<]
TUDelft

Delft University of Technology
!

Fluidization of elongated particles—Effect of multi-particle correlations for drag, lift, and
torque in CFD-DEM

Mema, lvan; Padding, Johan T.

DOI
10.1002/aic.17157

Publication date
2021

Document Version
Final published version

Published in
AIChE Journal

Citation (APA)
Mema, |., & Padding, J. T. (2021). Fluidization of elongated particles—Effect of multi-particle correlations for
drag, lift, and torque in CFD-DEM. AIChE Journal, 67(5), [e17157]. https://doi.org/10.1002/aic.17157

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1002/aic.17157
https://doi.org/10.1002/aic.17157

Received: 16 June 2020

Revised: 8 September 2020

W) Check for updates

Accepted: 7 October 2020

DOI: 10.1002/aic.17157

PARTICLETECHNOLOGY AND FLUIDIZATION

AI?BIEJ RNAL

Fluidization of elongated particles—Effect of multi-particle
correlations for drag, lift, and torque in CFD-DEM

Ivan Mema | Johan T. Padding

Complex Fluid Processing, Department of
Process and Energy, Delft University of
Technology, Delft, The Netherlands

Correspondence

Ivan Mema, Complex Fluid Processing,
Department of Process and Energy, Delft
University of Technology, Leeghwaterstraat
39, Delft 2628 CB, The Netherlands.

Email: i.mema@tudelft.nl

Funding information

H2020 European Research Council, Grant/
Award Number: 615096

1 | INTRODUCTION

Abstract

Having proper correlations for hydrodynamic forces is essential for successful CFD-
DEM simulations of a fluidized bed. For spherical particles in a fluidized bed, efficient
correlations for predicting the drag force, including the crowding effect caused by
surrounding particles, are already available and well tested. However, for elongated
particles, next to the drag force, the lift force, and hydrodynamic torque also gain
importance. In this work, we apply recently developed multi-particle correlations for
drag, lift and torque in CFD-DEM simulations of a fluidized bed with spher-
ocylindrical particles of aspect ratio 4 and compare them to simulations with widely
used single-particle correlations for elongated particles. Simulation results are com-
pared with previous magnetic particle tracking experimental results. We show that
multi-particle correlations improve the prediction of particle orientation and vertical
velocity. We also show the importance of including hydrodynamic torque.

KEYWORDS
CFD-DEM, fluidized bed, hydrodynamic torque, lift force, multi-particle correlations,
nonspherical particles

interactions are resolved through closures for hydrodynamic forces.
Having closures that can accurately predict the hydrodynamic forces

Fluidized beds are irreplaceable equipment in industry as they offer
the highest contact between solid particles and gas, together with
rapid mixing of particles and most efficient heat transfer between gas
and solids. Due to their industrial importance, fluidized beds have
been subject of numerous experimental and numerical research over
the past century. Thanks to the advancements in computer perfor-
mance in recent decades, many numerical models, able to successfully
simulate operation of industrial scale fluidized beds with spherical par-
ticles have been developed. Usage of such models considerably
reduce the time and costs of optimization and development of the
processes that rely on fluidized beds. Coupled CFD-DEM is viewed as
one of the most accurate models in fluidized bed research because it
fully resolves particle—particle interactions while particle-fluid

experienced by the particles in a fluidized bed is crucial for successful
usage of CFD-DEM models.

A considerable number of processes in industry rely on usage of
fluidized beds for manipulating granular materials where the particle
shape is nonspherical. This is specifically the case for processes where
biomass is used. The biomass is usually dried, milled, and processed
into pellets. These kinds of particles are considerably larger than pow-
der like materials usually used in fluidized beds and are characterized
by an elongated shape. Existing numerical models, developed for fluid-
ization of spherical particles, cannot be applied to fluidization of these
kinds of particles as elongated particles will have much more complex
particle—particle interactions together with orientation dependent
hydrodynamic forces. Our previous investigation® showed that
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additional forces like shape induced lift force and hydrodynamic tor-
gue have considerable effect on fluidization of elongated particles and
cannot be neglected.

