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ABSTRACT

Dense suspensions are usually investigated in the laminar limit
where inertial effects are insignificant. In this regime, the main ef-
fect of the suspended phase is to alter the rheological behavior of
the flow which always displays higher effective viscosity with re-
spect to the carrier fluid. When the flow rate is high enough, i.e.
at high Reynolds number, the flow may become turbulent and the
interaction between solid and liquid phase modifies the turbulent
dynamics that we know in single-phase fluids. In the present work,
we study turbulent channel flows laden with finite-size particles at
high volume fraction (¥ = 0.2) by means of Direct Numerical Sim-
ulations. A direct-forcing Immersed Boundary Method has been
adopted to couple liquid and solid phases. The two-phase simu-
lations have been performed fixing the bulk Reynolds number at
Rej, = Up, 2h/v = 12000 (Up, bulk velocity, & channel half-width and
v the fluid kinematic viscosity). The particle size is relatively large
with respect to the viscous length, i.e. 10 and 20 times, but smaller
than large scales. We will present a detailed comparison of the sta-
tistical behavior of the particle-laden flow and the corresponding
single-phase flow. The presence of the solid phase strongly alters
the wall turbulence dynamics and its effect cannot be accounted
only considering the higher rheological effective viscosity.

INTRODUCTION

Turbulent particle suspensions are frequently found in environ-
mental and industrial flows such as mood and planetary flows, flu-
idized bed and hopper dredger. These flows are often so dense that
the mutual particle-fluid interactions determine the overall dynam-
ics. In most cases the suspended particles are also large with respect
to the smallest scales present in the flow and directly interact with
the macroscopic flow dynamics, so-called finite-size particles.

As regards dense suspension of solid particles, most of the pre-
vious studies are conducted in the presence of negligible inertia and
small particles focusing on the rheological aspects of the flow. In
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the seminal work of Einstein (1906), the effective viscosity of a
suspension of rigid spheres is analytically derived for the dilute vis-
cous limit: v, = v(1+ (5/2)®), where v is the kinematic viscosity
of the suspending fluid, and ® the bulk solid volume fraction. Sev-
eral studies considered denser cases and different semi-empirical
formula have been proposed to calculate the effective suspension
viscosity, e.g. Eilers formula v, = v(1 4+ 5/4(®/(1 — ®/®p40))?
with ®,,,, the maximum packing fraction Stickel & Powell (2005);
Guazzelli & Morris (2011) for reviews.

Nonetheless in practical cases, the Reynolds number, which
measures the importance of inertial on viscous effects, is usually
high that the flow is turbulent. While turbulent wall-bounded flows
have been thoroughly studied either in single-phase or dilute multi-
phase conditions (Ferrante & Elghobashi, 2003; Soldati & Marchi-
oli, 2009; Balachandar & Eaton, 2010), much less is known on their
behaviors with a dense solid phase (Prosperetti, 2015). Shao et al.
(2012) report results for turbulent channel flow up to 7% volume
fraction showing a decrease of the fluid streamwise velocity fluctu-
ation due to an attenuation of the large-scale streamwise vortices.
Lashgari et al. (2014, 2016) show how different is the transition
dynamics from the laminar to turbulent regime when a dense sus-
pension is considered. They illustrate that for these complex flows
three different regimes exist in the space @ — Re with smooth transi-
tion among them. Each regime is characterized by the origin of the
most relevant stress, viscous for the laminar, Reynolds for the tur-
bulent and particle-stress for the dense (shear-thickening) regime.
A first description of a dense suspension of finite-size particles in a
turbulent channel flow is presented in Picano et al. (2015). In this
work relatively low Reynolds number cases have been considered
(Rep, = 5600), but with volume fraction up to ® = 20%. They ob-
served an increase of the overall drag increasing volume fraction
originated by the presence of the particle stress absent in single-
phase turbulent flows. Actually, they also noted a decrease of the
turbulent activity at high volume fraction. However, given the rela-
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Figure 1. Snapshot of the particle position for the D10 cases.
Only the particles in a narrow slice aligned with the streamwise-
wallnormal plane (top-panel) and with the streamwise-spanswise
plane (bottom-panel) are represented. Colors denote particle
streamwise velocity normalized by the bulk velocity.

tively low Reynolds number it is difficult to draw general conclusion
on the behavior of suspension in a fully developed turbulent regime.
This aspect constitutes the main aim of the present work.

