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Abstract. Particle dynamics in a turbulent channel flow is considered. The effects of
particle concentration and Reynolds number on the particle velocity statistics are in-
vestigated. Four different particle response times, T1T=1, 5, 30 and 100, are examined
for three different Reynolds numbers, Re,=200, 360 and 790 (based on channel height
and friction velocity). The particle concentration evolves with time and statistics ob-
tained during three different sampling periods might be distinctly different. The mean
and fluctuating particle velocities are substantially affected both by the particle re-
sponse time and by the Reynolds number of the flow.
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1 Introduction

Solid spherical particles suspended in fluid turbulence are commonly encountered both
in nature and industry, e.g. in sand storms, pollution in the atmosphere, in pneumatic
transport and so on. The study of particles suspended in a carrier fluid has been an
active area of research during several decades along with the development of computer
resources and experiment technologies [1,2]. It is commonly known that inertial particles
will not follow the flow totally passive. Due to the inertial effect, there is a certain amount
of slip velocity between particles and the local fluid flow. In other words, the inertial solid
particles have a tendency to concentrate around locally calm regions [1]. In the channel
flow case, for example, the particles tend to accumulate in the near-wall region and the
greater the inertia of particles, the longer time is needed to achieve a steady state of the
particle concentration. Several investigations have focused on the particle deposition and
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particle preferential concentration in wall turbulence or homogenous turbulence, see for
instance Pedinotti ef al. [2], Soltani and Ahmadi [3], Marchioli and Soldati [4], Narayanan
et al. [5] and Picciotto et al. [6]. To obtain better understanding of particle transport and
particle velocity statistics, several studies were reported by Marchioli and Soldati [4],
Kulick et al. [7]. and Geashchenko et al. [8].

Depending on the particle volume fraction, there are several ways to make the cou-
pling between the particle phase and the fluid phase, i.e. as one-way, two-way or four-
way coupling, as defined by Elghobashi [9]. With one-way coupling, e.g. [4, 6], the par-
ticles are driven by the local flow, but there is no feedback effect from particles on the
fluid. This approach is suitable for sufficiently dilute suspension flows when the par-
ticle volume fraction is small. Two-way coupling means interactions between the parti-
cle phase and the fluid phase based on Newtons third law, while four-way coupling not
only considers the interaction between particles and fluid, but also includes the effect
of inter-collisions among the particles themselves. Several investigations with two-way
coupling, like Squires and Eaton [10] and Elgobashi and Truesdell [11] in homogeneous
turbulence, Pan and Banerjee [12] and Zhao et al. [13] in wall-bounded turbulence, focus
on the modulations of turbulence by the presence of particles. The present work is con-
fined to one-way coupling as we assume a dilute suspension of the particles in the carrier
fluid and focuses on the Reynolds number effect on the particle transport and particle
depositions.

During the last two decades direct numerical simulations (DNSs) have become a pow-
erful tool in the research of turbulent flow of particle suspensions, for example DNS
simulations of particle-laden homogeneous and isotropic turbulence [10,11] and also of
particulate turbulent channel flow [2—4,12,13]. However, all these simulations were car-
ried out at fairly low Reynolds numbers, most likely due to limitations of the available
computer capacity.

In the present investigation a dilute suspension of solid particles in a turbulent chan-
nel flow is simulated with an Eulerian-Lagrangian approach where the fluid flow is ob-
tained by means of DNS. In Section 2, the treatment of the flow and the particles is de-
scribed. Results for four different particle categories are presented and compared in Sec-
tion 3.1 for one particular Reynolds number whereas results for three different Reynolds
numbers are presented in Section 3.3. The highest Reynolds number considered is sub-
stantially higher than in earlier DNS studies of particle-laden channel flows [2-6,12,13].
The major findings are discussed and summarized in Section 4, notably in view of the
influence of the particle concentration on the velocity statistics.

2 Mathematical modeling and computational details

In the present work we consider the motion of tiny spherical particles in a turbulent plane
channel flow. The equations governing the flow field and particle motion are simultane-
ously integrated forward in time. The flow solver and the particle treatment is the same
as that used by Mortensen et al. [14,15].
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2.1 Governing equations of the fluid flow

DNS is used to solve the continuity and momentum conservation equations:

Vil =0, 2.1)

(2.2)

for an isothermal and incompressible Newtonian fluid. Here, i and p are the instan-
taneous velocity vector and pressure and V is the gradient operator. The flow field is
determined by the friction Reynolds number Re, =hu, /v based on the wall distance h,
the friction velocity u, and the kinematic viscosity v of the fluid. The flow is driven by
a constant pressure gradient in the streamwise direction in order to overcome the wall
friction. Here, simulations will be performed at three different Reynolds numbers 200,
360 and 790 from which some primary statistics will be compared.