While fluidization of spherical particles is thoroughly investigated
and there is a number of accurate and well tested drag correlations
for spherical particles available in literature,? this is not the case for
elongated particles. When it comes to the drag force experienced by a
single elongated particle, a few correlations are available in literature.
Haider and Levenspiel® presented a drag correlation based on particle
sphericity, which however did not take into account particle orienta-
tion. Ganser* on the other hand proposed a drag correlation based on
Stokes' and Newton's shape factors. More recently, Holzer and
Sommerfeld® introduced a general drag force correlation based on
particle sphericity, crosswise and lengthwise sphericity, and Reynolds
number, while Zastawny et al.® and Sanjeevi et al.” proposed correla-
tions for specific particle shapes. Quite recently, Cao et al.® developed
the drag correlation for suspensions of ellipsoidal particles that takes
into account solids fraction, Reynolds number and particle inclination
and geometry. So far, the correlation by Hélzer and Sommerfeld® has
been widely applied in fluidization of nonspherical particles, as it
proved to be the most flexible. For shape induced lift force and hydro-
dynamic torque on elongated particles, the only correlations available
in literature are proposed by Zastawny et al.,® Ouchene et al.® and
Sanjeevi et al.”

During fluidization, particles rarely find themselves isolated in a
fluidized bed, but are most of the time surrounded by other parti-
cles in dense fluidizing conditions. The surrounding particles in
dense fluidizing conditions can have an effect on hydrodynamic
forces experienced by a particle. For spherical particles there are
correlations that takes into account this effect of the surrounding
particles. The first one that bridged dilute and dense particulate
conditions was the expression by Di Felice.'® Recently, Tenneti

|.1l |‘12

et a and Tang et a proposed new expressions for static

|13

assemblies of spheres, and Rong et al.”* suggested extension of the

Di Felice equation. For nonspherical particles the multi-particle
(MP) effect only recently came into the spotlight when Li et al.'*
discussed the drag and lift force and He and Tafti'® the drag, lift
and torque on assemblies of ellipsoidal particles. So far, the only
correlations for drag, lift, and torque applicable to elongated parti-
cles that take into account the effect of surrounding particles, have
been proposed by Sanjeevi et al.'® However, this correlations has
not been applied in CFD-DEM simulations so far, and their influ-
ence on fluidization is still unknown.

In this work, we investigate the effect of MP correlations for
hydrodynamic forces and torque on the fluidization characteristics
of elongated, spherocylindrical particles with aspect ratio 4 using
CFD-DEM simulations. Simulations with Sanjeevi MP correlations'®
are compared to simulations with the Holzer and Sommerfeld drag
model,® expanded with Di Felice expression® and lift and torque
correlations proposed by Zastawny et al. for an isolated particle.
For validation, the simulation results are compared with experimen-
tal results previously obtained using magnetic-particle tracking
(MPT).Y?

2 | NUMERICAL MODEL

The CFD-DEM algorithm used in this work is based on open source
software, namely OpenFoam to solve the fluid equations (CFD) and
LIGGGHTS to solve the particle equations (DEM). These two algo-
rithms are coupled using open source CFDEM coupling.X® The open
source codes were adapted so that they can be applied to spher-
ocylindrical particles without relying on a MP approach. More in-
depth information about the model and its validation can be found in
previous work.**°

2.1 | Discrete element model

The interaction between particles is modeled using the discrete ele-
ment model (DEM), a soft contact model first introduced by Cundall
and Strack®® to describe interaction between granular particles. In
model used in this work soft sphere contact model is adapted to deal
with spherocylindical particles, where particle position, geometry, and
orientation are defined and tracked. The translational motion for parti-
cle i can be calculated by integrating the expression

A dVi

>
Mo~ FintFic *Rie+Fp+Fp 1

where the sum runs over all neighbors j in contact with particle i, Fy, is
the normal contact force acting on particle i due to its interaction with
particle j, Fjj; is the tangential contact force acting on particle i due to its
interaction with particle j, Fi¢ is the total hydrodynamic force acting on
the particle, F;, represents the pressure gradient (buoyancy) force acting
on the particle and Fiy, is anybody force acting on the particle including
gravity. The rotational motion of a particle i can be solved using

dli
dt

=<
= Ty+T 2
j

where [; is the particle moment of inertia tensor, ; is the angular
velocity of the particle, Tj; is the contact torque acting on the particle
i due to its interaction with neighboring particle j, and T« is the fluid-
induced pitching torque. Unlike for spherical particles where the con-
tact torque Tj is only caused by tangential contact forces, in the case
of nonspherical particles the torque is caused by both tangential and
normal contact forces.

