the stress
tensor, the three principal stresses could be caémilatajor one;, intermediate one,and minor one

o3. The normal stress p and shear sttes® then given as:

_0110,10%
3 (21)
\/(01 ‘72) +(‘71_O'3) +(O'2—03)2
T=
V6 (22)

The evolution of the normal and shear stresses ®pérticle flow in vacuum withp=0.25

m/s is shown in Fig. 14The normal stress increases with the penetration daptintuitively

expected. The evolution of shear stress shows the t@me as of the normal stresswith the

increase of the gas velocity for the casgsiy, the stresses are significantly reduced. Nevertheless,

the trend of data is the same as in Fig. 14 and is not sherenfor brevity. However, when the gas

velocity is 0.3 m/s (i.e. around fluidisatiornilpe evolution is much different, as shown ir|5 in Fig} 15
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With the increase of the penetration depth, the noemdlshear stresses firstly increase, but then
gradually reach a plateau when the penetration depth is igtieateroughly 10 mm. Moreover, both
cases of vacuum and gas flow show that the radial digtibof stresses is not uniform. The normal
and shear stresses are both largest in the tip regrsraallest in the shaft region. i$hrend is

similar to the distribution of shear strain rate aldmgllade length.

Fig. 14. The evolution of (a) normal stress and (b) shear stréstheipenetration depth fog,e0.25 m/s in vacuum.

Fig. 15. The evolution of (a) normal stress and (b) shear strésthevipenetration depth fog,e0.25 m/s and&0.3
m/s.

The shear stress shows the same trend as the noress, uggesting that the relationship

between them could be quantified by a simple bulk frickoefficient w=p/z. Similar to the

rheological analysis of dense patrticle flow, the im¢riumber If (MiDi, 2004) is used to describe the

shear stress regime:
| = yd\/m (23)
It is noteworthy that the non-dimensional strain ratewsh in Eq. (18),(d/g)>, could be
considered as-a simplified version of the inertial numbssuming that p equals gdg, i.e. as
relevant to the quasi-static flow regime. The inertiahbar is interpreted as the ratio between the

macroscopic deformation timescale yjl/and the inertial timescale d/,()p)(o's, which is the

characteristic particle-level response time of a parsclbjected to the normal stresg p (MiDi, 2004)

The flow regime could be classified into quasi-statioglg or smally, where the particle inertia is

negligible), intermediate dense flowhere increases approximately lindamith |, and rapid flow

(small p or large), where the shear stress is due to particle collisional gsg(@a Cruz et al., 20P5

Jenkins, ZOOHNiDi, 2004).
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It is interesting to note that based on Eq. (23), the ihertimber decreases with the blade

penetration depth due to the increased normal stress. afiaions of the bulk friction coefficient

are shown in Fig. 16 as a function of the inertial numtidgch is averaged from the depth of 20 mm

downwardsFor the cases without gas flow, the bulk friction cagfit (where the impeller tip speed
Wip=>0.1 m/s) increases almost linearly with the inertiahbar (observable on a linear abscissa)
indicating that the particle flow is in the intermedidi&nse flow regime. However, for the tip speeds

less than 0.1 m/s (i.¢<0.03), the bulk friction coefficient is not sensititethe inertial number, as

shown by the first three data points for the casa gacuum ip Fig. 16, albeit with a limited number

of data points due to the extremely long simulation tifig suggests that the particle flow is in the
guasi-static flow regime. As the gas flow is introduced, ittetial number increases due to the
reduction of normal stress, resultimgan increase of the bulk friction coefficiefthis is intuitively
unexpected, but the trend arises because the normal istresluced much more than the shear stress

when there is an upward gas flow. When the superficial glasity is near g, a much larger bulk

friction coefficient is observedChialvo et al.|(2012) proposed a model of the bulk friction

coefficient, comhiing the asymptotic relations in the three flow regimeguatsi-static, intermediate

and inertial. For the quasi-static and intermediatémesg, their model is given dyg. (24), which is

similar to that of Jop et a||. (20p6).

where 145 is the bulk friction coefficient in the limit of quasiatic regimeg, lo andg are constant

Mo = He o+ (24)

__*
(I, /1) +1

parameters for the transition from quasi-static tadrdipw. pes depends on the friction coefficient

between particles, wist o, 1o andp are parameters independent of particle friction. Invibek of
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Chialvo et al.| (201R)ues increases with the friction coefficient between pées, and the proposed

friction-independent parameter values are0.37, t=0.32,=1.5. In the present simulations, the

bulk friction coefficient is described very well by thedel of Chialvo et alf (2012), as shown in Hig.

