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Hesaplamali Akigskanlar Dinamigi (HAD) araci olan pafiX (patlama
korumasinda parcacik akisi simiilasyonu), pargacik yiiklii akislarin elektrostatik
yiklenmesi olaymi1 modellemeye odaklanir. 1ki fazli akislarm  HAD
simiilasyonlarinda, parcacik dinamiklerini tahmin etmek i¢in dogru siiriikleme
kuvveti modellemesi esastir. Mevcut siiriikleme kuvveti korelasyonlar1 ancak
belirli akig durumlari i¢in mevcut oldugundan, genel olarak gecerli bir formiilasyon
eksikligi vardir. Ozellikle, bu korelasyonlar, daha 6nce elektrostatik kuvvetlere

maruz kalan pargacik yiiklii akislar i¢in degerlendirilmemistir.

Bu tez, siiriikleme kuvveti modellemesinin elektrik yiiklii pargaciklarin akist
iizerindeki etkisini bildirmektedir. Bu etkiyi inceleyebilmek amaciyla pafiX'e farkl
stiriikleme kuvveti korelasyonlar1 uygulandi. Ardindan, siirtiinme Reynolds sayis1
180 olan parcacik yiiklii kanal akisinin Eulerian-Lagrange yaklasimi kullanilarak

yiiksek ¢oziintirliiklii Dogrudan Sayisal Simiilasyonu (DNS) gerceklestirildi.

Simulasyon sonuglari genel olarak duvara yakin bdolgedeki parcaciklar
uzerinde strtlinme korelasyonunun guclu bir etkisi oldugunu, duvarlardan uzaktaki
parcaciklar tizerinde ise etkisinin kiguk oldugunu ortaya g¢ikardi. Turboforetik

striiklenme nedeniyle, parcaciklarin kanal duvarlarina yakin bir yerde biriktigi
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goruldu. Yiiksiz pargaciklar igin simulasyonlarda, surikleme kuvveti
korelasyonuna bagli olarak duvara yakin bolgedeki pargacik derisim profilinde
blylk sapmalar goruldi. Buradan, bir pargacigi ¢cevreleyen akisin yakiindaki bir
duvar veya diger pargaciklar tarafindan bozulmasinin, strukleme kuvveti igin

onemli bir etki oldugu sonucuna varilmstir.

Elektrostatik kuvvetler tarafindan yonlendirilen yiiklii par¢aciklarin, yukli
olmayan parcgaciklara gore, duvara daha da yakin bir yerde biriktigi goriildii.
Yiiksiiz durumlarin aksine, pargaciklar yiiksek bir yiik tasidiginda (bu incelemede
1 femto Coulomb), yakindaki bir duvarin ve pargacilarin surikleme kuvveti
uzerindeki etkilerinin oldukga diisiikk oldugu gorildu. Sonug olarak, yikli ya da
yiiksiiz tiim pargaciklarin siiriiklenmesi tizerinde hem yakinlarindaki pargaciklarin

ve hem de duvarlarin etkisinin goz oniine alinmasi gerektigi ortaya konulmustur.

Anahtar Kelimeler: Pargacik yiiklii akis, DNS, Siiriikleme Kuvveti,
Triboelektrik Sarj



ABSTRACT

DRAG FORCE CORRELATIONS AND EFFECT OF CHARGED
PARTICLES ON DRAG FORCE FOR PARTICLE-LADEN FLOWS

OZLER, Gizem

MSc. in Chemical Eng.

Supervisor: Prof. Dr. Mustafa DEMIRCIOGLU

Second Supervisor: PD Dr. habil Holger GROSSHANS

January 2022, 58 pages

The Computational Fluid Dynamics (CFD) tool pafiX (particle flow
simulation in explosion protection) focuses on modeling the electrostatic charging
of particle-laden flows. In CFD simulations of two-phase flows, accurate drag force
modeling is essential for predicting particle dynamics. However, since all existing
drag correlations were established for specific flow situations, a generally valid
formulation is lacking. In particular, these correlations have not been evaluated for

particle-laden flows subjected to electrostatic forces.

This thesis reports on the effect of drag force modeling on the flow of
electrically charged particles. To this end, we implemented different drag
correlations in pafiX. Then, we performed highly-resolved Direct Numerical
Simulations (DNS) using a Eulerian-Lagrangian approach of a particle-laden

channel flow of a friction Reynolds number of 180.

The simulations generally revealed a strong influence of the precise drag
correlation on particles in the near-wall region and a minor effect on the particles
far from the walls. Due to their turbophoretic drift, particles accumulate close to the
channel walls. For uncharged particles, the simulations show large deviations of the

particle concentration profile in the near-wall region depending on the drag force



correlation. Therefore, the disturbance of the flow surrounding a particle by a
nearby wall or other particles is important for its drag.

Driven by electrostatic forces, charged particles accumulate even closer to the
wall. Contrary to the uncharged cases, when the particles carry a high charge (in
our case one femto-coulomb), we found minor effects of a nearby wall and nearby
particles on the drag force. In conclusion, for the investigated conditions, we
propose to account for the effect of nearby particles and walls on the drag of charged

and uncharged particles.

Keywords: Particle-laden flow, DNS, Drag Force, Triboelectric Charging



Xi

PREFACE

With the project "Optimization of Wet Grinding Parameters™ that | carried
out to complete my undergraduate education under the supervision of Prof. Dr.
Mustafa Demircioglu, my interest in computational fluid dynamics started and with
the internship at Physikalisch-Technische Bundesanstalt where | had the
opportunity to work on the CFD tool, pafiX developed by PD Dr. habil Holger
Grosshans. The choice of the subject of the master thesis was in line with the
development of the CFD tool. At the same time, the effect of drag force modeling
for charged particles was investigated, which has not been studied before.

I hope you will enjoy reading the thesis.

Gizem OZLER

IZMIR

09/01/2022






Xiii

TABLE OF CONTENTS

PAGE
OZET .o Vil
ABSTRACT .. e IX
PREF A CE. .. Xl
TABLE OF CONTENTS . ..., X1
LIST OF FIGURES. ... e XV
LIST OF TABLES. ..., XVII
L INTRODUCTION. ...t 1
1.1 Significance of the Project. ... 1
1.2 AIMofthe Project... ... 2
2 LITERATURE SURVEY ... 3
2.1 Drag FOICE. ... 3
2.2 Drag Force Correlations. ... 4
2.2.1 Drag Force Correlations Considering the Effect of a Near-Wall.................. 7
2.2.2 Drag Force Correlations for Non-isolated Particles.................................... 9

3 CFD METHODOLOGY, MATHEMATICAL MODEL AND SIMULATION



Xiv

3.1 L Pre-ProCeSSING. .. ....ouuiiiiiie e 15
B L2 CFD SOIVEN ... 16
3.1.3 Post-Processing and Validation.....................cocoviiiiiiiieeeee 17
3.2 Mathematical Model..............ooooiiiiii 18
3.2.1 GASEOUS PRaSE. ......ooiiiiiiiiii e 18
3.2.2 Particulate PRaSE.............cooiiiiiiiie e 19
3.3 SIMUIALION SELUP.....ooiiiiii e, 20
4 RESULTS AND DISCUSSION. .....oouiiiiiiiieieiie i 23
4.1 Uncharged PartiCles. ... 23
4.1.1 Temporal Evolution of Particle Concentration of Uncharged Case............. 23
4.1.2 Results of Simulations for Uncharged Case..................ccccooviiien 24
4.2 Charged PartiCles..............oove e 35
4.2.1 Temporal Evolution of Particle Concentration of Charged Case............. 35

4.2.2 Results of Simulations for Charged Case..................c.ooiiiiiiiieeee, 36
S CONCLUSION. ... e 43
5.1 Common Properties of the Simulations................................ 43
5.2 Effect of Post-Processing Method on Simulation Results............................ 43

5.3 Drag Force Modelling............o.ooooiiiii e 43



XV

ACKNOWLEDGEMENT ..., 45
REFERENGCES ... e, 47
CURRICULUM VITAE.. ..o 52
APPEND DX A 54

58

APPENDIX B



XVi

LIST OF FIGURES

Figure 2.1. Standard Drag Curve for spherical particles...........c.ccccooviniiiiinnnnene. 6
Figure 3.1. Flow Chart for CFD SIMUIAtION. .........cocuviiiiiiiiiiieiieeneccesicei 16
Figure 3.2. Couplings between particles and carrier fluid (Bi, 2015).................. 19
Figure 3.3 Representation of local computational domain...............cccccverieennnnn 21