Inter-particle forces develop only when particles spatially overlap.
Two adjacent spherocylindrical particles are overlapping when the dis-
tance between their shafts |[S, S| to be smaller then sum of their
radii (2R) as shown in Figure 1. An algorithm for calculating the
shortest distance between shafts is presented by Vega and Lago,?*
and more detailed information about its application in the used model
can be found in.1®

To calculate the normal contact force exerted on particle P, by
particle P, we use a linear spring-dashpot model such that the normal

contact force is given by
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FIGURE 1 A schematic of a sample contact between two
spherocylinders with each having a shaft length |, a total length L, and
a characteristic radius R. The inset image shows of the normal and
tangential unit vectors at the contact [Color figure can be viewed at
wileyonlinelibrary.com]

Fizn= Kn nN12  ,Vizn 3

where k, is the normal spring constant, , is the normal damping coef-
ficient and vy, is the normal relative velocity between the particles.
As shown in Equation (3), the normal contact force is dependent on
the degree of overlapping distance |, which is calculated with the
aforementioned collision detection scheme for spherocylinders.

The magnitude of the tangential contact force is calculated from
the Coulomb-type friction expression

_ ke vz ifiF2y  jFaznj
Fiot= . ) e ; 4
JF1z2njta2 ifiF124> jF12n]

In this expression t;, is tangential unit vector defined as
tiz = Vio/|Via| Ky + + , and vio. are the tangential spring constant,
tangential overlap, tangential damping coefficient, friction coefficient,
and tangential relative velocity, respectively. . is calculated from the
time integral of the tangential relative velocity since the development
of the initial particle contact and given by

t
t= Vlzytdt 5

teo

where t; ¢ is the time of initial contact between the particles.

22 | Computational fluid dynamics

The fluid phase in CFD-DEM is treated as continuum and is described
on the basis of the volume-averaged Navier—Stokes equations, which
are discretized on a uniform grid. The equation of continuity and
momentum conservation are given by

AICBE RNAL—L 2o

ff
t

+r ¢ ¢vs =0 6

f fVf

+r f ViV = frp+ I s ¢ +tRept £ 40 7

f
t
where ¢ is the fluid volume fraction, ¢ is the fluid density, vt is the
fluid velocity, ¢ is the stress tensor for the fluid phase, g is gravity,
and Rt represents the momentum exchange between the fluid and
particle phase, expressed as:
:i FR+F

Rip= TV 8
where p is the particle label, N, is the number of particles in the com-
putational fluid cell, F} is the drag force acting on particle p due to
the fluid, F is the lift force acting on particle p due to the fluid, and
Veenr is the volume of the computational fluid cell. We do not consider
two-way coupling of the torque since it has a negligible localized
effect on the fluid.

The interaction between the fluid phase and solid particles is
resolved through closures for hydrodynamic forces. Correlations used
in this work for calculating the drag force, lift force, and hydrodynamic
forces are presented below.

Drag force is the strongest force that the fluid exerts on particles
and is the main driver of fluidization. In this work we use two
approaches to calculate the drag force: the single particle (SP) drag
correlation by Hélzer and Sommerfeld,® extended with Di Felice's'®
expression to take into account the effect of surrounding particles
and by the correlation proposed by Sanjeevi et al.,*® developed specif-
ically for assemblies of elongated particles.

SP drag force with Di Felice extension. The correlation presented
by Holzer and Sommerfeld® can be applied to arbitrary shaped parti-
cles where the shape of the particle is taken into account through
sphericity, and lengthwise and crosswise sphericity. The drag force
coefficient Cp as proposed by Hoélzer and Sommerfeld is:

8 1 16 1 3 1 0:4 log 2 1
Co=—P—+_—pP—+pPp——+042x10"* 9 ~ — 9
P"Re," « Rep& Re, 4
where Re is the particle Reynolds number Re = d,, |vs vi|l/ ; with

¢ the fluid density, d,, the volume-equivalent particle diameter, ; the

fluid viscosity, the particle sphericity, | the lengthwise sphericity,
and  the crosswise sphericity.