We consider here a pressure-driven turbulent plane-channel
flow characterized by a fixed bulk Reynolds number Re, =
Up,2h/v = 12000 with U, the bulk velocity, A the channel half-
width and v the fluid kinematic viscosity. We performed interface-
resolved Direct Numerical Simulations (DNS) of particle-laden
channel flows at moderate Reynolds number with two different par-
ticle sizes and we compared the results with corresponding single-
phase flows.

METHODOLOGY

We numerically solve the Navier-Stokes equations of an in-
compressible Newtonian fluid in a plane channel,

Jdu

> +u-Vu) = —VP+uVu+pf,

p( ey

V.u=0,

where p is the density of both fluid and particles implying the neu-
trally buoyant particles and u and P are the fluid viscosity and pres-
sure respectively. The presence of finite size particles is treated
by introducing local force at the vicinity of each particle surface,
f, added on the right hand side of the Navier-Stokes equation as
usual in the Immersed Boundary Method. A second order finite-
difference scheme on a staggered mesh is adopted for the spatial
discretization. The time integration is performed by a third order
Runge-Kutta method. Periodic boundary conditions (BC) are as-
signed in the streamwise (x) and spanwise (z) directions at distances
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Figure 2. Mean fluid velocity normalized by the bulk velocity,
u/Uy, as a function of the wall normal distance y/h.

of 6k and 3h respectively, and no-slip/no-penetration (ns/np) at the
bottom (y = 0) and top (y = 2h) walls. The motion of the spherical
particles is governed by Newton-Euler equations

dau? T
> :fé [—PI+u(Vu+Vu')]-ndS+F,., (2)

P

mP

Q!

1P =
dt

jé rx {[~PI+p(Vu+Vu’)] -n}dS+T.,

P

where m? and 1P, U? and QF are the mass, moment inertia,
center velocity and rotation rate of particle p. The surface of the par-
ticles and unit normal vector are denoted by dV,, and n whereas the
vector connecting the center to the surface of the particles is denoted
by r. The first term in right hand sides of these equations represents
the net force/moment on particle p resulting from hydrodynamic in-
teractions. The force and torque resulting from contact interactions
are indicated by F. and T.. In these terms, lubrication corrections
for sub-grid particle-particle and particle-wall interactions are used
together with a soft-sphere collision model for solid-solid contacts,
see Lambert ef al. (2013) for additional details. The interface con-
dition is introduced to enforce the fluid velocity at each point of
the particle surface to be equal to the particle velocity at that point,
u(X) = UP(X) = U2 +QF xr. An Immersed Boundary Method
with direct forcing developed by Uhlmann Uhlmann (2005) and
modified by Breugem Breugem (2012) is employed to satisfy the
interface condition by applying the forcing f in the vicinity of each
particle surface. The method has been tested and validated against
several benchmark tests Costa et al. (2015); Picano et al. (2015);
Lashgari et al. (2016). The present simulations impose a constant
mass flux that fixes the bulk Reynolds number to Re;, = 12000. Two
different particle sizes of D,/(2h) = 1/72 (D10) and 1/36 (D20)
are simulated, corresponding to about 10 and 20 viscous lengths of
a corresponding single-phase simulation. The bulk volume fraction
is fixed to @ = 20%. These simulations are complemented with a
single-phase reference case (SPR) with the same Re;, number and a
’continuum-limit’ reference (CLR) where single-phase flow is sim-
ulated with Rej, = 6400 to match the bulk Reynolds number based
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Figure 3.

Root-Mean-Square of the fluid velocity fluctuations normalized by the bulk velocity as a function of the wall normal distance y/h.

From left to right panel: streamwise component u;,,5 /Uy, wallnormal component w5 /Uy, spanwise component wys /Uy,

on the effective suspension viscosity at & = 20%, i.e. U,2h/V,; see
also table 1 for a summary of the parameters. A cubic mesh is
adopted with size A = D,/16 and each particle surface contains
746 Lagrangian control points. For the smaller particles (D10), the
mesh counts 3456 x 1152 x 1728 points in the streamwise, wallnor-
mal and spanwise directions, respectively. The number of particles
adopted in the simulations are fixed at 640000 and 80000 for the
D10 and D20 cases, respectively. An exemplum of the flow field
laden with the smaller particles (D10) is provided in Figure 1.