Figure 4.1. Temporal evolution of concentration profile in the 5% of the channel

nearest to the wall using different drag force correlations.............cccccceviiinnnn. 24

Figure 4.2. Particle Reynolds number with respect to normalized distance from the

Figure 4.4 Comparison of concentration profiles using different drag force

correlations and DNS data of Sardina et al. (2012) for uncharged case. .............. 27
Figure 4.5 Figure 4.4 in the ViSCOUS SUDIAYET. .........ccceeeviieeiiiee e 27

Figure 4.6. RMS of fluid and particle velocity fluctuations in stream-wise direction

using different Correlations. ...........coouveeiiieeiiie e 29
Figure 4.7. Figire 4.6 in the range of 10 < z4< 20, .ooovvvieiiiieiiieiie e 29

Figure 4.8. RMS of fluid and particle velocity fluctuations in wall-normal direction

using different Correlations.............ooovvieiiii i 30
Figure 4.9. Figure 4.8 in the range of 10 < z+< 50. .cooiiiiiiie i, 30

Figure 4.10. Influence of coupling approach and elasticity on the particle

concentration Profiles..........coouv i i 32

Figure 4.11. Influence of post-processing methods on particle concentration

PEOTIIES. o e 34



Xvii

Figure 4.12. Temporal evolution of particle concentration in the 5% of the channel

closest to the wall for charged cases using Putnam’s (1961) drag correlation. .... 36

Figure 4.13. Particle Reynolds number with respect to normalized difference from
the wall for charged and uncharged cases using drag force correlation of Putnam
(S 1 TSRS 37

Figure 4.14. Relative velocity of particles with respect to normalized difference
from the wall for charged and uncharged cases using drag force correlation of
PUINAM (L961). ...t 38

Figure 4.15. Concentration profiles using different drag force correlations for
charged and UNCNArged CASES .........c.ueiiiriiieiiie e 39

Figure 4.16. Acceleration due to electric field with respect to normalized distance

from the wall for the charge level gy ..o 40

Figure 4.17. Acceleration due to electric field with respect to normalized distance

from the wall for the charge 1evel g ......c.eeevvveeiiie e, 41
Figure 4.18. Particle concentration profiles for the charge level g .................... 42

Figure 4.19. Particle concentration profiles for the charge levelg,..................... 42



XViii

LIST OF TABLES

Table 2.1. Correlations offered to approximate SDC CUIVe ...........ccceovvvenveeiinennnn.



1 INTRODUCTION

1.1 Significance of the Project

Particle-laden flow is a class of two-phase flow that consists of a particulate
phase and a carrier fluid phase. They are encountered in various industrial processes
such as; pneumatic conveying of solids, energy conversion processes (Mallouppas
and van Wachem, 2013), fluidized bed reactors (Tabaeikazerooni, 2019). During
these processes, particle-particle and particle-wall collisions occur and particles
acquire electrostatic charges through contact and electrical charge exchange. The
electrification of the particles leads to the formation of deposits, dangerous sparks
and dust explosions that might cause serious loss of life and property damage. On
the other hand, it might be useful in some processes such as electrostatic
precipitators and powder coating (Bissinger and Grosshans, 2020). Therefore, it is
necessary to improve the understanding of this phenomenon in order to contribute
to the prevention of potential hazards and the development of processes using the
electrification of particles. For this purpose, many experimental studies have been
carried out, but it is not possible to obtain a definite conclusion as their results are
not compatible with each other. This inconsistency can be attributed to uncertainties
in the experimental conditions such as flow pattern, initial and boundary conditions,
and electrification mechanism (Grosshans and Papalexandris, 2017; Matsusaka et
al., 2010). In recent years, the focus has shifted to developing numerical tools that

can easily overcome these uncertainties.

In order to study the electrification of particles during pneumatic conveying,
(Grosshans and Papalexandris, 2017) developed a computational fluid dynamic tool
‘pafiX’ which is specialized in the highly accurate prediction of the electrostatic
charging of powder flows. The tool is based on the Eulerian-Lagrangian approach
in which the Eulerian framework is used to solve the Navier- Stokes equations for
the fluid phase and the Lagrangian framework is used for the computation of the
acceleration of every single particle. Also, particles are considered as a point mass,
which means that particles are smaller than the relevant length scale, and the flow
around particles is not resolved from the no-slip boundary condition on the particle.

Instead, fluid velocities are interpolated on the particle locations and the effect of
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particles on fluid flow is considered by using source terms. As a major interaction
force, drag is important for understanding the momentum exchange between phases
and to obtain particle trajectories. However, the tool is not able to compute the drag
force directly and particle-fluid interaction is only can be taken into account by
suitable closure models. As a result, appropriate drag force models should be

implemented to improve the accuracy of the simulation.

1.2 Aim of the Project

Currently, in the pafiX, the estimation of the drag force is based on the
classical drag force correlation by Putnam, 1961 which is strictly valid for
uniform flow. However, there are many effects (effect of other particles, the
effect of a near-wall) that can cause nonuniformity in the flow and they needed
to be considered to improve the drag force modeling and thus the simulation
results. One of our goals throughout this work is to apply an accurate drag force
correlation that can capture the mentioned physical effects to make simulations
more practical. Our second objective is to evaluate the importance of drag force

modeling on the flow of charged particles.

The thesis is structured as follows; in Section 2., a literature review of drag
force correlations is given. In Section 3, we explained the modeling of particle-
laden flow (modeling of fluid and particulate phase), numerical methods and the
simulation setup. Finally, in Section 4, simulation results are given and the results

are compared.



2 LITERATURE SURVEY

Interphase interactions take place in many chemical engineering processes
involving more than one phase, and a good understanding and modeling of these
interactions is essential in order to develop more practical simulation tools.
Depending on the properties of a system investigated, the drag force might
contribute greatly to the total force acting on a particle. Therefore, the precision of
the drag force models has a direct impact on the accuracy of simulations (Lapple
and Sepherd, 1940). In the following, the definition and direct computation of the
drag force with the proposed drag force models are examined.

2.1 Drag Force

Drag force occurs as a result of direct contact between a fluid and an
immersed body when the relative velocity between fluid and the object is not zero.
Drag force can be classified into two types; skin friction drag (also called viscous
drag), and pressure drag (also called form drag). Skin friction drag occurs as a result
of viscous stresses on a body that are tangential to the surface of the object, and
pressure drag occurs as a result of pressure gradient around the body and pressure
stresses are perpendicular to the surface of the body. Integrating the pressure and
viscous stresses over the surface of the body in the direction of flow gives the total

drag force on a particle given by following equations (Chorin et al., 1990);

dFp = —PdAcos(0) + t,,dAsin(0), (2.1)

Fp = f dFp =f(—PdAcos(9) + 1,,dA4sin(0)). (2.2)

Here, pressure and shear forces acting on a differential area ‘dA’ are ‘PdA’ and
‘T, dA’ respectively, and ‘0’ is the angle that the outer normal of ‘dA’ makes with
the positive flow direction. However, it is not feasible to compute drag force from
the pressure and viscous stress on an object experimentally. Instead, Particle-
Resolved Direct numerical simulations can be used to compute the forces exerted
by fluid directly from the boundary conditions on the particle. On the other hand,

experimental works are based calculation of overall forces on immersed bodies.



2.2 Drag Force Correlations

The drag force exerted on a body by surrounding fluid depends on the density
of fluid (p¢), the relative velocity between the particle and the fluid (u,¢;) and the
shape of the body. Accordingly, the drag force on an immersed body can be
expressed as

Pt

FD = CD?urele .

(2.3)

where, Cp is the drag force coefficient, and A (m?) is the projected area normal to
flow. The drag force coefficient is used to capture the effect of more complex
dependencies such as particle shape and flow conditions. For a spherical particle
the cross-sectional area normal to flow, A, can be calculated based on the particle

diameter (d,,) as

pf anpz

Fp = CDfurel 4 (2.4)

From eqgn. (2.4), it is clear that the drag coefficient is a function of the particle
Reynolds number (Re, = urevﬂ) where v (m?/s) is the kinematic viscosity. Also,

the acceleration due to drag force (fp) is given by

3p¢ (2.5)

fo = _mchurellurel-

The first analytical solution to the Navier-Stokes equation at very low
Reynolds numbers (Re, « 1) was given by Stokes (1851), which provides a
theoretical framework to the dynamic forces experienced by a particle moving
through an infinite fluid. When (Re, < 1), flow is considered as creeping flow
(also known as Stokes flow) and in this flow regime, inertial forces are so small
compared to viscous forces. Stokes obtained analytical solution to the

Navier-Stokes equations neglecting the non-linear inertia terms.
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Based on Stokes’ calculation, drag coefficient for a single spherical particle

the corresponding drag force closure can be given as

24

Cp = .
D Rep

(2.6)

When Reynolds number increases, inertial forces become more important and
Stokes’ drag correlation becomes invalid. Later, Oseen (1910), have found out that
inertial effect is not negligible away from sphere, and considering inertia terms, an
improved expression for drag force coefficient is provided which is given below:

3Rep
24 (1 +—16 ) 24

= = 45, 2.7
Cp Rep Rep+ > (2.7)

There are also other attempts to reach an extended analytical solution
(Goldstein, 1929; Proudman and Pearson, 1957; Liao, 2002). However, these works
are limited with low Reynold numbers due to complexity of flow pattern for higher

Reynolds numbers.