The size of the computational domain is the same as in [14] and [15], namely a length
6h in the streamwise x-direction and a width 3k in the spanwise y-direction. Periodic
boundary conditions are imposed in the homogeneous x- and y-directions and no-slip
and impermeability were enforced at the solid walls at z=0 and z=h. A mesh with
192*192*192 grid points is used for the two lower Reynolds numbers and a finer mesh
with 384*384*384 grid points is used for Re, =790. The mesh sizes in wall units v/u.
thus become Axt =2Ay" =6.25 (11.25) and the grid spacing Az* in the wall-normal
direction varies from 0.49 to 1.59 (0.88—2.86) for Re, =200. The values in the parenthesis
refer to the intermediate Reynolds number 360. The resolution for the highest Reynolds
number is comparable with that for Re, =360.

The same numerical scheme as that used by Mortensen et al. [14,15] and Gillissen et
al. [16] is employed in the present study to integrate the Eulerian flow equations (2.1)-
(2.2). This is based on a pseudo-spectral method in which the spatial derivatives in the
two homogeneous directions are obtained in spectral space by means of Fourier-series
representations. A second-order accurate finite-difference scheme on a staggered grid
system is used for the derivatives in the wall-normal direction. The time advancement is
carried out with a second-order explicit Adams-Bashforth scheme. Mass conservation is
assured by means of a standard projection method and the resulting Poisson equation is
transformed to Fourier space in the homogeneous directions.

2.2 Governing equations for the particle motion

The translational motions of the particles are computed from Newton’s second law, i.e. in
a Lagrangian approach. Only the Stokes drag is considered in present work, while other
forces, such as lift and virtual mass forces, are neglected. The particle Reynolds number
Rey should be smaller than unity in order to satisfy the assumption of Stokes flow in the
immediate vicinity of a particle. The size of the particles is smaller than smallest eddies in
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the flow such that the force on the particle can be treated as a point force. The governing
equation of particle motion then becomes:
g1 -
T (ii(xp,t)—70). (2.3)
In Eq. (2.3), v is the translational velocity of the particle and u is the velocity of fluid at
the location x, of the particle. T is the particle response time defined as:

25a? n u?
= 9—1/, T = 77. (24)
Here, S is the density ratio between particle and fluid, and a is the radius of the particle.
7+ denotes the particle response time normalized by the viscous time scale v/u?. In
order to determine the slip velocity which determines the Stokes drag in Eq. (2.3), the
fluid velocity u(x,,t) at the particle position x,, is interpolated from the staggered grid on
which the fluid motion is obtained onto the particle position. The interpolation scheme
used is quadratic and involves the 27 closest grid points.

The particles are initially distributed randomly throughout the already fully devel-
oped turbulent flow field. The particle velocity is initially set equal to the local fluid
velocity. The governing equation of particle motion (2.3) is integrated in time with a
second-order accurate Adams-Bashforth scheme. The time-step used in this integration is
the same as the time-step used for the integration of Navier-Stokes equation (2.2), which
is sufficiently smaller than the particle response time.

3 Results

The present approach is based on the assumption that the particle suspension is suffi-
ciently dilute and that the size of the particles is smaller than the Kolmogorov length
scale. Based on these assumptions, the simulations are one-way coupled, which means
that the particles are affected by the fluid but there is no feedback from the particles onto
the flow. The flow field is obtained by means of DNS for the three different frictional
Reynolds numbers 200, 360, and 790. The four different particle response times 7+ =1,
5, 30, and 100 (see Table 1) are considered at all the three Reynolds numbers. The same
number of particles N pis used in all the 12 simulations. At the low and intermediate Re,
an almost steady particle concentration distribution is reached during the course of the
simulations.

3.1 Choice of sampling period —Re, =200

The initiation of statistics sampling and the duration T of the sampling period are be-
lieved to have a crucial impact on the particle statistics. Due to particle inertia, the ma-
jority of the particles tend to distribute inside of the viscous sublayer and the number
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Table 1: Particle properties. The same four particle cases are considered for all three Reynolds numbers. The
superscript + refers to normalization with viscous units.

