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Abstract

In continuum-based models, the kinetic thedngm@nular flow (KTGF) provides a model for
calculating solids stresses but has limitationslemsely packed regions such as mills, kilns and
rotating drums. The Eulerian-Eulerian multiphasedetocoupled with KTGF is evaluated in the
present work. An additional frictional stress madelere added, and their suitability evaluated. For
the evaluation, a rotating drum at three rotatiepaeds (20 rpm, 42 rpm and 65 rpm) was analyzed.
Compared with Positron Emission Particle TrackiERT) measurement data from literature,
Johnson and Jackson’s model and Schaeffer's modehé frictional stress both showed a lower
angle of repose regardless of the wall boundargition used. Thus, a new frictional viscosity model
based on granular pressure was proposed. By adjuste specularity coefficient of wall boundary
condition, results of the present model agreed with the PEPT measurements in terms of angle of
repose and spatial velocity fields. In additionpgidering that the actual Johnson and Jackson model
for boundary condition includes two parts, collisaband frictional part, a discussion was made aibou
boundary condition. The results showed that thlatbn of the proposed frictional viscosity model
with experimental results could be completed dediit rotational speeds by considering only the
collisional part of the boundary condition withfdifent specularity coefficients or only the fricta

part of the boundary condition with different argytef friction or both parts with the same spectyari



coefficient and angle of friction. Nevertheless,enhthe complete Johnson and Jackson model of
boundary condition was applied, the same specyladéefficient and angle of friction are used at
different rotational speeds which is more physicatieaningful. Moreover, it is found that the
frictional contribution has greater influence omdgnic angle of repose than collisional contribution
of the boundary condition in the current rotatimgrd.

Keywords: rotating drum; frictional viscosity; wall boundary condition; computational fluid

dynamics (CFD); Eulerian-Eulerian model

1. Introduction

Rotating drums are widely used as rotary kitlrgers, mixers, reactors and granulators in variou
industrial processes such as mineral, chemicat] &sw pharmaceutical process. The performance of
rotating drum depends on a number of design ancabpg parameters and the flow regimes of the
particles inside drums are classified as slippisgmping, rolling, cascading, cataracting and
centrifuging with increasing rotational speed dfatmg drums [1, 2]. Due to the practicability and
complexity, rotating drums have attracted numeressarch studies, but the mechanism of solid flow
behavior inside rotating drums is not completelgenstood.

Experimental and numerical methods have beefieabto study solid flow behavior in rotating
drums. Although several advanced experimental igaes, like Magnetic Resonance Imaging (MRI),
Positron Emission Topography (PET) and PositronsSion Particle Tracking (PEPT), can be used in
the experiment, the sizes of drums and the scatbsdrvation are limited [3-5]. Numerical methods
provide an effective and cost-saving alternativey wastudy solid flow behavior in rotating drums.
The two common numerical methods are Discrete Bierivethod (DEM) and Eulerian-Eulerian
model. DEM resolves the solid motion and interacté the particle-scale level which means the
trajectory of each particle is calculated consmgrihe forces acting on it [6]. The DEM provides
detailed information about particles at the expeofshigh computational cost especially for large
number of particles. Continuum Eulerian-Euleriandelbng based on the computational fluid
dynamics (CFD) and the kinetic theory of granulawfis an alternative direction and it requiressles

computational cost in comparison and is preferoedarge scale granular flow modelling [7].