RESULTS AND DISCUSSION

The presence of the solid phase alters the turbulence behavior
in the channel flow with respect to the single-phase flow. In partic-
ular, we first extract the friction Reynolds number of the performed
two-phase simulations, see table 1. The friction Reynolds number
based on the fluid viscosity, Re; = uch/v (ur = /Ty /p the fric-
tion velocity and 7,, the wall stress), is always much higher than the
single-phase flow case performed at the same fixed bulk Reynolds
number based on the fluid viscosity (SPR). Hence the presence of
particles in these conditions always increases the overall drag. In
order to account the rheological features of a dense suspension we
can calculate the friction Reynolds number based on the effective
suspension viscosity V., Re$ = u¢h/V,, and compare with the cor-
responding single-phase flow which shares the bulk Reynolds num-
ber based on the effective viscosity v, (CLR). As it can be seen
from table 1, the effective viscosity friction Reynolds number is
higher than that obtained for the corresponding single phase flow
(CLR) and the difference increases with the particle size. It means
that the presence of finite-size particles in a turbulent flow cannot
be accounted only considering the increased effective viscosity of
the suspension.

The mean fluid velocity u/U,, with respect to the wall normal
distance y/h, figure 2, shows significant differences with respect to
the SPR case which consists on a single-phase flow with the same
bulk Reynolds number. The largest difference appear in the near-
wall region where the profile of the particle-laden cases strongly
differ from the corresponding single-phase flows. The case at the
corresponding effective Reynolds number (CLR), which accounts
for the higher effective viscosity of the suspension, appears more
similar, even though important differences still are present in the
near wall region. This aspect suggests that the effective viscosity
only is not sufficient to describe turbulent suspensions, although the
predictions are significantly improved. In particular, the simulation
with smaller particles (D10) is better approximated by the single-
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phase flow with the same effective viscosity (CLR). Hence, the dif-
ference found between our particle-laden flows and the single-phase
one which accounts for the suspension rheology can be ascribed to
a particle finite-size effect. In case of very small particles the direct
interaction between the particle dynamics and the flow features is
not important because of the wide scale separation and the rheolog-
ical features should be sufficient to determine the flow dynamics.
Conversely with particles larger than the viscous length scale a dif-
ferent flow dynamics is observed especially in the near wall region.

In figure 3 the root-mean-square (rms) of the fluid velocity fluc-
tuations of the streamwise u,s, Wallnormal v,,,s and spanwise w5
components vs y/h are shown for the two-phase and single-phase
flows. The presence of the solid phase strongly alters the behavior
of the wall turbulence especially in the near-wall region. In partic-
ular, we note that the peaks of fluid velocity fluctuations are always
reduced by the particle presence. Larger the particles stronger the
reduction. In addition, we note an enhancement of fluid fluctuation
intensities close to the wall. We attribute this effect to the parti-
cle collisions/rebounds at the wall, that stir the fluid in this region,
and to the large slip velocity of the particles which forces the fluid
to move around the particles themselves. We remark that both the
corresponding single-phase cases (SPR and CLR) fail to represent
the fluctuating behavior of the two-phase flow. This indicates once
again that finite-size effects are crucial for the turbulent dynamics
even with particle sizes of about ten viscous lengths.

A better understanding of the effects of finite-size particles on

Table 1.
fraction @ ratio between particle diameter and channel half-width
D, /(2h). Different definition of the Reynolds numbers: bulk Re
number Re;, = U, 21/ v; friction Re number Re; = urh/v (uz fric-
tion velocity); effective friction Re number Re§ = uch/v, with
Vv, (P) the rheological effective suspension viscosity

Characterization of the present simulations. Volume

® D,/(2h) Re, Re; Ref
DI0 0.2 1/72 12000 395 209
D20 0.2 1/36 12000 406 215
SPR 0.0 * 12000 350 350
CLR 0.0 * 6400 201 201
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Figure 4. Top panel: mean particle velocity normalized by the
bulk velocity, up, /U, as a function of the wall normal distance y/h.
Bottom panel: difference between the mean particle and fluid ve-
locity (up —uy) /Uy

as a function of the wall normal distance y/h in log scale.