Case | T | a* S N,
1 [036] 347 |10°
0.36 | 173.6 | 10°
30 | 0.36 | 1041.7 | 10°
100 | 0.36 | 3472.2 | 10°

o0 @ >

of particles in the center part of the channel is accordingly reduced. This phenomenon
can affect the quality of the sampled data and different sampling periods may give rise
to different statistical results. The time development of number of particles in the region
zt <12 is shown in Fig. 1 for Re, =200. This means that we are counting only the par-
ticles in the innermost near-wall region, i.e. inside of where the turbulent kinetic energy
reaches its peak level. Three different sampling periods are considered, each of length
T+ =2820. During a sampling period 141 samples are taken, equally separated in time.
The sampling periods labeled 1, 2, and 3 in Fig. 1 are in an early stage of the simulation,
at an intermediate state, and at an almost statistically steady state, respectively.

Primary particle velocity statistics for 7+ =5 and 7" =30 are shown in Fig. 2 and Fig. 3,
respectively. The results obtained during Sampling 2 and Sampling 3 (see Fig. 1) are al-
most indistinguishable. This observation implies that reliable sampling can be performed
although the particle concentration still changes with time. However, if the sampling is
done at a too early stage of the simulation, i.e. Sampling 1, the resulting statistics deviate
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Figure 1: Development of particle concentration in the near-wall region z™ <12 for Re, =200. The double
arrows show three different sampling periods each of duration 2820 viscous time units. T™ =1, squares; TT =5,
triangles; T+ =30, diamonds; T+ =100, circles.
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Figure 2: Streamwise mean particle velocity (a) and RMS velocity fluctuations (b) for T+ =5.
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Figure 3: Streamwise mean particle velocity (a) and RMS velocity fluctuations (b) for T+ =30.

from those obtained later on. This tendency is observed in the near-wall region for the
T =5 particles in Fig. 2, but the effect is more pronounced for the slower particles in
Fig. 3. A longer time is required for the 7" =30 particles to adapt to the local flow con-
ditions in the viscous sub-layer. These findings are consistent with the recommendation
made by Zhang et al. [17] that sampling should be performed under quasi-equilibrium
conditions when the particle mass flux towards the wall has become almost constant. The
above results demonstrate that not only the length of the sampling period matters. The
start of the sampling is also of major concern to ensure reliable particle statistics.

3.2 Verification of the high-Reynolds-number case —Re, =790

The vast majority of DNSs of dilute particle suspensions are performed at fairly low
Reynolds numbers; see e.g. Marchioli et al. [18] where the benchmarking were performed
at Reynolds number Re, =300. In order to investigate the Reynolds number effect on the
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Figure 4. Mean streamwise fluid velocity (a) and velocity fluctuations <u®2>, <v*2> (b). Results from
the present simulation at Re, =790 (lines) are compared with DNS data from Abe et al. [19,20] at the same
Reynolds number.

particle dynamics, we also performed simulations at higher Re. In order to verify that
the turbulent channel flow field is realistic, the mean fluid velocity and the streamwise
and spanwise velocity variances <u 2> and <v'2> are compared with DNS data from
Abe et al. [19] at the same Reynolds number. Their data is available at the database [20].
The comparisons in Fig. 4 show an almost perfect agreement between the present results
and those of Abe et al. [19,20].

3.3 Reynolds number effects

Results for the three different Reynolds numbers considered will now be examined. First
of all, let us recall that the variance of the fluid velocity components increases with in-
creasing Reynolds number, in keeping with the earlier findings of Abe et al. [19] and
others, see e.g. Fig. 5 in which results for the fastest particles (t* =1) are presented. It
is noteworthy that the fluid and particle velocities coincide in almost all respects, except
when the streamwise velocity fluctuations are considered in Fig. 5(b). These fast parti-
cles behave almost as passive tracer particles. The modest deviation between particle and
fluid streamwise velocities is due to preferential concentration of the particles in the near-
wall region, see e.g. Eaton & Fessler [1] and Marchioli & Soldati [4]. Near-wall regions
with locally low streamwise fluid velocity are left almost empty of particles.

Particle velocity statistics for the slower (or heavier) particles with response times
Tt =5, 30 and 100 are shown in Figures 6 - 8, respectively. Notice that the fluid velocity
statistics are the same throughout since the particles do not affect the flow field in the
one-way coupled simulations. The mean particle velocity coincides with the mean fluid
velocity, except for T =30 particles at Re, =200 in Fig. 7(a) and for the slowest (heaviest)
particles in Fig. 8(a). The deviation between mean particle and fluid velocities is most
pronounced at the lowest Reynolds number and becomes almost negligible in the high-
Re case in Fig. 8(a).
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Figure 5: Comparison between fluid and particle mean velocity (a) and velocity fluctuations in the streamwise