A great number of experimental works have been conducted in order to obtain
the relation between Reynolds number and drag coefficient. Collecting extensive
data from previous experimental works, Lapple and Sepherd (1940), developed
Standard Drag Curve (SDC) which is shown in Figure 2.1. Also, some of the
correlations have been offered to approximate the SDC curve are given in Table
2.1.
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Figure 2.1. Standard Drag Curve for spherical particles (Lapple and Sepherd, 1940).

Readers who are interested in a comprehensive overview of empirical drag
force correlations can visit Goossens’ (2019) review. In the following sections drag
force correlations for the non-isolated particles and in the presence of a nearby-wall
are investigated.

Table 2.1. Correlations offered to approximate SDC curve

Correlation Re, References
(Schiller and
24 0.687
Cp =2~ (1+ 0.15Re,*%") Re, <800 | Nauman,
p
1933)
0.2 <Re,< Gilbert et al.,
Cp = 0.48 + 28Re, "*55 P | ¢
2000 1955)
24
Cp = 7—(1+0.15Re,>*)
e . | (Cliftand
0.42 Re, <3.10

Gauvin, 1970)

" (14 4.25 x 10*Re,”"'°)

4 24 Brauer and
Cp =040 + T+ ﬁ Rep< 3.10° (
Re,2 p Mewes, 1972)
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Finally, the drag force correlation by Putnam (1961), which is the
correlation currently used in pafiX is given as,

4
— (6 + Re/®) Rey <1000 (2.8)

to =1 Rep Re, > 1000
0.424

2.2.1 Drag Force Correlations Considering the Effect of a Near-Wall

The drag force correlations shown so far are only a function of the Reynolds
number. However, flow pattern and wake structure for a particle close to a wall
differs significantly. The effect of a nearby-wall is often to slow the motion of the
particles and to change the transport properties of boundary layers (Zeng et al.,
2009). The first asymptotic solution for the total hydrodynamic force on a spherical
particle in rectilinear motion parallel to a wall was achieved by Faxén (1922).
However, that solution is valid only for Stoke’s flow regime and the distances
greater than the radius of the particle. In that work, a drag factor, Kwa, is used for
the effect of wall on drag force, which is defined as the ratio of drag in bounded

fluid to the drag in unbounded fluid.

Goldman et al. (1967a), Goldman et al. (1967b) provided an analytical
solution for the case in which the gap between the particle and the wall is so small
compared to the radius of particle for wall-bounded flows. In order to consider the
wall-slip and wall-shear interaction separately, two special cases are used,;
I) spherical particles moving parallel to a single plane wall in a quiescent fluid
I1) stationary particle in a shear flow and analytical solutions to these problems are
solved and wall-modified drag coefficients offered by. Goldman’s work showed
that the effect of the wall is important if the gap between the particle and the wall
is smaller than the particle diameter and can be neglected for distances of the order

of ten particle diameters.

In order to consider the effect of a nearby-wall, we implemented the drag

force correlation of Zeng et al. (2009) to pafiX.



- Zenget al. (2009)

Using results from a large number of numerical simulations, Zeng et al.
(2009), extended the particle Reynolds number range of Goldman’s drag force
correlations. They showed that the effect of the wall is still considerable for
moderate Reynolds numbers and offered drag force closures for a particle
translating parallel to the wall in a stagnant fluid and for a stationary particle in a
wall-bounded linear shear flow. The composite drag law for a stationary particle in

a wall-bounded linear shear flow is given by
Cps = Cpso(1 + asRe,Ps), (2.9)

where;

2.10
as = 0.15 — 0.046(1 — 0.1662)exp(—0.76), (2.10)
2.11
Bs = 0.687 + 0.066(1 — 0.7652)exp(—5°2), (211)
(2.12)

24
Cpso = Re- (1 + 0.138exp(—26) +

9
. 16(1 + 25))‘

and g, (6 = di — 0.5) is the normalized gap between the particle and wall.
p

The equation of the corresponding drag law for a particle moving parallel to

a wall in a quiescent ambient flow is given by
CDt = CDtO(l + atReth), (2.13)

where;
(2.14)
a; = 0.15[1 - exp(—\/g)],

2.15
B, = 0.687 + 0.313exp(—2v3), (2.15)



C _ 2 1.028 + 2.16
pro = po— |t (2.16)

0.07 8 ( 2708 )]
n )
p

14462 15 \135+ 2566

The correlations are valid in the case § — 0 and approach Schiller and Nauman’s

(1933) correlation in the limit § — oo.
2.2.2 Drag Force Correlations for Non-isolated Particles

By far we have given the drag force correlations which are only a function of
the Reynolds number. However, it has been known from the previous works that,
the presence of other particles alters the behavior of the fluid flow so the drag force
on particles also changes significantly (Ergun and Orning, 1949; Wen and Yu,
1966). In order to develop a better drag force estimation, the effects of surrounding
particles (crowding effect, swarming effect) are also needed to be taken into
account. Many experimental and simulation studies have been performed to offer
drag force correlations considering these effects. However, their definitions of
Reynolds number and drag force correlations differ. In order to avoid confusion,
both drag force and Reynolds number should be clearly defined before the

correlations are presented.

In a system consisting of a steady-state fluid flow and a particulate phase,
the fluid exerts two forces on the particle; drag force, Fp, (due to solid-fluid
friction) and buoyancy force, Fg, (due to static pressure gradient). The sum of these
two forces gives the total force on the particle, Fy_,. Pressure gradient, VP, can be

related with the drag and buoyancy forces as follows (Hoef et al., 2005),

N N N 2.17
—VP =—LF  =—L(Fp+Fp) == (Fp — V,VP), (17
Veys Vys Vsys
Fo.——2 (2.18)
f-s (1 _ @) D- .

Where, N, is the total number of particles in the system, V5, is the volume of the

system, Vp is the volume of a single particle and @, is the solid volume fraction (¢ =

A:/pi). In the literature, the total force (F¢_,) which is the sum of buoyant and drag

sys
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force is also sometimes referred to as drag force. In this, we defined ‘Fp’ as the
drag force. Also, the drag force correlations given in this section are normalized by
Stokes drag law;

Pl = =
bl = 3mud,U-

(2.19)
where, U is the superficial velocity between the particle and the fluid and is

defined as U = e|ug — ugl, € is the void fraction, ug is the velocity of the particle,
us is the velocity of the fluid, and Re,, is the Reynolds number defined as (Re, =

peUdp
u )

Drag force correlations for non-isolated case are mostly based on two
different equations. The first one is the combinations of correlations of Kozeny
(1927) and Carman (1956) given by

Fp(@,Re, ) = F5(0,0) + f(D)Re, . (2.20)

The first term in Kozeny and Carman’s equation, F (@, 0), represents drag force in
the limit of Stokes flow, and the second term accounts for the effects of inertia

forces on drag.

The second type of drag force correlation are based on the closure of
Dallavalle (1948), which is given in equation (2.21). In the equation, FD(O,Rep ) is
for isolated particles and accounts for particle Reynolds number, and the ‘g’

accounts for the crowding effect.
Fp(9,Re,) = Fp(0,Re,)(1— @)7F. (2.21)

There are also many experimental studies on the drag force correlations
considering effect of the other particles. One of the earliest semi-empirical
correlations is proposed by Ergun and Orning (1949), in which drag force is derived
from pressure drop experiments in fixed beds with zero particle velocity. Ergun

equation is based on Kozeny and Carman’s equation which is valid only for dense
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systems (@ > 0.20) and for low and intermediate Reynolds numbers. The

normalized form of Ergun’s drag force is given by

150(1 — Re
_ 1500 -e) s Re

N (2.22)
D™ 18¢2 Y 18g2”

According to Ergun and Orning (1949), energy loss (pressure drop) is the
sum of the kinetic energy loses due to inertial forces and viscous energy losses. The
first and the second terms in the equation represent the viscous and Reynolds

dependent inertial forces respectively.