, using the following values:=0.34,0=0.37, b=0.6,=1.5. It is noteworthy that due to lired

data of the effect of particle-particle frictiotme value of friction-independent parameter may be not

very accurate, so we use the same values afd/ as proposed by Chialvo et al. (2012) while

changing 4. In fact, because of the power law relation given gy £4), there is not unique best fit,

and b=0.4 leads tax=0.24, while $=0.8 leads tax=0.54 for the same best correlation coefficient

Convertind Fig. 1p to the linear abscissa (not shown herbréiity) reveals that the bulk friction

coefficient in the intermediate regime is in factywénear with the inertial number and can be well
described by a simpler model, given as:

He =t s+a(1=1) (25)
where a is the slope ofgpr | curve and d is the value of the inertial number for transitioanfr
guasi-static to the intermediate regime. The parametdisilinear model are a =0.35 aRd0.03

and the quasi-static bulk friction coefficien{sp0.34.

Fig. 16. The functional relationshgd the effective bulk friction coefficient with the inertial number

Similar to the flow energy, the shear stress is normalisethe bed weight above the blade

position i.e. 7/(m,g/S). Its average value for the penetration depths ldngaer20 mm is shown|in Fig.

. For all the cases analysed here, the shear stoeeases with the strain rate at large strain rates
and the trend is almost line&towever, for the case of particles in vacyamthe low strain rate, the

shear stresses show a small decrease. The underlying causknewn, but is likely due to
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conjecture described below. The shear stiessgnificantly reduced by the gas flow with a slight

change in the strain rate. This trend suggests thaghisar stress is the outcome of the competition

between the strain rate and coordination number as simfig. § At very low strain rates such

as the first three data points, or for the casegaefflow where the strain rate changes little with the
gas velocity, the variation of the shear stressamiy dominated by the coordination number. In this
condition, the decrease in the coordination number dubetdarger tip speed or gas flow could
reduce the shear stress. Conversely, the shear stagssesainly determined by the strain rate
leading to the increase of the shear stress with thm sate

By comparing Figs 12 and 17, the flow energy and shear etrag®w similar trends the
variations with the strain rate. They describe the/ger bed rheology for cohesionless free flowing

powders. Moreover, the results clearly show that theistsea direct relationship between the flow

energy and shear stress, as illustrated in Fig. 18fldlweenergy increases with the shear stress in a

linear trend for both cases of vacuum and gas flow. innsary, the flow energy as determined by
FT4 is well correlated with the shear stress. Howegetha shear stress is anétion of the shear
rate, FT4 results represent the dynamic conditionsanrttermediate flow regime, where the bulk

friction coefficient is a linear function of the inmitnumber.

Fig. 17. The relationship between the shear stress and strain rate.

Fig. 18. The relationship between the flow energy and shear stress.

5. Conclusions

The rheological behaviour of polyethylene spherical dagisubjected to shearing flows by an
impeller in the presence of an upward gas flow has been adalysler high shear strain rates using
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the FT4 instrument by a combination of experimental meagmesmand DEM-CFD simulations
The bulk particles are subjected to the standard downwargdroestdure of FT4 rheometer, where a
rotating blade is driven into the particle bed. The effedithe tip speed and superficial gas velocity
on the particle flow have been analysed and quantifiedrinstef the flow energy, strain rate and
streses The main results from the present study are sumndaaiséollows:

1) In the packed bed state, the gas pressureidittye downward test has the same value as the
permeability test without impeller motiofhe effect of gas flow on the flow energy of partides
be accounted for by a multiplying factor reducing the inenaia flow energy in vacuum when an
upward fluid drag prevails.

2) The strain rate in front of blade is‘not uniform aldimg blade length, with the largest value
found in the tip region and the lowest value in the stegfion. Its value is mainly determined by the
tip speed, and is not sensitive to the particle size andayasdnsidered in this work.

3) Both the flow energy and stresses are functionseoftrain rate and permeating air. They
increase with the strain rate and decrease significaiith the gas flowThe flow energy correlates
well with the shear stress in front of the blade fdrcahditions including permeating air, and the
latter isa linear function of strain rate, this representing a dtuiste law for powder flow in the
intermediate flow regime.
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Fig. 2. The SEM image of polyethylene spheres (sieve cut 0.5-0.6 mm).
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Table 1. Material properties in simulations.

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

Shear modulus, G (Pa) 1x1G 7.3x10° 2.4x10°

Poisson ratioy 0.35 0.3 0.3
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Highlights
® Effects of gas flow and strain rate on FT4 powder rheometry are analysed.

® Bulk friction as a function of the inertial number and gas flow is quantified.
® Flow energy correlates well with the shear stresses in front of the blade.

® Flow energy and shear stresses both vary with the strain rate and gas flow.
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