The effect of surrounding particles (crowding effect) on the drag
force experienced by a particle is taken into account through Di

Felice's'® modified drag force expression:

1 . .
FD=§CD ffz st]\/f Vij Vi Vi 10

where vs is the fluid velocity interpolated to the location of particle
i, v; is the velocity of particle i, and is the Di Felice correction factor

given by
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1:5 log Re, 2

=3:7 0:65exp 5
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where the particle Reynolds number Re is calculated using the expres-
sion defined after Equation (9). Note that the appearance of additional
factor 2 in Equation (11) comes from the use of a superficial relative
velocity in Di Felice's work.

The Di Felice expression was originally developed for spherical
particles but because it is one of the few available expressions to take
into account crowding effects it has also been applied in simulations
of elongated particles fluidization.11922-25
Multi-particle drag correlation proposed by Sanjeevi et al.l®

calculates the drag force experienced by a particle as:
FD =3 fdpFD' Vi Vi 12

where ¢ is fluids viscosity, Fp  is the average drag (normalized by the
drag on an isolated volume equivalent sphere) based on particle orien-
tation to the fluid flow. As the average drag Fp for different particle
incident angles ( ) follows a sine-square interpolation, for individual
particles’ as well as assemblies,® it can be calculated for any  as:

Fo, =Fp -0 * Fp, -e0 Fp -0 SIN° 13
Fp, =0 andFy _g, are function of Re and
Fo Re, s =Fgisal 1 s Z+F «*Fre . 14
The corresponding terms are as follows:
Re
Faisol Re =Cisol 5~ 15
d,isol d,isol 24

where Cyisor is calculated as proposed by Sanjeevi et al.”:

a a
oy za
Re Re™

Caiisol = exp aRe +as 1 exp asRe 16

where the coefficients (a;...as) for parallel ( = 0 ) and perpendicular
( =90 ) orientation are given in Table 1.

b
F,oo=aP 1 (2425 17
1
c d fSS 2
Fre,, Re, s =Re" " el o + +gs1 < “Re 18

The coefficients for Equations (18) and (19) for parallel and per-
pendicular orientation are also given in Table 1.

Lift force appears when the long axis of an elongated particle is
inclined with respect to the direction of relative fluid flow. The lift

TABLE 1 Coefficients for drag force calculation as proposed by
Sanjeevi et al.”1®

Fo Caisol
Coefficient =0 =90 = =90
a 2 3 a; 24.48 31.89
b 11.3 17.2 ap 3.965 5519
c 0.69 0.79 az 0.41 0.229
d 0.77 3 ay 0.0005 0.0032
e 0.42 11.12 as 0.15 1.089
f 4.84 11.12
g 0 057

force acts in the direction perpendicular to the fluid's relative velocity
vﬁﬂ =v; v;and lies in the plane defined by the particle long axis ori-
entation vector u; and vﬂ“. The lift force magnitude F, is multiplied by

the lift force orientation vector €, which is given as

e
Cupvy UV XV
8= : 19
UiV UixVvg XV

The resultant lift force experienced by a particle is expressed as
FL=F_é,, while the magnitude of lift force is calculated with either
the SP correlation proposed by Zastawny et al.® or the MP correlation
proposed by Sanjeevi et al.*®

SP lift force. The magnitude of shape induced lift force experi-
enced by an isolated particle is expressed as

_1 2. 2
FL = ECL dePJVf Vi) 20
where C, is the lift force coefficient calculated using Zastawny et al.
correlation®:

by . b3
ReP Reb

bs +bgRe®7 bg +bgReP10 21

sin

cos

Fitting coefficients used for the correlation can be found in
Table 2.

MP lift force. In this work we have applied a simplified function
for shape induced lift force, proposed by Sanjeevi et al.*® In this sim-
plified approach the average lift force F_ (normalized by the drag on
an isolated volume equivalent sphere) experienced in a MP system at
different
force as:

is calculated based on its relation to the normalized drag

FL, = Fp -0 Fp -0 sin cos 22

The magnitude of MP lift force is calculated as:
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TABLE 2 Coefficients for the lift and torque correlations with the
functional form of Zastawny et al.® fitted for spherocylinder particles
with aspect ratio of 4 using in-house DNS simulations’