Wen and Yu (1966), using settling experiments proposed a drag force
correlation based on closure of Dallavalle (1948). Their correlation is valid for
dilute systems and approaches Schiller and Nauman’s (1933) drag force relation in
the limit e — 1. Here, the drag coefficient, C4, depends only on Reynolds number.
Their correlation is applicable to high and low Reynolds number regimes:

Re (2.23)
— p —-3.65
Fp ==y e
2.24
24 Rep < 1000 ( )
— (1 4+ 0.15Re,, 2687
Cp = Rep( +0.15Re, °47)
0.44 Re, > 1000
(2.25)

A hybrid drag force correlation is proposed by Gidaspow (1994) to obtain a
correlation valid for both dilute and dense flow systems, combining the correlations
of Wen and Yu (1966) and Ergun and Orning (1949). Correlation of Gidaspow
(1994) is given as;

150(1-¢) , 1.75

( ) oz T 1ge2 Rep <08
Fple Rey) =< ¢ _a. . (2.26)
’ iRepe o €>08
22 (1+0.15Re%%7)  Re, < 1000
Cp = { Fev (2.27)

0.44 Re, > 1000
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Gidaspow’s (1994) correlation covers the entire range of void fraction.
However, there is a step change which causes a discontinuity on the curve and
makes it unpractical to apply within that range. In order to ensure continuity

between correlations, Gobin et al. (2003) proposed a new correlation given by

FD(Wen&Yu) $ <03

FD =] min (FD(Wen&Yu)' FD(Ergun&Orning)) otherwise

(2.28)

Di Felice (1994), examined how the drag force deviates from the drag force
in the presence of other particles by performing an experiment in which fluid flow
through a packed fluidized bed with homogenous particle distributions assumption.
The correlation is based on Dalavelle (1948)’s closure, in which £ is also based on

Reynolds number:

(2.29)
Re
_p -B
Fp 24 Cpe™"?,
2
1.5 — log( Re (2.30)
B = 3.7 — 0.65exp (—( Zg( ) )

Recently, with the increase in the computational power of the computers, it
became more common to use computational simulations such as Lattice Boltzmann
Simulation (LBM) and Immersed Boundary Method (IBM). These simulation
methods are directly able to solve fluid flow around an object and provide accurate
drag force closures. Lattice-Boltzmann simulations are first used by Hill et al.
(2001a) for monodisperse static particle packings of simple cubic, face-centered
cubic, and random arrays of spheres. Their correlation covers a solid volume
fraction range of 0.001 < @ < 0.6 for low Reynolds numbers. They later extended
their work to moderate Reynolds numbers, up to Re, < 100 (Hill et al., 2001b).
However, their functions are not continuous and their closure is valid for lower
Reynolds numbers. Benyahia et al. (2006) covering a full range of Reynolds
number and fluid volume fraction, modified the correlation of Hill et al. (2001) and
offered a continuous correlation. van der Hoef et al. (2005) offer a correlation using
LBM for both mono- and bi-disperse sphere packings and for low Reynolds

numbers (Re,<<1).
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Beetstra (2007), extended their work to higher Reynolds numbers

(Re,<<1000) for monodispersed particles and they offered the following closure:

10 1
FD(erep) = ﬁ +(1-— @)2 (1 + 1.5@5)

0.413Re, |(1— @)™ +30(1 — @) + 8.4Re, *** (2.31)

+
24(1 — 2 —(14+40)
-9 1+ 1030Re,” 2

In the following paragraphs, the correlations that we have applied to pafiX in
sub-sections are given. In the selection of correlations, their applicability to a very
dilute case and low Reynolds number range are considered.

- Tangetal. (2014):

Tang et al. (2014), using Immersed Boundary Method, performed simulations
for flow past fixed assemblies of monodisperse spheres in a face-centered-cubic
array and for random distributions. Their correlations based on the closures of
Kozeny (1927), Carman (1956) and covers a wide range of solids volume fractions
(0.0 <@=< 0.6) and particle Reynolds number (50 < Rej, < 1000). The correlation by
Tang et al. (2014) is given by

10 1
Fp(®,Rep) = a—op (;)2 +(1-0)? (1 + 1.5@5)
0.00456
4 [0.11(2)(1 +0) ~ =g (2.32)
0.0644
+ (0.169(1 -0+ m) Rep‘°-343] Re,,

- Kravets et al., (2019)

Kravets et al. (2019), using LBM simulations provided a drag force
correlation for static random sphere packings. The correlation is applicable to a
wide range of solid volume fraction (0.0 < @ < 0.4) and Reynolds numbers
(Rep, < 500):
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10 1
Fo(®, Re,) = 3)2 (1- 0 (1+1.1502)
0.004321 (2.33)
+ [0.1695@(1 + Q) — W
0.02169

+ (0.0719(1 ?) + )Re ‘0-2017] Re,

1-o)¢*

In order to consider the crowding effect, drag force correlation of Tang et al.
(2014) and Kravets et al. (2019) are applied to pafiX. However, these correlations
are known to be applicable only for stagnant particles. Therefore, we also applied
the correlation of Tang et al. (2016), which is based on moving particles, to

compare the effect of particle mobility on drag force.
- Tangetal. (2016)

Tang et al. (2016), extended their previous work Tang et al. (2014) for
dynamic suspensions of spherical particles. Drag force correlation they offered is

given by

Fp(®,Rep, Rer )
10
2 a-oy (1+1502)

“1-0
0.00456
+ [0.11®(1 +®)_W (2.34)

0.0644
)Re —0.343] Rep

+ (0.169(1 @) + a1—0y

100
+ 298Rer 75

Here, the last term considers the effect of particle mobility on drag force. Rey
is the particle Reynolds number based on particle velocity fluctuations and can be

related with the particle Reynolds number as

-0.5 (2.35)
Rer | Re PP) —2108Re 085 (P2)
p Pf P Pf
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3 CFD METHODOLOGY, MATHEMATICAL MODEL AND
SIMULATION SETUP

3.1 CFD Methodology

The CFD tool pafiX is developed to achieve high accuracy simulation of

electrically charged particle-laden turbulent flow. Overall methodology of CFD

simulation is explained briefly in Figure 3.1 and in the following subsections.

3.1.1 Pre-Processing

Pre-processing starts with describing the fluid and the particulate phase
with mathematical models given in Section 3.1. Geometry of the
computational domain and mesh structure then should be selected (for the
dimensions of the computational domain see Section 3.3). Defining the mesh
structure, accuracy and resolution of simulations depend on number and
arrangement of grids. Grid size should be small enough to minimize errors
but as the number of grids increases, computational time also increases.
Therefore, it is important to select an optimum grid size considering both the
computational time and accuracy. A grid resolution study has been performed
by Grosshans et al. (2021) and 256x144x144 number of grids are selected in
X-,y- and z- directions which are uniform in x- and y- directions and stretched
in z- direction. Grids are finer approaching the wall and coarser approaching
the center of the channel in z- direction as many physical phenomena occur

mostly in the near-wall region.
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Figure 3.1. Flow Chart for CFD simulation.

Physical constraints of a system are defined by boundary conditions and are
inputs to the simulation. Initial conditions are the specific type of boundary
conditions that are only valid at the beginning. Initial conditions are highly
important for stability and the rate of convergence of the simulations. For example,
to decrease computing time, it is important to assign an initial condition which is
very close to steady-state solution. Initial and boundary conditions of the simulation
are given in Section 3.3. After assigning the conditions, simulations are run with

the selected solver algorithm.

3.1.2 CFD Solver

The algorithm for the CFD solver is given in Appendix B. Numerical
methods for the solution of the equations are given in this section. Criteria for

convergence, stability are also discussed.
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- Numerical Solver

For the fluid phase, second-order central difference scheme is used to
compute convective, viscous, and pressure gradient terms. For the particulate phase
time, derivative equations of the velocity of particles are solved using explicit first-
order Euler forward integration, and particle positions are solved using second-
order Crank-Nicolson integration. For the pressure-velocity correction, a modified

version of the transient SIMPLE algorithm is used.
- CFL number, relative tolerance

In order to prevent instabilities on the computational domain, it is necessary

to use Courant—Friedrichs—Lewy (CFL) number which is calculated as given below;

ult (3.1)
CFL =——,
Ax
where, u is the velocity, At is time step size and Ax is the length interval. CFL
number should be less than 1 in order to prevent a fluid parcel to go beyond one

computational grid cell in one-time step. In our simulation, we adjusted a CFL

number of 0.4 which is below 1.