In the Eulerian-Eulerian model, gas and patidre treated as interpenetrating continua and the
granular flows are modeled as continuous fluid 8owhe granular interactions are commonly
modelled based on the kinetic theory of granulawf(KTGF). KTGF is a well-defined model but is
limited to dilute systems that assume instantanbmegy collisions [8]. However, KTGF is found to
be used in several papers to study dense flowsotatimg drums [9-14]. Santos et al [9, 10]
investigated hydrodynamic behavior in a rotatingndrby experimental and numerical method. By
using the kinetic model, the numerical results edreell with the experimental observations. Based
on Santos’ work, Machado et al [12] also preseatedmerical investigation using Eulerian-Eulerian
model with KTGF of the particle dynamic flow in etary drum with one flight. It was observed that
particle flow behavior was represented well in flight at the rolling regime with appropriate
specularity coefficient and restitution coefficienMoreover, Santos et al [11] and He et al [14]
analyzed the segregation phenomenon in rotary dusmgy Eulerian-Eulerian model with KTGF.
However, when the concentration of particles ihhigstead of instantaneous collisions, the contact
between the particles is long-lasting and the glagislide over each other [15]. Therefore, foicsl
viscosity was added to the solid viscosity in KT@¥ other works [1-2, 15-19]. Delele et al [1]
applied Schaeffer's model to consider the frictloniacosity in the multiphase CFD model. The
accuracy of the model was checked based on thiksre$yarticle velocity, dynamic repose angle and
active layer thickness, etc. Schaeffer's model alas applied in the work of Benedito et al [16].
They investigated the capability of CFD simulatiamgreating non-spherical particle dynamics in a
rotating drum. The results showed that friction&édcesity was important for irregular particles
modelling in a rotating drum. Similarly, in the vikoof Demagh et al [17], the calculation of frictadn
viscosity was based on Schaeffer’'s expression.tBaitJohnson and Jackson model was used for
frictional pressure. This model was validated veitperimental data. On the other hand, KTGF model
with frictional viscosity cannot predict the dengmnular flow patterns in rotating drums in the
research studies of Huang et al [18, 19]. A dymaanigle of repose fitting method and a granular bed
surface fitting method were proposed successivelgpproach the granular kinetic viscosity of the
particles. Using the modified granular kinetic wasity model, the predicted dynamic angle of repose

was in good agreement with the experiment obsenvati



Based on the literature review, there is nositency for the multiphase CFD model used for
dense flow in rotating drums. Furthermore, modtfaas of KTGF-Eulerian approach can be done by
developing new relations of the collisional-kinegitess tensor and the frictional stress tenstingn
constitutive Navier-Stokes equation [20].

When Eulerian-Eulerian model coupling with KT@GFRused for modelling flows in rotating drums,
implementation of appropriate boundary conditianalso critical to the prediction of flow pattein.
was demonstrated that wall friction significantifluence the flow performance [21]. In the literatu
the commonly used wall boundary conditions for igao-slip, but for solids is no-slip, partial-siip
free-slip depending on the actual situation [119-The no-slip boundary condition is set by equati
the tangential and normal velocities of the solidvall to zero [12]. The partial-slip and free-slip
boundary condition are implemented by Johnson aéisbn model which considers the tangential
solids shear stress at a flat frictional wall. Biear stress on the boundary is the sum of calksio
and frictional contributions [20]. Johnson and ek incorporated friction into the boundary
condition in a heuristic way by considering a boanydat which some particles collide and the rest
slide [22]. The momentum and energy transfer dutieocolliding particles was characterized by a
coefficient of specularity, and that of the slidipgrticles was determined by Coulomb friction.
However, in most published research, only the siolfial contribution was considered in rotating
drums [12, 19, 23] or in other applications [24-38] specifying a specularity coefficient. Since
direct experimental measurement is not feasible sjpecularity coefficient, it was obtained by
adjusting the value to fit some experimental dadaich is very time-consuming, and the fit will have
narrow applicability [33]. Thus, some researchemsehconsidered that the specularity coefficient
could be interpreted as a function of particle proips and interactiond.i et al [22] suggested an
analytical expression for the specularity coeffitiéor a flat, frictional surface with a low fricthal
coefficient. The specularity coefficient was intexfed as a function of the particle-wall restitatio
coefficient, the frictional coefficient and the nmalized slip velocity at the wall. Inspired by Ltiad,
Zhao et al [34] developed a model for specularitgfficient which was based on measurable particle
properties and the data of Louge [35]. The moded teated for a granular Couette flow, a spouted

bed and a circulating fluidized bed riser. Thetioie coefficient between particle and wall was fdun



to play a crucial role in the model.

Although the flow field is very sensitive toetlchoice of boundary condition, only a few attempts
have taken frictional contribution into account.gHgoo et al [36] examined the complete Johnson
and Jackson model and another two models (Jenkingd-model and the model of Schneiderbauer
et al) to assess their abilities to predict theasyies of a dense gas-particle flow inside a three-
dimensional bubbling bed. Their study demonstrabed the flows predicted by the three models of
boundary condition were structurally similar. Li at [22] mentioned frictional stress in the
description of Johnson and Jackson model, but tailelé analysis was found in their work.