(b), spanwise (c), and wall-normal (d) directions for T+ =1. The symbols denote fluid velocities and the lines
represent particle velocities. The profiles are terminated at the mid-plane of the channel.
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Figure 6: Comparison between fluid and particle mean velocity (a) and velocity fluctuations in the streamwise

(b), spanwise (c), and wall-normal (d) directions for T+ =5. The symbols denote fluid velocities and the lines
represent particle velocities. The profiles are terminated at the mid-plane of the channel.
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Figure 7: Comparison between fluid and particle mean velocity (a) and velocity fluctuations in the streamwise
(b), spanwise (c), and wall-normal (d) directions for T+ =30. The symbols denote fluid velocities and the lines
represent particle velocities. The profiles are terminated at the mid-plane of the channel.
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Figure 8: Comparison between fluid and particle mean velocity (a) and velocity fluctuations in the streamwise
(b), spanwise (c), and wall-normal (d) directions for T+ =100. The symbols denote fluid velocities and the lines
represent particle velocities. The profiles are terminated at the mid-plane of the channel.
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The particle velocity fluctuations in the streamwise direction are distinctly different
from the fluid velocity fluctuations already for T7=5 particles, as shown in Fig. 5(b),
whereas the spanwise and wall-normal fluctuations in Fig. 5(c)-(d) are almost the same
for the particle and the fluid. However, substantial differences are observed in all three
directions for the slower particles. In spite of the large differences between fluid and par-
ticle velocity fluctuations, the latter show the same increasing trend with Re as the fluid
velocity fluctuations.

4 Discussion and concluding remarks

The objective of the present investigation has been to compare particle statistics in tur-
bulent channel flow at three different Reynolds numbers and for particles with four dif-
ferent relaxation times ranging from fast (t* =1) to slow (t* =100). Since almost all
earlier DNS studies on particle dynamics in turbulent shear flows have been carried out
at fairly low Reynolds numbers (e.g. at Re. =300 in [4,18] and at Re, =360 in [14, 15]),
an examination of Reynolds number effects was considered timely. First, however, we
considered some different choices of the sampling period during which statistics were
gathered. It was demonstrated that it is not required to postpone the sampling until the
particle concentration has reached a steady state. On the contrary, a too early sampling
may lead to misleading statistics.

A major observation regarding the particle velocity fluctuations is the pronounced in-
crease at higher Reynolds numbers. This is fully consistent with the well-known Reynolds
number effect on the fluid velocity fluctuations, see e.g. Abe et al. [19]. This effect is most
prominent for the spanwise (v’) and wall-normal (w’) fluctuations. The streamwise parti-
cle velocity fluctuations u’, on the other hand, exhibit no distinct Reynolds number effect
for the slowest particles in Fig. 8(b). It is also noteworthy that in spite of the increasing
trend of v’ and w” with Re, the shape of the intensity profiles in Fig. 8 is rather different
from those of the fluid intensity profiles. The near-wall peaks of the turbulence intensity
distributions are almost absent in the particle intensity profiles. This is probably due to
the preferential particle clustering in near-wall areas where the fluid motion is predomi-
nantly in the streamwise direction.

It is generally observed that the differences between the particle and fluid velocities
increase with increasing response times, i.e. for slower and/or heavier particles. Let
us therefore recall that the present simulations were one-way coupled. The deviation
between particle and fluid velocities will undoubtedly be altered in a two-way coupled
simulation. Intuitively two-way coupling will tend to reduce the deviation between fluid
and particle velocities, but the amount of adaption will obviously depend on the particle
response time. The present data are nevertheless believed to exhibit the same qualitative
features as more realistic two-way coupled simulations.

From the present data, we observed that the particles fluctuated less vigorously than
the fluid in the spanwise wall-normal directions, whereas the streamwise agitation of
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the particles exceeded the streamwise turbulence intensity (see e.g. Figs 7 and 8). We
will therefore conjecture that the presence of the particles in a two-way coupled simula-
tion will tend to enhance the streamwise fluid velocity fluctuations and correspondingly
reduce the spanwise and wall-normal fluctuations. This happens to be the signature of
drag reduction achieved by polymers, as reviewed recently by Graham [21]. We are there-
fore inclined to speculate, on the basis of the present results, that drag reduction can be
archived also by means of solid spherical particles. This conjecture was in fact approved
while the present manuscript was being reviewed. Two-way coupled simulations with
TT=30 particles at a friction Reynolds number Re,=360 reported by Zhao et al. [13] exhib-
ited the anticipated modulation of the turbulent flow field which resulted in a significant
drag reduction.
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