Relative tolerance is the difference between current and previous solution
divided by the current solution and it is used as convergence criteria. By reducing
the relative tolerance, more accurate simulation results can be achieved, but this
increases the computation time. In our simulation, relative tolerance is adjusted to

5.E-3.

3.1.3 Post-Processing and Validation

After the simulation is converged, the results can be analyzed. In this step,
results for a property are averaged in time and space to eliminate fluctuations. Post-
processing is a very important step to derive necessary conclusions, and depending
on the presentation of data, simulation results might seem different. In our work,
we used 140 number of bins in the wall-normal direction and bin size is getting

smaller approaching the wall.
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Finally, validation of the CFD solver can be achieved by comparing the data

with previous DNS data in the literature.

3.2 Mathematical Model

In this section mathematical model that is employed in the simulation for
gaseous and particulate phases are given. Mathematical model is based on
conservation laws and represents the behavior of gaseous and the particulate phases.

3.2.1 Gaseous Phase

We simulated a turbulent particle-laden flow consists of a Newtonian carrier
fluid with N particles using four-way coupled Eulerian-Lagrangian approach. The
fluid phase is governed by Navier-Stokes equations and are solved in Eulerian
framework in which the fluid flow properties are defined at a specific point in space-
time. Fluid flow is assumed to be incompressible so that the equation for the fluid

phase is given by the incompressible Navier-Stokes equation;

V-u=0, (3.2)

ou 1
—+ - -V)u=——VP +vV?u+F;,. (3.3)
ot Ps

Here, u is the fluid velocity vector, p; is the density of the fluid, P is the fluid

pressure and v is the kinematic viscosity of the fluid.

For the purpose of achieving more realistic simulation results, four-way
coupling approach (see Figure 3.2) is applied. Contrary to one way coupling, in
four-way coupling, both the effect of the particle on the fluid and the interaction
between the particles are taken into account. In this approach, these interactions are
considered by implementing the source term, Fs, which accounts for the momentum

transfer between the particle and the fluid.



19

One-way Couplin .
- Two-way Coupling

Four-way
\ Coupling

Figure 3.2. Couplings between particles and carrier fluid (Bi, 2015).

3.2.2 Particulate Phase

In our simulation, particles are rigid, perfectly spherical and their material
density is the same. Point mass approach is employed so that particles are smaller
than the grid cells and the effect of particles on fluid flow is taken into account by
source term. Each particle is tracked individually in the Lagrangian framework and
the acceleration of a single particle can be calculated based on the forces acting on
them as follows;

du

d—tp:fad-l'fel-l'fcoll-l'fgr (3.4)

where, up is the velocity of the particle, faq is the aerodynamic drag acting on the
particle, fe is the acceleration of the particle due to the electric field, fcon is the
collisional acceleration, fg is the acceleration due to the net effect of gravity.

Aerodynamic drag acceleration, faq is given as (Crowe et al., 2012)

3pf

CD |urel |urel ’ (3-5)

where, Cp is the Putnam (1961)’s drag force correlation given by
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%6+ Re?*) Re, < 1000

Cp =) Rey Re, > 1000 (3.6)
0.424
The acceleration due to electric field fe, can be calculated as
QE (3.7)
f 1= >
e mp
E=-Vop, (3.8)

where, Q is the charge of the particle, E is the electrical field strength, ¢ is the
electrical potential, pe is the electrical charge density and ¢ is the permittivity of
fluid phase. It is assumed that electrical potential satisfies Poisson equation,
(V2@ = pg /), and so the permittivity of fluid is assumed to be the same as
permittivity of vacuum. For a system with control volume of V, the sum of the

charges of N number of particles is given as
N
[patr="a:. (39)
i=1

3.3 Simulation Setup

A turbulent particle-laden flow in a channel between two parallel planar walls
is simulated for electrically charged and uncharged particles. Our simulations are
started without any particles for the fluid phase until we obtain a fully developed
turbulent flow. After that, uniformly distributed particles are seeded inside the
computational domain, as it is known that initial position of particles has not any
effect on steady-state distribution of particles. Simulations have been run until the

particles reach steady-state.
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Figure 3.3 Representation of local computational domain.

In order to compare our simulation results with the work of Sardina et al.,
(2012), we adjusted initial conditions and dimensions according to the mentioned
paper. In our computational domain, the x-, y- and z- axes points to the streamwise,
spanwise and wall-normal directions, respectively (see Figure 3.3). Dimensions of
the computational domain are (4né, 4/3n8, 26) where § is the channel half-width.
Periodic boundary conditions are applied on streamwise and spanwise directions
means that when a property reaches the boundary of the computational domain, it

is introduced from the opposite side again.

The fluid flow is driven by a constant pressure gradient. In order to compute
the pressure gradient, friction Reynolds number (Re, = u.8/v) is used. Here, u,,
(u, = M) is the friction velocity and tw is the shear stress at the wall. Based
on friction Reynolds number (Re. = 180), constant external pressure gradient to

impose the fluid flow is computed as -1.065 N/m? (see Appendix A).

By using the fixed density ratio in the reference paper, the material density of
particles is calculated as 924 kg/m3. For the wall-bounded turbulent flows Stokes

number is given by
Stt = tyu’/v. (3.10)
where, 7, is the particle response time and calculated as

_ Ppdp
18psv

7 (3.11)
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In our simulation, all particles have the same size and based on the Stokes
number in the reference paper (St* = 1), the diameter of particle is selected as
1.69x107°m. Inelastic collisions with the restitution coefficient of 0.9 is
considered. Despite the collisions being considered as elastic collisions in the
reference paper Sardina et al. (2012), it has been reported that it makes negligible
differences in simulation results (Li et al., 2001).

Considering the electrical charges, we assumed that particles do not exchange
charges through particle-particle and particle-wall collisions and so the particle
charges are kept constant. Also, we assumed that there is no gravitational and lift
force acting on the particle.

In order to reduce the computation time, simulations are performed in a
parallel cluster, means that the computational domain has divided into smaller
subdomains and are solved using set of computers simultaneously. For
parallelization purposes, message passing interface (MPI) is used to exchange the

data across boundaries of subdomains.
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4 RESULTS AND DISCUSSION

In this section, results of the simulations for charged and uncharged cases are
presented. Simulation results for different drag force correlations and for charged
and uncharged cases have been discussed.

4.1 Uncharged Particles

In our work, evaluation of the simulations results is started from the
uncharged case. In the following, we are going to investigate; how the concentration
profile develops as time pass, what is the general pattern after particles reached the
steady-state, what is the effect of post-processing methods on the results of
simulations, and how does the drag force correlations affect the concentration
profile for the uncharged case. Also, we compared our simulation results with the
DNS study of Sardina et al. (2012) in order to validate our solver for the particulate
phase. The solver for the gaseous phase has already been validated by Grosshans et
al. (2021).

4.1.1 Temporal Evolution of Particle Concentration of Uncharged

Case

As previously mentioned, we started the simulations from the fully developed
turbulent flow and seeded uniformly distributed particles which have the same
velocity as the fluid in that position. Uniform distribution of particles means that,
at the beginning of the simulations, normalized particle concentration (particle
concentration in a specific region divided by overall particle concentration) is equal

to 1, every point in the computation domain.

Figure 4.1 shows normalized concentration profiles of the particles at the first
5% of the computational domain from the wall with respect to time using different
drag force correlations. Particle concentration in the 5% of the channel is
normalized by the overall particle concentration. It is a good property to check the
convergence as many physical phenomena occur in the near-wall region. After
particles have reached steady-state, the results of our simulations are sampled. By

looking at the Figure 4.1, it is seen that our particles reached the steady-state and
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any variable (velocity of fluid and particles, drag force, Reynolds number, etc.) can

be averaged in space and time to eliminate fluctuations.

For all simulation cases, it is obvious that particles tend to accumulate in the
near-wall region. At the beginning of the simulations, particle concentration in the
near-wall region increases very fast due to the effect turbophoresis (will be
discussed in the next section), however, accumulation rate decreases as the time
past. The reason for this might be that the particle concentration decreases in the
regions where the particles migrate, as the particles pass through the near wall
region under the effect of turbophoresis. As the particle concentration decreases,

accumulation rate of particles might also decrease.
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Figure 4.1. Temporal evolution of concentration profile in the 5% of the channel nearest to the wall
using different drag force correlations. a) Putnam (1961) stat. part., b) Zeng et al. (2009) stat. part.,
c) Tang et al. (2014) stat. part d) Kravets et al. (2019) stat. part.