Generally, frictional stress comes into plajyat high solids concentration, usually about[@2.
This is the reason why the frictional viscosityfoctional contribution in boundary condition were
neglected in much open published research. Howévehe current work, a prediction model was
developed based on the available experimental memasmts and DEM results, so it is easy to know
that the volume fraction of solid is higher thab th most areas in rotating drums [5, 36-37]. As a
result, Eulerian-Eulerian model coupled with KTGERsawsed to study the dense flow in the rotating
drum with the consideration of frictional viscosayd frictional contribution in boundary condition.
Firstly, Schaeffer's model and Johnson and Jacksodel of the granular frictional viscosity were
tested with only collisional boundary condition tgeiconsidered. Then a frictional viscosity model
based on granular pressure was proposed. By usagroposed model with the same boundary
condition, the numerical results agreed well witpexriment results. Finally, the Johnson and Jackson
model for boundary condition was further analyz&eomparison was made between collisional and
frictional contributions to the boundary condition.

2. Material and methods

The Eulerian-Eulerian model considers the galssatid as continuous and fully interpenetrating.
Both phases are described by a set of fundamamdat@nstitutive equations solved in a Eulerian
frame of reference.

2.1 Conservation mass and momentum equations and dodgim

The continuity equations for gas phase and slake are as follows:



% (agpg) + V- (agpgty) =0 1)

2 (asps) + V- (aspstis) = 0 2)
wherea is the volume factiorp is the density, kg/fand# is the velocity vector, m/s. The subscripts
s andg represent solid phase and gas phase, respecfileyvolume fractions of the gas and solid
phases satisfy the following relationship:

as + ag=1 (3)
The equations of momentum balance for gas plregesolid phase are given by:
% (agpgﬁg) +V: (agpgﬁgﬁg) =—a,Vp+ V- Ty +agpeg + ng(ﬁs — ﬁg) 4)

2 (spsBs) + V- (@spsTsty) = —asVp — Vps + V- Ty + agpsd + Kyg (B, — B) (5)
wherep, g, andp, are the pressure (Pa) shared by all phases, yandeleration (m/d and solid
pressure (Pa), respectiveky, is the interphase momentum exchange coefficiemttad last terms in
Egs. (4) and (5) are the momentum exchanged betgegmand solid phase. In this work, only drag
force is considered and it is determined basedhennbhodel developed by Gidaspow which a

combination of the Wen and Yu model and the Ergumaéon [17].T is the stress-strain tensor. In the

Newtonian formz, and7, are written as:
= - > T 2 - =
Ty = Ug [va + Vv, ] - gug(v . vg)l (6)
= - > T 2 > T
Tg = aSuS[VvS + Vg ] + a; (/15 - glls) V- vl (7)
where I, u and A are the unit tensor, viscosity (kgsT) and bulk viscosity (kgifs™), respectively.
The solid pressure, viscosity and bulk viscosity ba obtained from KTGF, as discussed below.
2.2 Kinetic theory of granular flow
The solids stress tensor contains shear ankl Vigtosities arising from particle momentum
exchange due to translation and collision. A factl component of viscosity can also be included to
account for the viscous-plastic transition thatussovhen the volume fraction of solid phase reaches

the packing limit. The collisional and kinetic parand the optional frictional part are added tee gi

the solids shear viscosity [38]:



Us = Uscot T Uskin T Us,fr (8)

The collisional part of the shear viscosityrisdeled as [39]:

1

4 05\2
Us . cot = Easpsdsgo(l + es) (?)2 (9)
The expression of kinetic viscosity is from &gow et al. [39]:

10psds/Oy 4 2
Hs kin = W [1 +2a:g0(1+ es)] (10)

The solid bulk viscosity, which represents thksistance to compression of the solid phase, is

calculated by [40]:

1

4 0

As = Easzpsdsgo(l + e5) (?)2 11
whered; is the particle diameter (my, is the radial distribution function at contaet,is the
coefficient of restitution for particle collisionand @, is the granular temperature ¥g). The

granular temperature is proportional to the kinetiergy of the fluctuating particle motion:

1
0, = Eusus (12)

whereu is the fluctuating solids velocity in the Cartes@ordinate system (m/s).
The transport equation of the granular tempeeaderived from kinetic theory takes the form [41]
3[d S = - S
2 [5 (aspsOs) + V- (a'spsvs@s)] = (_psl + TS): Vog+ V- (k@SV@S) ~ Yo, T ¥gs (13)
wherekg_, g, and ¢4, are the diffusion coefficientthe collisional dissipation of energy and the

energy exchange between the gas and solid phapectively. Three terms are given in the following

[39, 42]:
o, = SO, 81 g1 o)+ 2a i+ e) (& (19
Yo, = 3(1 — &s")as”ps9oOs <di \/g -V 17s> (15)
Pgs = —3Ks40s (16)

The solid pressure represents the normal far@esed by collisions between particles:
ps = aspsO; + Zaszpsgoes(l + e5) (17)

The radial distribution function at contagg, is a correction factor that modifies the probaypitt



collisions between particles when the solid granplease becomes dense. In the current pgpes,

calculated by [43]:

1

— (18)
()"

9o =

whereag 4, is the packing limit.
2.3 Frictional stress model

A commonly used model of frictional viscositydense flow is determined by Schaeffer [43]:

e (19)

Ip
whereg is the angle of internal frictior;, is the second invariant of the deviator of thaistrate
tensor [15].
In dense flow where the secondary volume foacfor a solid phase nears the packing limit, the
generation of stress is mainly due to friction kestw particles. The frictional stress is usuallyttemni

in Newtonian form [44]:

T - > T
Tsfr = _ps,frl + :us,fr(vvs + Vg ) (20)
wherep; . is the frictional stress, Pa.
The frictional stress is added to the stresslipted by the kinetic theory when the solids vatum

fraction exceeds a critical valugy > ag nin.
Ds = Dskin T+ Ds.fr (21)

Us = Us kin T+ Us,fr (22)

A semi-empirical equation was proposed by Johmd Jackson for the frictional stress [20]:

Psfr = Fr (05~ @ymin) 23]

(@s max—as)"
whereFr, n andp are empirical material constants.,,;, is the critical value. Different critical
value was used in papers [9] and some authorsatignention about the magnitude of the critical
value when they applied the concept [14, 17-18ih&current papet; ,,;, is set 0.5.

The frictional viscosity is then related to théctional stress by the linear law proposed by

Coulomb [45]:



__ Psfrsinp
Hfr == i (24)

It was found that Schaeffer's model and JohrswhJackson’s model cannot satisfactorily predict
the dense flow in the current rotating drum. Ingeflow at low shear, where the secondary volume
fraction for a solid phase nears the packing lithig generation of stress is mainly due to friction
between particles. From Eq. (18), it can be seanthe radial distribution function tends to infinas
the volume fraction tends to the packing limit. @r&r pressure calculated based on Eq. (17) has
similar trend. Thus, it would then be possible se the granular pressure directly in the calculatib
the frictional viscosity [38]. Accordingly, a newidtional viscosity model was proposed:

Hs,pr =k - ps (25)
wherek is coefficient with unit ofs in the current work and the value lofwill be discussed in
Chapter 3.1.

2.3 Boundary conditions and numerical solution

There are two methods that can be used in Ffoetnputting drum movement, mesh motion and
moving wall. In the present work, mesh motion igdibecause it is not possible to set speularity
coefficient from the boundary condition due to nuiced inconsistency (two different speed values at
the same cell) when using moving wall [16].

The Johnson and Jackson model for wall bounciamdition is as follows [20, 47-48]:

‘Fs = _%\/g(p

a::ax psgo\/G)—SF]SW — Nytané (26)
whereg is the specularity coefficierifisw is the relative velocity between the wall and jgtest in
contact with it, m/st is normal frictional component of stress, Pas angle of friction between the
wall and the pariculate material, The first and second terms in the right side @f 6) represent
the stress acting on the boundary due to particli-gollision and friction, respectively [47]. As
mentioned before, in most published research, thdyfirst term was taken into account. One of the
reasons could be that the specularity coefficieraisily to set in the boundary condition usinghktu

So, at the beginning of this work, the speculacitgfficient has been adjusted for different rotadio

speeds to fit experimental data like other work. dithen, the collisional part of the boundary



condition was reproduced by using udf (user-defifuedtion) code in the form of shear stress. Once
the reproduction was achieved, the frictional peas not difficult to add in the boundary condition
equation in the code. Based on this method, thepetim Johnson and Jackson boundary condtion
was applied and analyzed.