Lift Torque

Coefficient Value Coefficient Value

by 1.884 Cy 2.283

b, 0.1324 [ 0.01145

b3 0.001668 C3 4.09

by 0.8159 Cy 0.01395

bs 0.8562 Cs 0.3406

bs 0.003624 Cs 0.3609

b7 0.6598 c7 0.1355

b 0.2621 Cs 0.2356

bo 0.8021 Co 0.3612

bio 0.04384 Ci0 0.1358
FL=3 ¢doFL, jVvi Vij 23

Hydrodynamic torque considered in this work is a pitching torque,
acting around the axis perpendicular to the plane of relative fluid
velocity v’ and particle orientation vector u;. Hence, the torque orien-
tation vector &, is given by

Vi xus
_ Vi Ui VX Ui

ér 24

]
W xu
Vi Ui Vg X Ui

The resultant torque is then expressed as Tp = TpéY, .
SP hydrodynamic torque. The magnitude of the hydrodynamic tor-
que on an isolated particle is calculated as proposed by Zastawny et al.®

1

T =
)

Cr fédgjvf vij? 25

where Cr is the torque coefficient calculated using Zastawny et al.
correlation:

C1 C3
Re®% Re%

z
c7 Z 4+ ZRe®
Cs +CgRe Cg +CgRe"10 26

Cr, = sin cos

MP hydrodynamic torque. The magnitude of MP hydrodynamic
torque proposed by Sanjeevi et al.'® is calculated as:

Te=2 (3T jvi Vij 27

where Tp, is average hydrodynamic torque for MP system, calculated
by Sanjeevi et al. correlation:

Te, Re, s, =Tpmag RE s SiN cos 28
with

TP.mag Re, s :Tp,isol Re 1 2"'TF<’e,S Re, s 29

AICBE RNAL—L 2o

TABLE 3 Coefficients for torque calculation (Equation 31) as

proposed by Sanjeevi et al.1®
Coefficients TRe,
a 0.82
b 1.44
c 1.07
d 5.48
e 0.223

3

d
Tre.Re, s =Re* ® ¢1 ¢ +—>— +e,1 s%Re 30

1

Coefficients for Equation (31) are given in Table 3.

3 | SIMULATION PARAMETERS

Simulations were done for a rectangular fluidized bed, whose dimen-
sions are the same as in previous MPT experiments®’ and numerical
investigation.* The column dimensions and main parameters neces-
sary for the CFD-DEM simulation are presented in Table 4. The parti-
cles used in this investigation are capsule-like spherocylinders with
aspect ratio of 4. The DEM parameters for particles were determined
experimentally by Mahajan et al.?® for particles made of alumide, a 3D
printing material consisting of a mixture of aluminum and nylon. The
minimum fluidization velocities were determined experimentally”
and particle properties are listed in Table 5.

The standard practice for choosing the grids size in CFD-DEM
simulations for spherical particles is that the grid dimensions should
be between 1.6d, and 5d,2"%® For the particle and column dimen-
sions used in this work a grid size of 2.83d, was applied, where d, is
the diameter of a volume equivalent sphere. This grid size satisfies
both standard practice for spherical particles and offers a cell size
larger than the length of the spherocylindrical particle.

4 | RESULTS

We will investigate the distributions of particle orientation and parti-
cle velocity along the vertical (z-)axis for two different inlet gas veloci-
ties (1.6Uys and 2Uy,g). Two simulation cases will be compared, the
first with SP correlations and the second with MP correlations. For
the SP case, the general Holzer—Sommerfeld drag equation, with a
simple correction for the MP effect, is used. This is the most common
approach found in literature to deal with hydrodynamic forces on
nonspherical particles in dense systems. Table 6 lists correlations
applied in each case. The simulation results are compared with experi-
mental results obtained in our previous work using MPT technique.*”
More technical information about the MPT experimental technique

can be found in the work by Buist et al.?°
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41 | Particle orientation

In this section, we analyze the average particle orientation in the
terms of the z-component of the particle orientation vector u.
Figure 2 shows the time averaged distribution of the particle orienta-
tion relative to the z-axis (direction of the fluid flow). If |u,| = O, the
particle has a horizontal orientation and is perpendicular to the fluid
flow, while for |u,| = 1, the particle is oriented vertically and is fully
aligned with the fluid flow. Note that for fully randomly oriented parti-
cles, the expected distribution of |u,| is flat.

