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Abstract

Turbulent flows transporting particles of different sizes and shapes can be found in many natural and industrial systems. In
understanding such flows, it is important to identify the mechanisms responsible for the dispersion, segregation and deposition on
solid surfaces of particles with different shapes, and of specific interest here how such particles interact with near-wall coherent
turbulent structures (outward motion, ejection, inward motion and sweep). Results from large eddy simulation coupled with
Lagrangian particle tracking are used together with conditional statistics (probability density function and scatter plots) in
quadrants to study the distribution of fluid, particle and slip velocity fluctuations. The results, though challenging to analyse, give
insight into the values of the quadrants and how these distributions reveal the mechanisms responsible for particle segregation in
the near-wall region.
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1. Introduction

Understanding and characterising the mechanisms that control the dispersion and segregation of inertial non-
spherical particles in a turbulent boundary layer has important implications for many natural and industrial systems,
such as solid deposition in marine flows and the deposition of corrosion product in the form of CRUD (corrosion
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residual unidentified deposit) on the outside of the fuel pins in nuclear reactors. Turbulent particle transfer
mechanisms in proximity to a solid wall are characterised by complex interactions between turbulence structures and
the dispersed phase. Coherent structures (outward motion, ejection, inward motion and sweep) bring particles
towards and away from the wall and favour particle segregation in the viscous region, giving rise to non-uniform
particle distribution profiles, which peak close to the wall [1]. When particles segregate in specific flow regions, the
effect of the dispersed phase on turbulence is no longer negligible since the local particle volume fraction changes.
This leads to pockets of high concentrations of particles where the one-way coupling assumption between the
particles and the fluid is no longer valid.

This study relies on a precise understanding of the dynamics of particles in a turbulent flow field obtained using
large eddy simulation. The translational dynamics of particles is well described by the convection of the particles’
centroid in the flow domain. For non-spherical particles, the orientational dynamics must also be considered in order
to capture the complete motion of the particles [2]. Jeffery [3] derived an approximate equation of motion for the
orientational dynamics of non-spherical particles in the absence of inertia. Jeffery’s solution predicts that elongated
axisymmetric particles mostly align with the flow direction, but periodically rapidly turn through two-right angles.
With much past (e.g. [4-6]), present (e.g. [7-9]) and future research based on Jeffery’s equations, it is necessary to
study how accounting for particle orientation alters the interaction with turbulent coherent structures and particle
segregation in the near-wall region. Fluid, particle and slip velocities are the dynamic parameters used in this work
to demonstrate that particle-turbulence interaction is a function of particle shape, inertia and location along the wall-
normal axis of a turbulent channel flow. Slip velocity is defined here as the difference in velocity between the fluid
and a particle. Statistical analyses of slip velocity have previously appeared in the literature, but only for spherical
[10] and prolate [7] particles. The instantaneous and statistical values of the slip velocity fluctuations, together with
those of the fluid and the particle, are used herein to characterise particles trapped in ejection-sweep events and
particles segregated in near-wall fluid streaks.

2. Mathematical models
2.1. Large eddy simulation
The conservation equations for mass and momentum are decomposed into resolved (large-scale) and unresolved

(sub-grid scale) fields using a top-hat filter as this fits naturally into the finite-volume formulation used for solution.
The filtered forms of these equations for the resolved scales are given by:
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where &, =-25,; and 7, =uu; —uu; represent the kinematic viscous stress and the sub-grid scale (SGS) stress
tensors, respectively. The unknown SGS stress term required to close these equations was modelled using a dynamic
approach [11] which represents the SGS stress as the product of a SGS viscosity and the resolved part of the strain
tensor, and is based on the possibility of allowing different values of the Smagorinsky constant at different filter
levels. Test filtering was performed in all space directions, with no averaging of the computed model parameter field.

The computations were carried out with the BOFFIN large eddy simulation (LES) code [9, 12]. The code
implements an implicit finite-volume incompressible flow solver using Cartesian co-ordinates and a co-located
variable storage arrangement. Time advancement is performed using an implicit Gear method for all transport terms
with variable time step, and the overall procedure is second-order accurate in space and time. For the convection
terms an energy conserving discretization scheme is used and matrix pre-conditioned conjugate gradient methods
are employed to solve the equations for pressure and velocity.
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2.2. Kinematics and dynamics of a non-spherical particle

The dynamics of an anisotropic particle at time 7+ A¢ is fully determined by four non-scalar quantities: the
position of its centre of mass, its orientation, and its translational and rotational velocities. Each of these physical
quantities changes as a function of time and can be easily represented as a three-component vector, together with
orientation, giving a total of thirteen variables.