Simulation conditions for the rotating drum welbased on the experimental configuration in
Parker’s work [5]. A horizontal rotating drum witthameter of 200 mm was simulated. The drum was
approximately 35 % filled by mono-sized glass sphewith diameter of 3 mm. The drum rotates
around its axis at a rotation speed from 20 topg#. The detailed parameters are depictelaile 1.
Restitution coefficient of particle is specified @9 considering that experimental measurement is
hard to implement and 0.9 is commonly used in simmésearches [9, 12, 15, 17-19]. The simulations
were carried out in a 2D rotating drum using thebQfede (Fluent 19.0). The mesh size was 5 mm
after conducting a mesh sensitivity study as sedfig. 1. The initial volume fraction of solid wa$
and the packing limit was 0.63. The SIMPLE algarittvas used for pressure-velocity coupling and
the equations were discretized using a second opleind scheme. A fixed time-step of 0.001s was
used and the convergence criterion between tweoeaictiens was set tbx 1073, To get the average
results, 6 revolutions have been done for theimgadrum and the corresponding calculation times
are 6s, 8.6s and 18s for 20 rpm, 42 rpm and 65 mpspectively.

3. Results and discussion
3.1 Test configuration

In this paper, frictional viscosity and wallbwary condition were two main aspects considered i
the numerical model. As mentioned above in Chaht&rthree models of granular frictional viscosity
were involved, and two parts of the boundary cooditvere analyzed at different rotational speeds.
All the model configurations are summarized Tiable 2. Firstly, different models of granular
frictional viscosity were compared using the sarmargary condition which means only collisional
part was considered. The corresponding cases aee(dato case 05. When the proposed model of
frictional viscosity was used, thein Eq. (25) was determined by a trial-and-errothrad. From the
experimental results, it can be found that mostigles in the rotating drum were in contact witlclea

other, so frictional viscosity of solid phase slibalways exist. Inspired by the Johnson and Jackson



model of frictional stresgtwas divided into two parts with solid volume fracti of 0.6 as the
boundary. A relatively smaller value was guessedtie volume fraction of solid phase lower than
0.6 and a higher value was guessed for denserTgast trial-and-error procedure was repeated until
the predicted numerical results agreed well withegdnental observation in terms of dynamic angle
of repose and spatial velocity fields. Thesed in the current work was 0.35 s, 0.4 s andsGd¥
volume fraction of the solid phase lower than Q.@ha rotational speeds of 20 rpm, 42 rpm and 65
rpm respectively, and 0.2 s for volume fractiontled solid phase higher than 0.6 at all rotational
speeds simulated.

Then, the Johnson and Jackson model for boymaedition was deeply analyzed by adjusting the
specularity coefficient and the angle of frictioieh corresponds to cases 05 to 09. In order to
ensure comparability, the valueskofised in cases 06 to 09 were the same as thafrusade 05. In
the actual simulation process, the specularityfoneft ranged from 0.01 to 1. But for simplificari,
only representative values are showT able 2. The angle of friction assumed when considerirgg th
frictional contribution in boundary condition waaded on the measurement data of similar particles
in the work of Huang et al. [18].

3.2 Model validation
3.2.1 Schaeffer's model for frictional viscosity

The comparison between experimental measursraadtnumerical results by Schaeffer’'s model is
shown inFig. 2 andFig. 3. The grey lines ifrig. 2 (a) and (b) marked the magnitude of experimental
dynamic angle of repose. In addition, the numeriyadamic angle of repose is defined by the bed
surface at the solids volume fraction of 0.3 (agpnately half air and half densely packed solidiin
cell) [18]. It can be seen that higher speculadbgefficient results in higher average tangential
velocity and higher dynamic angle of repose. Witeaularity coefficient of 0.15, the averaged
tangential velocity along the radius at 30° to ¥ieical is close to the experiment results expect
the velocity near the wall. However, the correspogdlynamic angle of repose is much lower than
that of the experiment. With a higher specularity0®, the numerical dynamic angle of repose is
close to the experiment results. But there is ateet difference between numerical and experimental

velocity. As depicted ifrig. 3, the prediction of flow pattern using Schaefferiedel is different with



that in the experiment. The flow pattern in thearipent showed a flat bed surface (without a cyrve)
however, in the numerical results, the bed surfaceot flat and evident toe regions occurred. A
similar phenomenon was mentioned in Santos’ woik Therefore, using Schaeffer's model for
frictional viscosity calculation is not suitablerfihe current work. Since the flow patterns areilsim
at different rotational speeds, the results ofdineulation at 20 rpm and 42 rpm will not be shown i
the paper.
3.2.2 Johnson and Jackson model for frictional assy