turbulent channel flow can be obtained looking at the particle veloc-
ity statistics. In the top panel of figure 4 the mean particle velocity
u, /Uy is shown with respect to the wall normal distance y/h. As
it can be seen, small differences are present in the bulk of the flow.
A more attentive observation in the near wall region shows signif-
icant differences between the particle and fluid mean velocity. In
particular, since the particle velocity does not fulfill the no-slip con-
dition as the fluid, particles shows a not vanishing velocity at the
wall. Defining the mean slip velocity as the difference between par-
ticle and fluid mean velocity (u, —us)/U), at same location allows
to quantify how intense is this effect through the channel. The bot-
tom panel of figure 5 show the mean slip velocity with respect to
the wall-normal distance y/h displayed in log-scale. The mean slip
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is small in the bulk of the flow y/h > 0.1, while is significant and
positive close to the wall. Larger the particles higher the slip. In
the D10 case we note a slip of the order of 10% of the bulk velocity
while it almost doubles for the D20 cases showing a nearly linear
behavior with the particle size. The presence of this layer of par-
ticles which moves faster than the fluid changes the dynamics of
the turbulence in the near wall region and is a cause of the increase
of the overall drag caused by the particles, see Costa et al. (2016,
2017) for a detailed discussion of this effect. Interestingly, we note
also a negative minimum around one particle diameter for the slip
velocity. We attribute this effect to the first layer of particles which
forms close to the wall because of the geometrical constrain induced
by the planar solid wall. The midpoint in the wallnormal direction
of this particle layer travels faster than the corresponding fluid, but
the fluid at the edge of this layer towards the bulk is free to move
faster than the solid particle layer.

Figure 5 shows the particle velocity rms of the streamwise
Up rms/Up, wallnormal v}, s /Up and spanwise wp, s /Up compo-
nents with respect to the wall-normal distance y/h. The fluctuating
behavior of the solid phase in the bulk of the channel is similar to
that of the corresponding fluid phase. In this region, only the D20
case shows fluctuation levels lower than the fluid. Differences are
observed in the near wall region (buffer layer) where the peak val-
ues shown by the solid phase are smaller than those of the fluid. An
exception is found in the region adjacent to the wall. In this nar-
row region, we always find fluctuation levels higher for the solid
phase than the fluid. In should be remarked that since particles do
not comply with the no-slip condition, but respect only with the
no-penetration condition, the rms of the streamwise and spanwise
velocities are not vanishing at the wall. The wallnormal compo-
nent is instead null, but suddenly increases departing from the wall.
Actually, particles coming from the bulk can collide/rebound at the
wall transporting and exchanging a significant amount of momen-
tum. This effect explains the high levels of particle velocity fluc-
tuations shown in this region that in turns excite the flow veloc-
ity fluctuations stirring the fluid between particles and wall during
the collision. This dynamics justifies the increase of particle and
fluid velocity fluctuations close to the wall with respect to the cor-
responding single-phase flow. It should be noted that this effect has
to be ascribed to a direct interaction between the finite-size parti-
cle and the flow so it cannot be accounted only using rheological
suspension features such as the effective viscosity.

FINAL REMARKS

The present particle-resolved direct numerical simulations
show how important can be the finite-size effect in dense particle-
laden turbulent channel flows. We always note an increase of the
overall drag for the analyzed cases induced by the presence of the
dense solid phase. Taking into account only for the effective vis-
cosity of the suspension, though improve the flow prediction, is not
sufficient to determine the actual turbulent flow behavior. In partic-
ular, we have shown how different is the solid phase dynamics from
the fluid one in the near wall region. Particles do not comply with
the no-slip wall boundary condition and this phenomenon strongly
influences the observed different dynamical behavior close to the
wall. In this region, the solid phase shows a positive mean slip with
respect to the fluid. In the region adjacent to the wall, particles show
higher velocity fluctuations. On the contrary, they attenuate the flow
fluctuations in the buffer layer region reducing the turbulent veloc-
ity rms peaks. The bulk of the flow is instead less altered by the
presence of the solid phase. We retain that the near-wall turbulence
modulation operated by the particles is responsible for the overall
drag increase.
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Figure 5. Root-Mean-Square of the particle velocity fluctuations

normalized by the bulk velocity as a function of the wall normal
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