There are two frames of reference: the inertial (or Eulerian) coordinate system, x' =[x',}',z'], which is a fixed
frame of reference, and the particle coordinate system, x' =[x’,)’,z'], which is a frame of reference with its origin at
the particle centre of mass and its axis being the principal axis. The transformation between the inertial frame and
the particle frame is expressed as x' = A-x [13]. The transformation matrix A =[a;] can be expressed in terms of
either Euler angles (¢,6,y) or quaternions q =(q,,4,,45,4,) [13]. The Euler angles represent the direction cosines
of the particle axes in the inertial frame, as shown in Figure 1. The orientational matrix A in terms of the quaternion
q, subject to the constraint that the sum of the individual components is unity, is given by:

1-2(g5 +43) 21> +9590)  2(095 —9245)
A=2q0—0:q0) 1-2(q3+47) 2205 +0140) |5 3)
2q:0 +590) 29 —0q0)  1-2(q7 +q3)

where the individual quaternions are obtained from the Euler angles [14].

(Ao, —w)!

Fig. 1. Schematic of co-ordinate system and orientational angles of a particle with respect to particle major axis z' (left), and distance between
centres of pressure (CP) and of mass (CM) of particle, x.,, and incidence angle between (u-u,) and particle major axis z', o; (right).

The forces, F, and torques, T, acting on a particle may change the momenta of a particle as expressed in Eq. (4):
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where x is the position of its centre of mass, q is the quaternion describing its orientation, P is the linear momentum,
L is the angular momentum, m is the mass of the body, and w, indicates a quaternion with scalar part 0 and a vector
part with angular velocity @. Note a boldfaced letter denotes a vector, and a dotted letter denotes a time derivative.
For heavy particles (p,/p > 1) the deterministic part taken from the Maxey and Riley formulation for the force was
limited to the drag force, Fp, while the effect of other forces were neglected for the sake of improving fundamental
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understanding of fluid-particle interaction with a manageable parameter range. With the above simplifications, the
drag force resulting from particle orientation is given, according to [14], as:

F, =3 p4,Cplu-u,[(u-u,), (5)

where u=(u,v,w) and u, =(u,,v,,w,) are the fluid velocity vector at the particle centre of mass and the particle
velocity vector respectively and Ap is the particle area normal to the direction of the drag force. The projected area
Ap can be expressed as a function of the particle incidence angle, a;, between the particle slip velocity, (u—u,, ), and
the particle principal axis, z' (see Figure 1) as [14]:

1
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where A, = a” for a spherical particle with A =1.0. The drag coefficient Cj, has been measured for a wide range
of particle shapes, but is not generally available in terms of a functional relationship with the Reynolds number, and
the orientation and geometric parameters of the particle. One way to deal with this problem is by using the sphericity
factor, S, and the volume equivalent diameter, d,,, as geometric parameters and introducing orientation dependency
in drag correlations using the effective area normal to the direction of the drag force. Here, following a review of
available drag coefficient correlations [15], the Ganser [16] drag coefficient expression is used for Cp in Eq. (5), as
given by:
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where Cp, and Re, ={lu—v|d,,/v are based on the equal volume sphere diameter, d,,, K; = f(d,,d.,,S) and
K, = f,(S) are the Stokes and Newton shape factors that model the particle sphericity and orientation,
d,=(44,/7)"* is the equal-projected area circle diameter, and S is the particle sphericity, defined as the ratio of
the surface area of a sphere having the same volume as the particle to the actual surface area of the non-spherical
particle.

A stochastic Markov model is adopted to represent the influence of the unresolved fluid velocity fluctuations
experienced by a stochastic particle p over a time, d¢ [12]. Adding the deterministic part, the drag term, Fp, and the
stochastic (SGS dispersion) part together gives:

du, = (F,)dt+(Cik,,, /7,)dW,, (8)

where the last term in Eq. (8) models the SGS particle dispersion [12]; k,,, is the unresolved kinetic energy of the
fluid, C, is a model constant, dW, represents the increment of the Wiener process and r, is a sub-grid timescale
which affects the rate of interaction between the particle and turbulence dynamics.