Similarly, the predicted results of the rotgtiorum at 65 rpm using the Johnson and Jacksonlmode
for frictional viscosity are illustrated iRig. 4 andFig. 5. With specularity coefficient of 0.15, the
wall shear stress is too small to lift the solidittspecularity coefficient of 0.9, the bed surfase
curved, and the dynamic angle of repose is hadkfime. The averaged tangential velocity along the
radius at 30° to the vertical is close to the expent results, but a discrepancy occurs in acegson
which is defined in the paper of the experiment &dlditionally, evident toe regions occurred in
numerical results like the result of Schaeffer'selcas depicted iRig. 5. Therefore, the Johnson and
Jackson model for frictional viscosity is not shitafor the current work either.
3.2.3 Proposed model for frictional viscosity

In Fig. 6, a good prediction of experimental results was enagl the proposed model with
appropriate specularity coefficients at differentational speeds, but the tangential velocity ribar
bed surface is larger than that of measurements.siime feature can also be found in the results of
DEM [36], so the deviation may be caused by nuraénieasons. It is worth noting that with the
increasing of rotational speed, the required speitulcoefficient decreased. In order to gain ihsig
into current analysis results, a comparison is nvaitle a previous study. In the work of Machado et
al [12], the same specularity coefficient was uBmddifferent rotational speeds. Nevertheless, the
averaged of the deviations between numerical apdrerental results for solids holdup in the flights
were different at different rotational speeds: 9f#¥the rotational speed of 21.3 rpm and 15.4% for
the rotational speed of 36.1 rpm. Therefore, imbwbrks, it seems like when only collisional pafit o
the boundary condition was considered, the requsptularity coefficient changes with rotational

speed. However, specularity coefficient is definede the average fraction of relative tangential



momentum transferred in a particle-boundary calfisand its value depends on the large-scale
roughness of the surface. For the same particleement in the same rotating drum, the specularity
coefficient should be a constant at different iotatl speeds. Accordingly, although the prediction
using the proposed model with only consideringisiolhal part of boundary condition is good, the
boundary condition application is not physically aneagful. A possible explanation is that the
specularity coefficient used in the calculatiomigher than the practical value, so it leads tocgper
wall shear stress by coincidence. Thus, an anabjsie wall boundary condition needs to be made.
3.3 Analysis of wall boundary condition

When the frictional contribution in boundaryndation is considered, the key parameter is thdéeang
of friction. In the current situation, the angle miction was hard to determine. Based on the
measurement data of similar particles in the wdrlHoang et al. [18], the angle of friction was
assumed in the range of 28.2°-32°. Considering ttiiatangle of friction is the angle between the
surface and the particulate material, the sametaohangle should be reasonable for different
rotational speeds. Then different combinationshef angle of friction and specularity coefficient of
the rotating drum at 20 rpm, 42 rpm and 65 rpm wested. It turned out that when the angle of
friction was 30° and the specularity coefficientswa015, the prediction using the proposed model at
three different rotational speeds were good as showig. 7.

The proposed model agreed well with experimartiaervations by using only collisional part of
boundary condition with different specularity caei#nts or both collisional and frictional part of
boundary condition with the same parameters. Basethis phenomenon, it was guessed that the
proposed model could be used to predict the expeatiah results by using only frictional part of
boundary condition with different angles of friaiidt was very interesting that the guess was ieefif
as shown inFig. 8. Additionally, the velocity field of the rotatingrum with all three kinds of
boundary conditions are depicted fig. 9. The flow patterns are very similar. Based on the
comparisons of experimental measurements with thaenical results of case 05 to case 07, the
proposed model with three different boundary caod# can achieve almost the same prediction. On
one hand, the current results supply an explandborthe previous work in which using only

collisional part of boundary condition can predestperiment results well. On the other hand, the



frictional and collisional part of boundary conditimay have quantitative relationship which needs t
be further studied in the future work.