4.1.2 Results of Simulations for Uncharged Case

The particle Reynolds number with normalized distance from the wall is
given in Figure 4.2. It should be mentioned that, for the cases in which drag force
correlations for non-isolated particles are implemented, we used Particle Reynolds
numbers based on superficial velocity, Re, = pu,¢ (1 — @)/u. However, on the
plot, we showed the Particle Reynolds number based on the relative velocity which
does not depend on the fluid volume fraction, Re, = pu,¢/p. Also, normalized

distance, z™, is the distance from the wall, normalized by viscous length, (6, =
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0.0001 m). Overall, it is seen that, for all simulation cases Re,, is lower than 0.1

means that we have Stoke’s flow regime.

By looking at the Figure 4.2, we can see that different drag force correlations
are giving slightly different particle Reynolds numbers. However, we have obtained
the same trend in the particle Reynolds number profile for different cases. Firstly,
particle Reynolds numbers very low in the near-wall region and it increases up to
z* = 7. It continues to increase with fluctuations until z* = 13 and decrease
through the center of the channel. As particle Reynolds number depends on absolute
value of the relative velocity between fluid and particle u,.;, we also looked at the
relative velocity profile given in Figure 4.3.

0.03

z" =0 at the surface of the wall 4
z" <5 :viscous sublayer \

0.025} 5<z"<30: buffer layer \ 1
z" = 180 : center of the channel

002 . -
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0.005 - F Kravets (2019) stat. part. y
Tang (2014) stat. part.

Tang (2016) mov. part.
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Figure 4.2. Particle Reynolds number with respect to normalized distance from the wall.

In Figure 4.3 relative velocity between the particle and the fluid in stream-
wise direction with respect to normalized distance from the wall is given. It is seen
that, due to lower fluid and particle velocities in the near-wall region, relative
velocities are very small, it starts to increase moving away from the wall, and in the
range of 1 « z* « 7, the increase becomes greater. Through the center, relative
velocity starts to decrease and particles lag behind the fluid for z* > 20. In the

center, z* = 180, relative velocities are very small compared to viscous sublayer,
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3 < z* < 5. Therefore, decrease in the particle Reynolds number z* > 40 is

because of the decrease in relative velocity in that region.
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Figure 4.3. Normalized relative velocity with respect to normalized distance from the wall. (Here,

relative velocity is normalized by the wall-friction velocity.)

In Figure 4.4 (for visualization purposes, Figure 4.5 shows the concentration
profile only in the viscous sublayer), we compared concentration profiles using
different drag force correlations and DNS data of Sardina et al. (2012). Before
discussing the differences in results among different drag force correlations, we will
look at the general pattern which is, the concentration of particles is higher in near-
wall region. It has known that particles tend to accumulate in the near-wall region
as a result of a phenomena called as ‘turbophoresis’, which is the tendency of
particles to travel through lower turbulence energy levels. Therefore, as a result of
difference in energy levels between local turbulence flow fields, preferential
particle migration occurs, which leads in long-term accumulation in specific
regions, mostly in viscous sublayer. On the other hand, a fraction of particles
directly deposits in the near-wall region coming from higher turbulence levels and
some of them moves to the wall by diffusion from the accumulation region
(Marchioli and Soldati, 2002; Picciotto et al., 2005).
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Figure 4.4 Comparison of concentration profiles using different drag force correlations and DNS

data of Sardina et al. (2012) for uncharged case.

10,

e
+\

=
-

Putnam (1961) stat. part. —— |
Zeng (2009) stat. part. 1
Zeng (2009) mov. part.

Kravets (2019) stat. part.
Tang (2014) stat. part.
Tang (2016) mov. part.

DNS data of Sardina (2012) +
i i i i 1 i i

1 s

z+

Figure 4.5 Figure 4.4 in the viscous sublayer.

This phenomenon also can be observed by looking at root mean square (rms)

of fluid and particle velocity fluctuations in stream-wise and wall-normal direction

given in Figure 4.6 and Figure 4.8 (for visualization purposes we focused on

specific ranges which are given in Figure 4.7 and Figure 4.9). Rms of velocity

fluctuation is the deviation from the average velocity (in time and space) and it is a
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measure of intensity of the turbulence. The definition of rms velocity fluctuation is

given below;

tend

1/2
1
_ E (F) — .12 4.1
urms ( d |ul(t) ull ) ) ( )

t=tinitial

where, u; is the velocity averaged in time.

In channel flow there is a mean gradient of fluid and particle stream-wise
velocity in the wall-normal direction. Due to the tendency of particles to be in lower
energy turbulence regions, particles migrate through the near-wall regions, so that
particle velocity fluctuations are higher than the fluid velocity fluctuations in the
stream-wise direction. On the other hand, particles tendency to be in lower energy
turbulence levels results with lower particle velocity fluctuations in the wall-normal

direction.

It is also seen that the particle and fluid velocity fluctuations are different
using different drag force correlations both in the stream-wise and wall-normal
directions. Therefore, it is clear that, drag force modelling has a huge impact on

particle dynamics as well as fluid dynamics.
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Figure 4.6. RMS of fluid and particle velocity fluctuations in stream-wise direction using different

correlations.

Putnam (1961) is shown by (-, x); Zeng et al. (2009) for stationary particles is shown by (-, 0);
Zeng et al. (2009) for moving particles is shown by (-, O); Tang et al. (2014) is shown by ( );
Tang et al. (2016) is shown by (- . 0); Kravets et al. (2019) is shown by (-, A). In the figure, lines
represent the fluid phase and markers represent the particle phase.
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Figure 4.7. Figire 4.6 in the range of 10 < z* < 20.
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Figure 4.8. RMS of fluid and particle velocity fluctuations in wall-normal direction using different

correlations.

Putnam (1961) is shown by (-, x); Zeng et al. (2009) for stationary particles is shown by (-, 0);
Zeng et al. (2009) for moving particles is shown by (- . O); Tang et al. (2014) is shown by ( );
Tang et al. (2016) is shown by (- . ©); Kravets et al. (2019) is shown by (-, A). In the figure, lines

represent the fluid phase and markers represent the particle phase.
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Figure 4.9. Figure 4.8 in the range of 10 < z* < 50.
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Comparing different correlations, deviations on the concentration profile are
observed in the near-wall region (Figure 4.4 and Figure 4.5). Differences in the
near-wall region using Putnam’s correlation and using drag force correlations
considering the effect of a nearby wall were expected, as they offered to be better
able to predict physical phenomena in the near-wall region. Also, the effect of a
nearby-wall has a clear trend which is to decrease the particle concentration in the
near-wall region. Deviations using correlations for surrounding particles
(deviations from the Putnam’s (1961) case in the near-wall region using correlation
of Tang et al. (2014), Tang et al. (2016) and Kravets et al. (2019) can be seen in
Figure 4.4 and Figure 4.5) might be attributed to the higher particle concentration
and non-uniformity of particle distribution in the near-wall region. However, we
did not observe a clear trend for the effect of surrounding particles. We saw that, at
moderate distances from the wall, the results obtained using different correlations
are becoming the same. Therefore, we can conclude that, drag force modelling is
important in the near-wall region, especially in the viscous sublayer and above

zt = 5 might be insignificant.

Also, concentration profiles we obtained using Zeng et al.’s (2009) drag force
correlations for two different cases (i. stationary particle in shear flow, ii. Moving
particle in a quiescent flow) are different from each other. According to Zeng et al.
(2009), the wall affects drag force on particles in two different ways. The first one
is that, due to the additional shear that the wall creates, the total force acts on the
particle is altered. The second one is, the presence of the wall breaks the symmetry
around the particle due to local acceleration of fluid flow. Asymmetry around
particle alters the pressure gradient around particle, which eventually affects the
drag force. However, each case is known as they increase the drag force on the
particle. Comparing Putnam’s correlations results with the result using Zeng et al.’s
(2009) correlation for a stationary particle in a linear shear flow, besides drag force
modelling, this inconsistency can also be attributed to the fluid velocity profile,
which is in our case a fully developed turbulent flow, and in Zeng et al. (2009)’s

paper, a linear shear flow.

By looking at the results of correlations for non-isolated particles (Figure 4.4

and Figure 4.5) we have seen that, even we have a very dilute flow, there is still a
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difference in concentration profiles using difference drag force correlations.
Therefore, it might be necessary to implement a drag force correlation that consider
the effects of other particles even at the dilute case. It should also be mentioned
that, correlations that are considering non-isolated particles (Tang et al., 2014;
Kravets et al., 2019) are based on static particle arrangements, means that particle
mobility is not taken into account. However, it is known that particle mobility has
important effects on drag force, and this effect is even more important in low
Reynolds numbers regime as particles are better able to alter the fluid flow around
particles (Rosemann et al., 2021). Therefore, we also implemented a correlation
that considers the effect of particle mobility (Tang et al., 2016). Comparing the
correlation results for mobile and immobile particles, we have seen a significant
deviation in the results which are becoming more obvious as closer to the wall and
it shows the importance of particle mobility effect on both drag force and particle

concentration profile near-wall.
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Figure 4.10. Influence of coupling approach and elasticity on the particle concentration profiles.