The rate of change with time of the principal components of the angular velocity ® = (@, ,®,,®,) is given by

the Euler equation rotation as:

I, dg’“ T, + (I, - L)y, 9
t

where (i, j,k)=(x,)',2"), (/,Z',x") and (z',x',)") are the principal components of the torque, 7, =T, +T,, with
the moment of inertia, /;, and the angular velocity, @, . The principal moments of inertia of a spheroid are
Loy =1,,= %ml(ﬂz +l)a5pp and 7., = %ﬁﬂaspp . The net torque T =[7,,7,,T. ] acting on the particle is the sum
of the hydrodynamic torque, T, , caused by the non-coincident centres of mass and of pressure, and the torque due
to the resistance on a relatively rotating body, T, , which always acts to attenuate the relative spin. T,, and T, are

given in the particle frame of reference as [14, 17]:
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T, = Al(x,2) < (Fp)], (10)
where T, will change its sign, such that T,, =-T,, when cosc; >0. The term x,, is a semi-empirical expression
proposed in [14] that defines the offset between the centres of mass and pressure. T, can be directly derived by
integration of the friction, caused by rotation, over the particle length, L. T, for spheroidal particles within Stokes
conditions is known [3] and has also been expanded to other shapes and to higher Reynolds numbers, with the local
relative spin given as (A®, —®), and with @, =1V xu accounting for the undisturbed fluid vorticity at the point
occupied by the particle’s centre of mass [14, 17]. The resulting torque is thus expressed as:
L/2 2

T =% G l(Ao, ~o)d, (1n)
where the sign (£ ) of T, is selected as the sign of (A®, —), and / is the distance from the centre of rotation (see
Figure 1). The time evolution of the quaternion is used to update the orientation of the particles and is computed as:
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Lastly, it should be noted that there is coupling between the translational and rotational motion. In Eq. (10), the
torque due to the non-coincident centres of mass and of pressure, T, , is a function of the hydrodynamic force in the
inertial frame which is transformed to the particle frame by the transformation matrix A . For each time or
integration step, the transformation matrix is obtained from the new quaternions, and these quaternions are
subsequently used to obtain new values of a;, Ap, d,,, Cp, Fp and T, . This is also the case for the torque due to the
resistance on a relatively rotating body, Ty , which is a function of 4Ap and Cbp.
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Fig. 2. Quadrant analysis of bursting process: (a) u'w’ Reynolds stress in u'—w' space, (b) in Aw' —w' space, and (c) in Ay’ — wr, space.
3. Quadrant decomposition of velocity and slip velocity fluctuations

The bursting process consists of four categories of event; these categories are defined by the quadrant of the
event as shown in Fig. 2. This categorisation is common for the fluid Reynolds stress between the streamwise (w')
and wall-normal (u") velocity fluctuations [18] and this approach will be adopted for the fluid-particle interactions,
i.e. the slip velocity fluctuation, Au’. The fluid, particle and slip velocity are largely dependent on the position
within the boundary layer between the two parallel walls. Following Reynolds decomposition, the instantaneous
fluid, particle and slip velocity vectors are decomposed into a mean part, < e >, and a fluctuating part, o', given as:
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Au=<Au > +Au’
<Au>=<u>-<u, > (13)

Au'=u'-u

The instantaneous fluid and particle velocity vectors are decomposed as u=<u>-+u’ and u,=<u, >+u’,
respectively. Note the parameters are both time- and spaced- averaged.

As show in Figure 2(a), a Q1 event (u' >0 and w' >0) corresponds to an outward motion of high-speed fluid
away from the wall. A Q2 event (#' >0 and w' <0) describes an ejection of low-speed fluid into the high-speed
stream. A Q3 event (u' <0 and w' < 0) represents an inward motion of low-speed fluid towards the wall, while an
event with (#' <0 and w' > 0) falls into Q4 and describes the inrush of high-speed fluid into a low-speed region,
also known as a sweep.