From Figure 2, it can be seen that MP correlations show
slightly better agreement with experimental results compared to SP
correlations. This is specifically the case for predicting the fraction
of particles oriented vertically (|u,| close to 1). However in some
regions, specifically for |u,| around O, SP correlations show better
agreement with the experimental results. The difference between

TABLE 4 Relevant parameters for the CFD-DEM algorithm

CFD parameters

Parameter Symbol Value

Reactor base La Ly 0.15m,0.15m

Reactor height H, 1.05m

Number of grid cells ng,ng,ng 10x 10 x 70

Grid cell dimensions Cx=Cy=¢; 0.015m

Time step terp 1x10 *s

Fluid density o 1.2 kg/m®

Fluid viscosity f 1568 10 °Pas

DEM parameters

Parameter Symbol Value

Time step toem 1x10 5s

Coefficient of friction 0.46

Coefficient of rolling friction p 0.46

Coefficient of restitution e 0.43
TABLE 5 Particle properties

Particles

Parameter Value

Number of particles 32,500

Particle length [L] 12 mm

Particle diameter [2R] 3mm

Particle density 1,442 kg/m*

Minimum fluidization velocity [Upn] 1.7 m/s

Case Drag force Lift force

(0]

SP-correlations Hélzer-Sommerfeld® + Di Felice®

|16

MP-correlations Sanjeevi et al

Zastawny et al.®

Sanjeevi et al.*®

MP and SP correlations is considerably larger for |u,| near 1 then
near O and it can be observed that the difference between MP cor-
relations and MPT experiments for horizontally oriented particles is
less notable than the over-prediction of the fraction of particles ori-
ented vertically in case of SP correlations compared to MPT
experiments.

Figure 2b shows that an increase in fluid velocity leads to an
increase of the fraction of vertically aligned particles and a reduction
of horizontally aligned particles. The difference between MP and SP
correlations is also considerably smaller for 2U,s compared to 1.6U
but the same conclusions still apply.

Figures 3 and 4 give more insight into the preferred particle ori-
entation in different parts of the fluidized bed. The preferred particle
orientation is determined based on the particle orientation tensor S,
calculated using the expression

2
2
Ui

huy Uy i huxuzi3
D E
S=§huyuxi uZ  huyu,i 4; 31

huUgi huuyi U2

The diagonal components of this tensor can be used to determine
the preferred alignment in the reactor. If the difference tﬁetv'éeen the
diagonal components isyless than 0.1 that is, u2 uz <01,

uf Ul <0:l,and Ui uf <O0:1, the particle is considered
to be randomly oriented. On the other hand, if one component is con-
siderably larger than the other two components, we conclude that the
particle is preferentially aligned with the corresponding axis. Figures 3
and 4 show time averaged preferred particle orientation in the x-z
plane for a cross section cutting through the center of the bed in the
y-direction (6cm y 7.5cm).

From Figures 3 and 4, the improved prediction of particle orienta-
tion by MP correlations becomes more evident. Looking at the lower
part of the column (z-position 30 cm) it is clear that MP correlations
show better agreement with experimental results and that SP correla-
tions over-predict the amount of regions in which particles are prefer-
ably oriented vertically. With an increase of the fluid velocity
(Figure 4) there is an increase in the amount of regions where particles
preferably align vertically, in the lower part of the bed (z-position

30 cm) and in the wall region. From Figure 4, it can still be inferred
that MP correlations have better agreement with experimental results
in the lower part of the bed and in the wall region. In the case of SP
correlations (Figure 4a), in the lower part of the bed the over-
prediction of particles oriented vertically is noticeable, but also in the
higher parts, near walls the SP results differ from the experimental
results more than in case of MP correlations.

In the higher parts of the bed (z-position >30 cm), Figures 3 and
4, show that the simulations results predict a higher preference for

TABLE 6 Correlations applied for
single particle (SP) correlations and multi-
particle (MP) correlations

Torque

Zastawny et al.®

Sanjeevi et al.*®
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FIGURE 2 Probability distribution function for the particle
orientation at (a) 1.6Us and (b) 2U . Simulations with single (SP) and
multi (MP) particle correlations are compared with MPT experiments
[Color figure can be viewed at wileyonlinelibrary.com]

the particles to orient horizontally, compared to the experimental
results where particles are more randomly oriented. This is more evi-
dent in the case of MP correlations, particularly at the gas velocity of
2U¢ (Figure 4b). In this region, the SP correlations show better agree-
ment with experimental results.