In Figure 4.10, we compared the simulation results of Sardina et al. (2012)
with the results of our simulation for the case which we implemented Putnam’s
(1961) drag force correlation. We have observed very small differences in the

concentration profile which occur in near-wall region and might be attributed to the
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following reasons. Firstly, the drag force correlation used in the reference work is
the Stokes drag correlation which is derived from the analytical solution to the
Navier-Stokes equation and is strictly valid only for Re, < 1. However, we
employed Putnam’s (1961) experimental correlation which is based on a fluid
flowing around a static particle.

Secondly, in our simulation, four-way coupling approach is used means that
the effect of particles on fluid, particle-particle and particle wall interactions are
also taken into account. However, in the reference work, one-way coupling is
implemented. In order to understand if the differences in the near-wall region is
because of the coupling approach, we adjusted one-way coupling and ran the
simulation again. However, we observed substantial differences in the near-wall
region comparing the results with the Sardina et al.’s (2012) simulation results.
Interestingly, our simulations with the one-way coupling approach deviates more
from the Sardina et al.’s (2012) simulation results than our simulation results which

four-way coupling is applied.

Thirdly, in our simulation collision of particles with the wall is inelastic (with
the restitution coefficient of ¢ = 0.9), means that the kinetic energy on the particle
is not conserved and is lost by internal frictions during collision with the wall. On
the other hand, in the reference paper, purely elastic collisions are simulated. In
elastic collisions, it is assumed that all kinetic energy is conserved and no energy is
lost due to friction. From a previous DNS work, it has been reported that the
difference between restitution coefficient of ¢ = 0.9 and € = 1 does not change
the simulation results (Li et al., 2001). However, in the simulation work mentioned,
unlike our simulation setup, both the lift and gravity forces are taken into account.
Therefore, in their simulation, the effect of restitution coefficient compared to lift
and gravity forces might be negligible but it might be important in our simulations.
In order to understand the effect of restitution coefficient in our simulations, we
have performed a simulation case with purely elastic collisions. Differences
between these two cases are found to be insignificant as it is reported in the paper

mentioned, even in the absence of lift and gravity forces (Figure 4.10).
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Finally, as well as differences in the modelling of simulations, inconsistency
in the results can also be attributed to how the results are presented. In order to show
the importance of post-processing, we used different arrangement and size of bins
to present the simulation results (Figure 4.11). According to our simulation results,
it is clear that the starting point and the number of the bins make significant
differences in the concentration profile in the near-wall region. For example, at z =
0.15, when the first bin is at z* = r, our data point is very near to that of Sardina
et al. (2012) and around C* = 4.3. However, for the other case (first bin z* = 0),
there is a significant deviation with C* = 5.9 and C* = 6.5 for 140 and 130 number
of bins respectively. Therefore, it is also clear that number of bins make significant

deviations in the concentration profile.
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Figure 4.11. Influence of post-processing methods on particle concentration profiles.

In Figure 4.12, we showed the acceleration due to drag force with respect to
normalized distance from the wall. Acceleration due to drag is normalized by the
gravity (g = 9.81 m/s?). It is seen that, the acceleration due to drag force is very low
in the near-wall region compared to moderate distances from the wall. However,
the implemented drag force correlations alter the particle concentration profile in
the near-wall region. This situation can be explained as particle’s backward,

forward motions in the wall-normal direction. As a result of these motions, the
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acceleration due to drag that a particle have at the moderate distances from the wall
might affect the particle concentration in the near-wall region.
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Figure 4.12. Acceleration due to drag force with respect to normalized distance from the wall
using different drag force correlations for the uncharged particles. (Acceleration due to drag is

normalized by the gravity force.)

4.2 Charged Particles

By far we investigated the simulation results for the uncharged particles. In
the following we are going to look at; what is the general pattern of flow and what
is the effect of drag force modelling on the particle and fluid dynamics for the

charged particles.

4.2.1 Temporal Evolution of Particle Concentration of Charged Case

In Figure 4.12 a couple of temporal evolution (history) of concentration
profile in the region nearest to the wall for charged particles (q; = 1 x 1071¢ C and
g, = 1 X 107> C) using Putnam (1961)’s correlation is given. In our simulations,
all particles have the same charge, and the charge of the particles does not change
with time. In physical terms, it means that we neglected the charge exchange as a

result of particle-particle, particle-wall collisions. For the charged case we started
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the simulations where uncharged case has reached steady-state which is about 38

seconds.

It is seen that, when particles have the electric charge of g,, particle
concentration in the near-wall region even more increases. On the other hand, for
the case which particles have the charge of g, there is still small increase in the
concentration in the near-wall region. However, this increase is not as obvious as

in the case which particles have higher charges.
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Figure 4.12. Temporal evolution of particle concentration in the 5% of the channel closest to the

wall for charged cases using Putnam’s (1961) drag correlation.
4.2.2 Results of Simulations for Charged Case

In Figure 4.13 we showed particle Reynolds number with respect to
normalized distance from the wall using Putnam’s (1961) drag force correlation.
Results of the other simulations have small deviations, but also have the same
pattern, so that we only showed the results of one correlation to examine the general
pattern. As it is for the uncharged case, particle Reynolds number is in the range of

Re, < 0.1. Also, particle Reynolds number is low in the near wall region and

increases moving away from the wall.

Comparing the results of different charge levels, it is seen that there is a
decrease in the particle Reynolds number with the increase in the electrostatic
charge of particles. However, this effect is only seen in the region of (z* « 0.2).
For the charged cases, similar to uncharged case, increase in the particle Reynolds

number up to (z* = 13) is seen. Also, approaching the center particle Reynolds
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number decrease dramatically for both charged and uncharged cases as a result of

decrease in relative velocity (Figure 4.14)

In Figure 4.14, relative velocity of particles with respect to normalized
distance from the wall is given. Here, we normalized relative velocity with the wall
friction velocity (u, = 0.1314). We have seen that, relative velocitiy profiles have
the same pattern for the uncharged and charged case, however, deviations using

different correlations observed mostly in the region 3 < z* < 20.

004 T T T T T TTTT T T T T T TTTT T T I il R B E
0.01F
Q.
)
o
0.001F 1
Putnam (1961)q =0
Putnam (1961) q; = 0.1 fC —=
Putnam (1961) q; = 1 fC —=
0.0004 e = _
0.1 3 10 100 180

zt

Figure 4.13. Particle Reynolds number with respect to normalized difference from the wall for

charged and uncharged cases using drag force correlation of Putnam (1961).
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Figure 4.14. Relative velocity of particles with respect to normalized difference from the wall for

charged and uncharged cases using drag force correlation of Putnam (1961).

In the previous section, we discussed the tendency of uncharged particles to
be at lower turbulence energy levels due to the effect of turbophoresis, resulting in
their deposition near the wall. In order to check the preferential accumulation region
of the charged particles, we looked at particle concentration profiles using different

drag force correlations and for different charge levels in Figure 4.16.

Comparing the concentration profiles for the uncharged and charged particles,
it is observed that the particle concentration is higher for the charged case in the
near-wall region compared to uncharged case. Also, particles’ tendency to
accumulate on the wall increase with the increasing the charge of the particles. On
the other hand, the electric field that the particles create is proportional to number
of particles in that region. As a result of higher particle concentrations, the effect of

charge of particles on concentration profile only exist in the near-wall region.
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Figure 4.15. Concentration profiles using different drag force correlations for charged and
uncharged cases ( b) is the concentration profile using Zeng et al.’s (2009) correlation for stationary

particles and c) for moving particles.

Looking at the general pattern for the charged particles with the charge of g,
it is seen that the accumulation region of the particles shifts directly to the wall. The
reason of this phenomena is that, instead of accumulating in the near-wall region
due to the effect of turbophoresis, for sufficienlty charged particles, electric forces
dominate the effect of turbophoresis, and push the particles directly to the wall. On
the other hand, particles which are going back to the bulk flow with the effect of
turbulence diffusion are prevented by the electric forces in the opposite direction.