4. Numerical Simulations

The turbulent channel flow into which particles were injected was represented using a computational domain
(2hx2hwx4hr) that was discretized with (129x128%128) nodes, where the (xxyxz) axes are in the wall normal,
spanwise and streamwise directions, respectively. The Reynolds numbers Re( = hu,/v) and Rey( = huy/v) were 300
and 4910 based on the shear velocity, u,, and the bulk velocity, u,, with the channel half height 4, kinematic
viscosity v = 1.57x10” m*s™" and density p = 1.3 kg m™. The shear velocity is defined as u, = (z,/p)"?, where 7, is
the mean shear stress at the wall. The mesh spacing was uniform in the y and z directions and non-uniform in the x
direction. Periodic boundary conditions were used in the streamwise and spanwise directions, while no-slip
boundary conditions were imposed at the walls. In the streamwise direction the mass flow was fixed, such that the
driving pressure gradient which corresponds to the average wall shear stress for the computational domain at a given
time had to vary. A dynamic time-step was chosen to ensure that Courant numbers were always less than 0.3. The
solution was assumed to be statistically stationary when the driving pressure gradient was quasi-periodic in time. To
avoid laminarisation of the flow, an initial simulation at high Reynolds number was carried out and the resulting
solution used to initialize flow at Re, =300. Variables are reported in wall units, with superscript *, by normalizing
them by u,, and v.

A Lagrangian particle tracking code coupled with the LES code was developed [2], an extension of the work
reported in [14] for ellipsoidal particles, and that of [9] for particles in a shear flow, to calculate particle trajectory,
rotation and orientation in the flow field. The code interpolates fluid velocities at Eulerian grid nodes onto the
particle position by means of trilinear interpolation, and integrates the equations of particle motion forward in time
by means of a 4™ order Runge-Kutta scheme. The particles are assumed to be pointwise, rigid and the shape is a
function of the aspect ratio, A=c/a, where a and ¢ correspond to the particle semi-minor and semi-major axis
lengths. Periodic boundary conditions are imposed on particles in both streamwise and spanwise directions. The
particle wall boundary condition is straightforward for spherical and complex for non-spherical particles. Spherical
particles are assumed to have contacted the wall when the distance from their centre of mass to the wall is less than
the particle radius. However, for the ellipsoidal particles, three particle-wall collision scenarios could occur [5]. First,
if the distance of the particle centroid from the boundary surface is less than the semi-minor axis, a, it has contacted
the wall. Second, if this relative position is greater than the semi-major axis, ¢, the ellipsoid is in suspension. Third,
when the distance between the particle centroid and the wall is within the range of the a and ¢ axes, whether the
ellipsoid is in contact with the wall or not depends on its orientation relative to the wall. The particle initial
conditions are such that at the beginning of the simulation, particles are distributed randomly over the computational
domain and their initial velocity and spin is set equal to that of the fluid at the particle position, while their initial
orientation was obtain from randomly sampled Euler angles. The particle size (inertia) was measured using the
equivalent volume diameter, d.,, and a non-dimensional relaxation time, r:q. The equivalent volume diameter, d,,,
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is defined as the diameter of the sphere with the same volume of the ellipsoidal particle, d,, =2al” and
t, =8d, /18, where d, =d, u_/v.

5. Results and discussion

The LES results from a channel flow with Re, = 300 are first validated against DNS results [19] in Fig. 3(a) for
the Reynolds normal stress terms (u’ ,v'* and w'") in the wall-normal, spanwise and streamwise directions. There

ms 2 “ms ms

is good agreement between the LES and DNS results which gives confidence in the present two-phase computations.

By using quadrant analysis analogous to Fig. 2(a), Fig. 3(b) shows how each quadrant’s events contribute to the
distribution of the shear stress term <u'w’ > as a function of the non-dimensional wall-normal location, x*. Note,
the exact expression for the Reynolds stress is (—pu'w'). The first (Q1) and third (Q3) quadrants contribute to the
negative Reynolds shear stress while the second (Q2) and fourth (Q4) quadrants show positive turbulence
production. The intensity of sweep events dominates at x* <22, while that of ejection events is greatest away from
the wall, at x" > 22 . These results are consistent with other findings reported in the literature [18, 20], where it has
been show that the magnitude of the turbulent velocity fluctuations in the three directions peaks in the buffer region
(5<x" <30), with the region being dominated by strong Q2 and Q4 events.