Additionally, case 08 and case 09 were madeadigg the frictional and collisional part of the
boundary condition in case 06, respectively. Experital and numerical averaged dynamic angle of
repose of case 05 to case 09 are showhign 10. When only frictional boundary condition was
considered with the same angle of friction of 38& dynamic angles of repose are higher than those
of considering only collisional boundary conditianth the same specularity coefficient of 0.015.
Therefore, for the solid flow in the current caies frictional contribution is more than collisidna
contribution in the wall boundary condition.

4. Conclusions

A Eulerian-Eulerian model coupled to the kin¢heory of granular flow is usually used to study
dilute flows. For dense flows, the model can $@l used if appropriate frictional viscosity model
taken into account. In the current work, a frictieiscosity model based on granular pressure was
proposed to study the dense granular flows inaing drum. Additionally, the Johnson and Jackson
model used for wall boundary condition was discdsse

The simulation results were compared with expental results in terms of angle of repose and
spatial velocity fields. Using the proposed frickid viscosity model, the numerical results agreetl w
with the experimental measurements by using diffedreoundary conditions. When only the
collisional part of boundary condition was usec Hppropriate specularity coefficients were 0.35,
0.25 and 0.15 for rotating drums at 20 rpm, 42 gma 65 rpm. When only frictional part of boundary
condition was used, the angles of friction were, 38 and 45° correspondingly. However, when the
complete Johnson and Jackson model of boundaryittwnds used, the specularity coefficient and
angle of friction are same constants (0.015 and &0°different rotational speeds which is more
physically meaningful. Moreover, it is found thdtet friction contributes more to determine the
dynamic angle of repose than collision does inwladl boundary condition of the current rotating

drum.
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Tables

Table 1. Parameters in the simulation.

Parameters Value
Drum diameter (m) 0.1
Drum fill level 35%
Drum rotational speeds (rpm) 20/42/65
Particle diameter (m) 0.003
Particle density (kg/rs'o 2500
Particle restitution coefficient 0.9




Table 2. Different model configurations.

Specularity coefficient

Angle of friction

Case Frictional viscosity model (for 20/42/65rpm) (for 20/42/65rpm)
01 Schaeffer’s model 0.15/0.15/0.15 -
02 Schaeffer’s model 0.9/0.9/0.9 -
03 Johnson and Jackson model 0.15/0.15/0.15 -
04 Johnson and Jackson model 0.9/0.9/0.9 -
05 Proposed model 0.35/0.25/0.15 -
06 Proposed model 0.015/0.015/0.015 30°/30°/30°
07 Proposed model - 35°/40°/45°
08 Proposed model - 30°/30°/30°
09 Proposed model 0.015/0.015/0.015 -




Figures

Fig.1. grid independence test.
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Fig.2.Comparison of experimental results with numerieslits. (a) dynamic angle of repose of case
01, (b) dynamic angle of repose of case 02, (c)eapesl tangential velocity along the radius at 80° t

the vertical.
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Fig.3. Experimental (a) and numerical flow patteshsase 01(b) and case 02 (c) at the rotational

speeds of 65 rpm.
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Fig.4.Comparison of experimental results with numerieslits. (a) dynamic angle of repose of case
03, (b) dynamic angle of repose of case 04, (clamesl tangential velocity along the radius at 80° t

the vertical.
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Fig.5.Experimental (a) and numerical flow patterns ofecd3 (b) and case 04 (c) at the rotational

speeds of 65 rpm.
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Fig.6. Comparison of experimental results with ntioa results of case 05.
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Fig.7.Comparison of experimental results with numerieslits of case 06.
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Fig.8.Comparison of experimental results with numerieslits of case 07.
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Fig.9. Experimental and numerical flow patternsade 05, case 06 and case 07 at rotational speeds

42 rpm and 65 rpm from left to right.
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Fig.10.Experimental and numerical averaged dynamic anglepmse.
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Highlights

1. Africtiona viscosity model based on granular pressure was proposed.
2. Johnson and Jackson model for boundary condition was analyzed.

3. Friction has greater impact on dynamic angle of repose than collision in the wall.