However, as can be seen in Figure 5, above 30 cm in the z-
direction the average cell occupancy is dropping dramatically and
above 40 cm there is on average less than 1 particle per cell. The
region above the height of 30 cm can therefore be considered as the
free-board region, where the crowding effect is considerably lower
compared to the dense fluidized region below 30 cm. It should also be

AICBE RNAL—L T

(b) MP-correl.

(a) SP-correl.

(c) MPT-exp.
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FIGURE 3 Preferred orientation of particles in the grid cells of
the reactor for (a) single-particle, (b) multi-particle correlations, and
(c) experimental results at 1.6U¢. Here the color scheme is: blue
squares (m) are x-aligned, green squares (=) are y-aligned, red squares
(m) are z-aligned, and cyan squares (m) are randomly orientated. White
space represents empty cells [Color figure can be viewed at
wileyonlinelibrary.com]

noted that in the free-board region, the average occupancy predicted
by the simulations in all cases starts to differ from the experimental
results.

42 | Effect of lift force and hydrodynamic torque
on particle orientation

In our previous work, we have investigated the effects of SP shape
induced lift force and hydrodynamic torque on the particle orienta-
tion.! We have shown that hydrodynamic torque has a major effect
on the particle orientation and leads to a change of preferred particle
orientation from vertical to more horizontal. Here we extend the anal-
ysis to MP correlations and make a detailed comparison with experi-
mental results. In detail, we will compare the simulation results of

cases using the Sanjeevi et al.*®

MP correlations considering: 1. drag
force only (D), 2. drag force and shape induced lift force (D + L), 3. drag
force and hydrodynamic torque (D + T), and 4. drag force with lift
force and hydrodynamic torque (D + L + T), to the experimental MPT
results. Figure 6 shows the time-average fraction of particles with a
certain orientation to the z-axis.

It is clear that cases where hydrodynamic torque is not consid-
ered show a strong preference for particles to align with the fluid flow

and that they are not at all representing what is observed in
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(a) SP-correl.

(b) MP-correl.

(c) MPT-exp.
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FIGURE 4 Preferred orientation of particles in the grid cells of
the reactor for (a) single-particle, (b) multi-particle correlations, and

(c) experimental results at 2U ;. Here the color scheme is: blue
squares (m) are x-aligned, green squares (m) are y-aligned, red squares
(m) are z-aligned, and cyan squares (m) are randomly orientated. White
space represents empty cells [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 5 Average cell occupancy along the height in z-direction.
The dashed red lines indicate the positions along the z-axis used for
the sampling of v, profiles in Section 4.3 [Color figure can be viewed
at wileyonlinelibrary.com]

experimental results. Including hydrodynamic torque reduces the frac-
tion of particles oriented vertically and leads to randomization of par-
ticle orientations but also to a considerable increase of particles that

(a) 22 . : ' .
=D
2r == D+L 1
D+T
1.8} =—=D+L+T ]
= MPT-exp.
1.6
:'Q_ 14¢
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0 0.2 0.4 0.6 0.8 1
lu,| [-]
(b) s : : : :
-—D
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= MPT-exp.
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—_—
o
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FIGURE 6 Preferred particle orientation at (a) 1.6U, and

(b) 2Uys. Variation of f(Ju,|) for simulations with differing
hydrodynamic force conditions and from experimental results [Color
figure can be viewed at wileyonlinelibrary.com]

are oriented horizontally, perpendicular to the direction of the fluid
flow. The simulations in which hydrodynamic torque is considered are
almost perfectly matching the results obtained from the experiments.
Note that including lift in addition to torque increases the agreement
some more, but the effect is relatively small. Finally, as mentioned
before, an increase of gas velocity leads to an increase of the fraction
of particles oriented vertically while reducing the fraction of particle
oriented horizontally.

Figures 7 and 8 show the time averaged preferred particle ori-
entation in the z—x plane for a cross section in cutting through the
center of the bed (as explained in Section 4.1) for cases with differ-
ent MP hydrodynamic forces considered and the ones obtained
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experimentally. It can be seen that including hydrodynamic torque
leads to randomization of the particle orientation in the middle
section of the bed, but also to a considerable increase of horizon-
tally oriented particles in the free-board region. Even though hydro-
dynamic torque has the biggest effect on particle orientation,
Figures 3 and 4 show that actually cases where both lift force and
hydrodynamic torque are considered have the best agreement with
experimental results.

