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Effects of the Saffman lift force on particle statistics and turbulence
modulation in two-phase flow
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Point-particle direct numerical simulations of horizontal open-channel turbulence two-
way coupled with inertial particles (St+ = 1, 31, 100) are performed to investigate the
effects of the Saffman force (the shear-induced lift force) on particle motion and turbulence
modulation. The friction Reynolds numbers of particle-free wall turbulence are Reτ = 180
and 580, respectively. The results show that for St+ = 31 and Reτ = 180, the near-wall
negative lift force increases the rebound velocity of particles after particle-wall collisions
and prevents them from following the fluid motions. Therefore, the accumulation of the
particles near the wall and the preferential concentration in the low-speed streaks are
suppressed by the lift force. As a result, the turbulent velocity fluctuations are decreased
below the buffer layer. The destruction of the conditional hairpin vortex is observed
because particles with the lift force are easy to cross the vortex core. In the outer layer,
the particle-turbulence interaction is increased by the lift force because of higher parti-
cle concentration. The significance of the lift force on turbulence modulation decreases
with the increasing Reynolds number, albeit the near-wall lift force itself becomes more
important at high Reynolds number. Finally, even with the shear-induced lift force, the
particle-turbulence interaction is still the strongest for the moderate-inertia particle in the
St+ range studied in this paper.
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I. INTRODUCTION

The small particles that move in the shear flows are usually subjected to the shear-induced lift
force (Saffman force), which causes them to migrate in the flow-normal direction [1,2]. In wall-
bounded turbulence, including channel and flat plate boundary layer, the Saffman force is on the
order of Refs. [3–6] or even several times higher [7] than the drag force near the wall based on
different lift force models (Appendix A). Since the Saffman lift force is proportional to the slip
velocity between the particle and the fluid, it will increase particle deposition when particle moves
faster than fluid [4,8] and vice versa [9]. Therefore, the Saffman force is one of the key factors
for particle transport [10] and hence the interaction among phases in turbulent multiphase flow.
This study aims to investigate how the Saffman force affects the statistics and structures of the
wall-bounded two-phase turbulence.

Numerical simulation is one of the most common approaches to study particle-turbulence interac-
tions in two-phase flow because it can reveal various phenomena, details, and physical mechanisms
under controllable or ideal conditions. In the numerical simulations, the coupling between the
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particles and turbulence involves two important aspects, namely: whether particles can change the
fluid dynamics, and if so, how to feedback. Usually, the strength of two-phase interaction is mainly
determined in terms of the particle volume fraction φv or the mass loading φm [11]. When φv and φm

are relatively low, the major influence is that of the turbulence on the dynamics of particles. Under
this condition, the one-way coupled simulation is often performed. The feedback of the particles on
the turbulent dynamics cannot be ignored when φv and φm are large enough, therefore the two-way
coupling (the feedback of particles must be involved in the governing equation of turbulence) or
even the four-way coupling method (the particle–particle interactions should be involved too) is
applied. In the latter two cases, the feedback of the particles on turbulence is either introduced in
the framework of the fully resolved simulations in which particles are treated as boundaries of the
flow or in the framework of the point-particle model, in which typically important forces need to be
included in the Lagrangian equations of particle motion.

In the particle-resolved (PR) method, the total hydrodynamic force acting on the particle can be
calculated directly by integrating the hydrodynamic stress tensor over a particle’s surface because
the flow near the particles is resolved. However, high computational cost and memory consumption
are necessary [12,13]. The numerical simulations which can be compared with practical application
often need to resolve a huge number of particles. Therefore, PR simulation is difficult to achieve in
the foreseeable future in spite of its high accuracy [11]. In the point-particle (PP) simulations, it is
recognized that the most important hydrodynamic component in the particle’s governing equation is
the drag force for heavy particles (density ratio much larger than one) [3,14,15]. Numerous inves-
tigations have focused on and revealed the phenomena and mechanisms of two-phase interactions
in the wall-bounded turbulence laden with particles only affected by the drag force (hereinafter
called inertial particles). For example, the aggregation of inertial particles in the low-speed streaks
near the wall of wall-bounded turbulence has been revealed based on the one-way coupled nu-
merical simulations [16–19]. This aggregation is most significant when the inertia of particles
is St+ ∼ O(10). Here, the particle inertia is defined as St+ = τpu2