Acceleration due to electric field with respect to normalized distance from the wall
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IS given in Figure 4.16 and Figure 4.17 It is seen that acceleration due to electric
field increases approaching the wall. This increase is related to increase in particle
concentration approaching the wall. On the other hand, a small decrease in the

particle concentration at the wall is seen for the charge level g2.
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Figure 4.16. Acceleration due to electric field with respect to normalized distance from the wall for

the charge level ¢,
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Figure 4.17. Acceleration due to electric field with respect to normalized distance from the wall for

the charge level q»

Grosshans et al. (2018) reported that, as a result of deposition of particles at
the wall, charged particles pushed the other particles out of the deposition region at
the wall, and tend to smoothen the particle concentration curve. However, we did
not observe the smoothening effect of the repelling forces in our simulations. As it
is already discussed in the paper mentioned, the reason of not seeing the smoothing
effect of repelling forces can be attributed to the level of electric field. Electric field
is created by the electrically charged particles. Therefore, in our simulation,
particles might not have enough charge or particle concentration might not be high

enough to create an electric field that is able to push out the particles from the wall.

Comparing the results of different drag force correlations for different charge
levels, we saw that the closures that consider the effect of a near-wall (Zeng et al.,
2009) have very similar results with each other and also with the correlation of
(Putnam, 1961) for the particles with the charge of g,. Also, deviations for the
correlations considering the surrounding particles (Tang et al., 2014; Tang et al.,
2016; Kravets et al., 2019) reduced as the charge increased but still, more than the
closures for the wall-effect. However, this situation is only valid for particle charge
of g,, as the results using different drag force correlations for the particles with

charge g, are different in the near-wall region. Therefore, when the particles
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charged enough, (in our case it is g, = 1 x 10715

C), due to the dominance of

electric forces, drag force modelling becomes less significant.
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Figure 4.18. Particle concentration profiles for the charge level g,
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5 CONCLUSION

Our study is concluded in three main parts which we investigate the general
properties of simulations, the effect of post-processing on the simulation results,

and drag force modeling for charged and uncharged cases separately.
5.1 Common Properties of the Simulations

It is seen in our simulations that, for all simulation cases (charged and
uncharged) Rey, is lower than 0.1 means that we have Stoke’s flow regime. We have
seen the effect of turbophoresis in our simulations, which results in the
accumulation of particles in the near wall region 0.1 < z* < 0.5. On the other
hand, for sufficiently charged particles (g, = 1 x 107> C) accumulation region
shifted directly to the wall. Therefore, for the charged case, long-term accumulation
of particles in that specific region due to effect of turbophoresis is dominated by the
electric field that is created by the charged particles. We have also seen that; the

effect of electric field is to increase the particle concentration at the wall.
5.2 Effect of Post-Processing Method on Simulation Results

Different arrangement and size of bins are used to investigate the importance
of post-processing method. We obtained deviations in the concentration profile
(only in the near-wall region) using different number, and starting point of bins.
Therefore, it is clear that post-processing method makes significant differences in
the concentration profile in the near-wall region and in order to quantitatively

compare simulation results, they should be clearly defined.
5.3 Drag Force Modelling
Comparing the results of different simulation cases, it is seen that;

- particle concentration profiles we obtained using different drag force
models are different for the uncharged case in the near wall region (z =
5%),
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however, at moderate distances from the wall, the results obtained using

different correlations are becoming the same z* > 5,

due to higher particle concentration and non-uniformity in the near-wall

region, consideration of other particles on drag force is important,

due to non-uniformity that the wall creates, consideration of presence of a

nearby-wall on drag force is important,

correlations for the presence of a nearby-wall, have the same pattern, which

is to reduce the particle concentration in the near-wall region,

a general trend for the correlations that considers the effect of other particles
has not been observed,

consideration of particle mobility on drag force is found to be important, for
example; concentration profile we obtained using Tang et al.’s (2014) study
which is obtained based on static particle arrangements, is different from

Tang et al.’s (2016) study based on mobile particles,

when the particles sufficiently charged (in our case itis g, = 1 x 107> C),
due to dominance of electric field, effect of drag force modelling on the

particle concentration is low.

Therefore, for the uncharged particles, drag force modelling is
important in the near-wall region, and above z* =5 it might be
insignificant. Correlations consider the effect of a nearby-wall have the
same pattern on the concentration profile, therefore we propose to use Zeng
et al.’s correlations. For the charged particles, when the electric charge of
the particles increases, electric forces dominate the drag force, and it means
that, for higher charge levels, drag force modelling might be insignificant.
However, we should note that, this situation is only valid for our limited

physical conditions (very low Reynolds numbers Re, < 1, very dilute

flow) and might be different for any other cases.
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APPENDIX A
- Non-dimensionalization of Navier Stokes Equation

The incompressible, dimensional Navier-Stokes equation without body

forces is given below:

ou 1
—+ (u-V)u=—-—VP +vVu
ot Pt

The equation above is non-dimensionalized by replacing the dimensional
variables with non-dimensional variables. In order to do that, dimensional variables

are divided by the appropriate characteristic scales.

For the turbulent wall-bounded flows, it is common to use the friction
Reynolds number, Re., which is calculated as ‘Re; = u.6/v’ so that the
characteristic velocity scale is the wall friction velocity, u, and the characteristic
length scale is the channel half-width, &. Accordingly, the non-dimensional
variables are computed as; non-dimensional time t* = tu./§, non-dimensional
velocity u* = u/u,, non-dimensional distance from the wall, y* =y/§, non-
dimensional pressure, P* = P/pu? (also V* = 8§V and V** = §2V2). Placing the
new terms to Navier-Stokes equation gives non-dimensional Navier-Stokes

equation:

*

+u VU = —V'P +—Vru

at* Re.

and the corresponding x-momentum balance equation:

ou* L ou* ou* ou* 6P*+ 1 [9%u* 0J%u* oJ%*u*
Jat* dx* ay* dz* dx*  Re;

+w o—=— ettt —
dx?  0dy* 0z?
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We assumed that the fluid flow is fully-developed, steady-state and only in

x-direction so that;

ou*

-fully developed flow: =0

- steady-state: g—’:: =0

- only in x-direction: v* =w* =0

We have a uniform pressure gradient that drives the flow so that z—’;: IS a

constant. With the given simplifications, final form of the x-momentum equation is

given as:

oP* 1 (o*uw
dx*  Re \9z2"

We can calculate the wall friction velocity, u., from Re, = u.6/v for ‘Re, =
180°. In our simulation half-width of the channel and kinematic viscosity of the
fluid are 0.02 m and 1.46 x 10=> m?/s respectively. So, the wall friction velocity

isu, = 0.1314 m/s.

The wall friction velocity can be defined as u, = +/7,,/ps, Where t,, is the

shear rate at the surface of the wall. From here, t,, is calculated as 0.0207.

By using t,,, we can compute % at the surface of the wall where the dynamic

viscosity of the fluid is equal to 1.752 x 1075,

ou
Tw ::MEi;

z=16

u
0.0207 = (1.752 % 10_5)6_

Z lz=46

ou

- =1181.51
0z z=16
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In order to use the nondimensional Navier-stokes equation we can use
characteristic scales:

ou _u ou’
0z ly=ys 6 0zl oqq
ou*
- = 179.83
0z z¥=+1

- Boundary Conditions

BC.1: Maximum fluid velocity at the center of the channel:

ou

Z_O’E_O
« _ . out
z _O’az*_

BC.2: No-slip at the wall:

z=46;, u=0

_ 15 _ ou
zZ = ;T = U pp
ou*
zt = +1; = 179.83
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Applying the boundary conditions to the nondimensional x-momentum equation:

B.C.1:

0%ut oP*

= Re.,——
972" Toxt
out oP* N
_az+ = Retax+z +c

out
+ . — —

A _O’_az+_0 — ;=0
out oPt | out opt |
az+_ReTax+Z +c - 5 az+_ReTax+Z

B.C.3: Given the shear rate at the wall (for Re, = 180):

ou ——p o .oou
az*

= 179.83

Calculating the dimensional pressure gradient:

dP _ pgu® OP*
dx & oxt

aP _ 3
Pl 1.035 (N/m?)
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APPENDIX B

Initialize variables (n, = 0)
Eularian framework: u°(i, j, 1), p° (i, j, D), E°(i, j, D), p (0,7, 1), 0% (G, j, D)
Lagrangian framework: up (n), x(n), Q°(n)

Solve fluid phase in Eulerian framework
u (i, j, D, p" (), 1)

Compute source term

Solve electric field
Pt (), D, 0t (), 1, E™ (0, j, 1)

Compute forces on particles

fat @), for@), foau(

Solve particle phase equation in Lagrangian framework

ng+1
u,” ()

Compute new particle locations

ng +1
x,t ()

F{t(i,j, D) >

I_l_lu:lu