67.5
60 -
52.5
T 45
2
[
o
. . 375
FIGURE 7 Preferred orientation of §
particles in the grid cells of the reactor for N
case with multi-particle (a) drag force only, 30
(b) drag and lift force, (c) drag and
hydrodynamic torque, and (d) 2MPT 225
experiments, at 1.6U,,,s. Here the color
scheme is: blue squares (m) are x-aligned, 15
green squares (m) are y-aligned, red squares
(m) are z-aligned, and cyan squares (m) are 7.5
randomly orientated. White space
represents empty cells [Color figure can be 3 9 15

viewed at wileyonlinelibrary.com] x position [cm]

FIGURE 8 Preferred orientation of
particles in the grid cells of the reactor for
case with multi-particle (a) drag force
only, (b) drag and lift force, (c) drag and
hydrodynamic torque, and (d) MPT
experiments, at 2U,,,s. Here the color
scheme is: blue squares (m) are x-aligned,
green squares (m) are y-aligned, red
squares (m) are z-aligned, and cyan
squares (m) are randomly orientated.
White space represents empty cells
[Color figure can be viewed at
wileyonlinelibrary.com]
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4.3 | Particle velocity along z-axis

The particle velocity along the vertical direction (z-axis) is sam-
pled at two bed heights, as indicated in Figure 5. The lower posi-
tion in the bed (z = 18.75 cm) corresponds to dense fluidizing
conditions, while the higher position (z = 30.75 cm) corresponds
to the free-board region where the particle flow is getting more
diluted and the agreement between simulation and experimental

()
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FIGURE 9
(b) 2U ¢ [Color figure can be viewed at wileyonlinelibrary.com]

results in terms of average occupancy is still good. The time
averaged z-velocities are presented along x-axis in the plane cut-
ting through the center of the bed (6 cm y 7.5 cm). Particle
velocities are weighted by the number of particles in the cell at
each time step, that is, they are a measure for the average
solids flux.

Figure 9 shows the time averaged particle z-velocities at two
positions in the bed and at two inlet gas velocities. A considerable dif-
ference between SP and MP correlations can be seen in all cases. It is
clear that SP correlations over-predict the particle z-velocities and
that MP correlations show much better agreement with the experi-
mental results. At the higher position in the bed (z = 30.75 cm) and for
the lower gas velocity of 1.6U,,¢, over-prediction of the vertical solids
velocity can be seen for both SP and MP correlations. This can be cau-
sed by the more diluted particle flow at this position. As discussed in
Section 4.1, in the free-board region MP correlations can give less
accurate predictions. With an increase of gas velocity to 2U,,, the
particle flow gets denser at the higher position in the bed and again
MP correlations show much better agreement with experimental
results than SP correlations.

5 | CONCLUSION

In this work, we applied CFD-DEM simulations to look into the
effect and importance of MP correlations for hydrodynamic forces
and torque. Simulation results were compared to the results
obtained using MPT experiments. MP correlations considerably
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Comparison of the temporally-averaged vertical solids velocity v, along the x-axis at two bed heights and at (a) 1.6U,s and

improved prediction of average particle orientation and its distribu-
tion throughout the fluidized bed, in dense fluidizing conditions.
Usage of SP correlations leads to over-prediction of the number of
particles that align vertically in the lower part of the fludized bed. On
the other hand, MP correlations over-predict the number of particles
that orient horizontally in the free-board region. Comparing to
experimental results, this over-prediction in the free-board region is
encountered in simulations with SP correlations too, however to a
smaller extent. Simulations with MP correlations also show better
agreement with experimental results in dense fluidizing conditions
concerning the particle velocity in the vertical direction. Using SP
correlations leads to considerable over-prediction of the particle
velocities in all cases.

Even though SP correlations show better agreement with experi-
mental results in the free-board region, during the fluidization process
particles spend most of their time in dense fluidizing conditions and
only small number of individual particles gets lifted in to the free-
board region. This is why it is more important to get proper behavior
of particles in the dense fluidizing conditions. We therefore expect
that usage of MP correlations will lead to considerable improvement
in simulation of elongated particle fluidization.
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