3 : T 1 — T

05

05

Reynolds normal stresses
Reynolds shear stresses

Total, DNS

L L TR R | |
10" o 10°

X

Fig. 3. (a) Reynolds normal stresses (linear-linear scale, squares — DNS, circles — LES), and (b) Reynolds shear stress <u'w"> from each
quadrant (log-linear scale) normalised by the friction velocity, for the single-phase flow.

Next, results based on the probability density function (PDF) of the fluctuating velocities at the particle position
are presented. Two hundred thousand particles with density o, =1000 kg m™ and three shapes based on aspect
ratio, representing a disk (4 =0.1), a sphere (4 =1) and a needle (41 =10) following the Loth [21] classification,
were tracked in the flow to analyse the shape and orientation effect on particle segregation. Note, the three shaped
particles have an equal equivalent volume diameter d,, but different sphericity due to their different aspect ratios. A
great deal of results were generated from this study, although only the results for non-dimensional particle response
time based on an equivalent volume diameter z,, =25 are reported in this paper. Other statistical analyses for the
full range of parameters studied ( Re,, 7, ,4,x") will be provided in the future.

Instantaneous scatter plots of the non-dimensional streamwise slip velocity fluctuation (Aw'") versus the non-
dimensional fluid streamwise fluctuating velocity, (w'"), are shown in Fig. 4, and versus the non-dimensional
particle streamwise fluctuating velocity, (w!"), in Fig. 5, where results for the disk, sphere and needle particles are
given. Note that the superscript (V) has been omitted from the figures and subsequent text for simplicity. The
statistical analyses presented in Fig. 4 and Fig. 5 were obtained from conditional averaging rather than averaging
over discrete Eulerian grid points. Four hundred samples at intervals of 100 time steps at buffer region wall-normal
positions, 7<x" <9, and subjected to the quadrant analyses based on Fig. 2(b) and 2(c), respectively, are
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considered. The percentage figures given in Fig. 4 and Fig. 5 are the time-averaged percentage values of the
quadrant distributions. Similarly, the time-averaged percentage values of the quadrant distributions are also shown
in Table 1 for the same analysis applied in the wall-normal direction, # . The asymmetric distributions in the
(Aw',w')- and (Aw',w/,)-planes show non-homogeneity in the particle segregation in the near-wall region. The
maximum positive slip velocity (Aw') was obtained when w' >0 in Fig. 4 and when w), <0 in Fig. 5. Similarly,
the maximum negative slip velocity ( Aw') was obtained when w' <0 in Fig. 4 and when w/, >0 in Fig. 5.
Interestingly, in both figures, and in the results of Table 1, there is a common trend. For events with alternating sign
between Aw'and w',or w' (i.e. Q2 and Q4), the Q2 (ejection) events are more frequent than the Q4 events at this
sampling location, 7 <x" <9 . Note that the Q4 events (Aw <0, >0) of Fig. 4 represent highly intermittent
particle-to-fluid motions in high-speed fluid streaks. Similarly, for events with the same sign between Aw' and w},
or w (i.e. Ql and Q3), the Q3 (inward interaction) events are more frequent than the Q1 events at the same
sampling location. This tread will change when the statistics are sampled at other boundary layer locations,
especially away from the near-wall region, as well as for different particle inertia.

16 - T T T T 12 T T T T 12— T Az B T ¥ T
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Fig. 4. Scatter plots of the fluid streamwise velocity fluctuation, w', and streamwise slip velocity fluctuation, Aw', for a) a disk (1 =0.1), (b)
a sphere (4= 1.0) and (c) a needle (4 = 10), all with equivalent relaxation time r;q =25 and conditionally sampled particle wall normal positions
x* =7-9. For comparison purposes, a percent value corresponding to the number of particles in each quadrant is provided.

T

10.2% ]

© 4

Fig. 5. Scatter plots of the particle streamwise velocity fluctuation, w), , and the streamwise slip velocity fluctuation, Aw', for (a) a disk (1 =
0.1), (b) a sphere (4= 1.0) and (c) a needle (4 = 10), all with equivalent relaxation time r;q =25 and conditionally sampled particle wall normal
positions x* =7 -9 . For comparison purposes, a percent value corresponding to the number of particles in each quadrant is provided.

In Fig. 4, showing the ( Aw', w')-plane, the summation of Q2 and Q3 events, representing events with a negative
streamwise fluid velocity fluctuation w' < 0, accounts for up to 70% of the reported events. This trend holds for all
three shapes of particle. This means that, regardless of the particle shape, particles with finite inertia tend to
preferentially concentrate in low-speed streaks that dominate the near-wall regions. Furthermore, the fractions of the
number of events in each of the four quadrants is similar for particles with aspect ratios 4 <1.0. In contrast, for the
distributions in Fig. 5 that shows the ( Aw',w/ )-plane, the fractions of the number of events in each of the four
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quadrants are similar for particles with aspect ratios 4 >1.0. In Fig. 5, the summation of Q2 and Q4 events
dominates and totals to approximately 70% of the overall events. Particles with a tendency to preferentially
concentrate in low-speed streaks are therefore likely to encounter the wall and, if the energy barrier is overcome, to
deposit on the wall surface. A similar analysis can be performed in terms of the correlation of the wall-normal slip
velocity fluctuation with the wall-normal fluid velocity fluctuation (Awu',u’), and the wall-normal slip velocity
fluctuation with the particle wall-normal velocity fluctuation (Au',u’), as presented in Table 1.

Lastly, Figure 6 shows the probability density function of the non-dimensional streamwise fluid velocity
fluctuations, PDF(w'"), sampled again in the buffer region, at 7<x" <9, and conditionally sampled for particles
with positive (Aw' >0) and negative (Aw' < 0) streamwise slip velocity fluctuation values. This figure is intended
to give more insight into the role of particle slip velocity fluctuations in particle segregation behaviour in the near-
wall region of a turbulent channel flow. The shape of the distributions are similar for the three shapes of particle
with 7, =25. Hence, for the range of particle aspect ratios considered, the spatial distribution of the particles
conditionally sampled at 7 <x" <9 is skewed, with all three particle shapes having peaks in the PDF(w'") at
w < 0. This is the region where the local fluid velocity is lower than the mean fluid velocity at the particle position.
The peak of the PDF(w'") of particles with Aw' <0 is also larger than that for Aw' >0, suggesting that a larger
number of particles lag the local fluid motion, and that their dispersion is strongly depended on the drag force.

Table 1. Percent particle counts for each (u',Au") quadrant (left) and (u/,Au’ ) quadrant (right).

(Au',u’ ) Quadrant (Au',u;7 ) Quadrant
A
Q2 Ql Q2 Ql
0.1 23.5% 27.2% 31.0% 14.6%
1.0 20.3% 28.4% 30.8% 19.3%
10 19.1% 24.6% 41.5% 13.2%
Q3 Q4 Q3 Q4
0.1 23.3% 26.0% 37.9% 16.5%
1.0 30.8% 20.5% 36.8% 13.1%
10 34.5% 21.8% 27.4% 17.9%
0.015 T T T 0.015 T T T 0.015 T T T
(a) (b) (©)
0.010{ 0.010{ 0.010
z s
g 5
0.005 0 0.005 0.005 -
0.000 0.000 0.000 ‘
-10 -10 -10 5
w w' w

Fig. 6. Effect of particle aspect ratio on conditioned PDF(w’) for particles with streamwise Aw' >0 and Aw' <0 for a) disk (1= 0.1), (b)
sphere (4 = 1.0) and (c) needle (4 = 10).

6. Conclusions
In this paper, particle segregation has been studied using large eddy simulation, Lagrangian particle tracking and

a conditional statistical analyses of particle and fluid velocity fields in a turbulent channel flow with shear Reynolds
number Re, =300 . One-way coupling was adopted and only the drag force and the contribution from the
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unresolved sub-grid scale of the velocity fluctuations on particle acceleration was accounted for. Particles with
aspect ratios of A =0.1, 1.0 and 10, representing a disk, a sphere and a needle, were simulated. The three shaped
particles had an equal equivalent volume diameter and non-dimensional particle relaxation time, 7, =25. The
particle interaction with near-wall turbulent coherent structures (outward motion, ejection, inward motion and sweep)
was analysed by using conditional statistics (probability density function and scatter plots) in quadrants to study the
distribution of the fluid, particle and slip velocity fluctuations. The results showed that, regardless of their shape, all
the particles tend to preferentially concentrate in low-speed streaks within the near-wall region.
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