τ /v, where τp(= d2
pρp/18ρ f v)

is the particle response time with diameter dp and density ρp, uτ is the friction velocity of wall
turbulence, v and ρ f are the kinematic viscosity and density of the fluid, respectively. The particles
with higher or lower inertia are relatively uniformly distributed. The features of large-scale particle
streaks in the buffer layer of wall-bounded turbulence depend on both particle inertia and turbulent
Reynolds number [20]. Besides, the particles would migrate along the direction where the intensity
of turbulence decreases [21]. The so-called turbophoresis is the most apparent when the response
time of the particle matches the local turbulence time near the wall (St+ = 10 ∼ 100), which leads to
the highest particle concentration there [19,22,23]. For the same St+, the deposition rate of particles
increases with the Reynolds number Reτ (= uτ H/ν = 150 ∼ 1000, where H is the characteristic
length scale of wall-bounded turbulence) [23]. Further, the two-way coupled simulations have
revealed that the particles mostly suppress the vertical and spanwise turbulent intensity while the
influence of the particles on the streamwise turbulent intensity significantly depends on particle
inertia. The argument is especially strong for moderate-inertia particles (typically, St+ = 10 ∼ 50)
that aggregate most obviously. Lee and Lee [24] found that the particles decrease the streamwise
turbulent fluctuation above the buffer layer at an early stage of two-phase flow evolution, while
others reported an enhancement of the streamwise turbulence intensity at a statistically steady
state [25–29]. In addition, inertial particles could also affect the shape and energy contribution
of turbulent coherent structures such as the hairpin vortices, quasistreamwise vortices, low-speed
streaks, and large-scale motions/very-large-scale motions (LSMs/VLSMs) in the inner and outer
layer [24,27,30–34]. It was found that moderate-inertia particles [St+ ∼ O(10)] greatly reduce the
number of near-wall quasistreamwise vortices [24], increase the spanwise scale of quasistreamwise
vortices [30] and lead to longer low-speed streaks [27]. Most recently, Gao et al. [35] performed
point-particle direct numerical simulations (PP-DNS) in an open channel at Reτ = 5186. They
found that the particles make the coherent structures become wider and shorter in the spanwise
and streamwise directions, respectively. Besides, particles with Stk = O(1) (St+ = 8.2–25) are most
likely to preferentially concentrate in Q2 events in the turbulent planar Couette flow and weaken the
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eddy strength. The influence of particles on the conditional hairpin vortex is more pronounced at
high Reynolds number [31]. High-inertia particles (St+ = 51.6) weaken large-scale vortices while
low-inertia particles (St+ = 4.44) enhance them in the planar Couette flow, which are similar to the
results of channel turbulence [33].

Costa et al. [36,37] compared PR-DNS with PP-DNS and found that PP-DNS with only the
drag force significantly underestimates near-wall particle velocity fluctuations. The addition of the
Saffman force improves the prediction of particle statistics to a certain extent, which depends on
the choice of the lift force model. Their results demonstrated that PP-DNS requires at least both
the drag force and the Saffman force to match PR-DNS. A variety of different Saffman lift force
models have been proposed by theoretical and experimental methods (see Appendix A) and there
are a series of studies so far about the qualitative and quantitative effects of the Saffman shear lift
force on deposition rate and concentration of particles in the turbulent multiphase flows. However,
it is still unknown which is the best model because the lift force model depends in unknown ways
on many parameters, such as Reynolds number, Stokes number, distance from the wall, and particle
volume fraction [35]. The differences in particle dynamics caused by the lift force were the main
concerns in a few studies. McLaughlin [3] investigated the particle transport in a vertical channel by
one-way coupled PP-DNS (Reτ = 125, St+ = 2 ∼ 6) using Saffman model. Their results showed
that the shear lift force is more significant near the wall where the negative lift forces make particles
move more rapidly toward the wall. Zhang and Ahmadi [4] also employed the Saffman model in
their one-way coupled PP-DNS and indicated that both the drag force and the shear lift force play
dominant roles in the transport and deposition of larger particles in a vertical channel (Reτ = 125).
Marchioli and Soldati [9] performed one-way coupled DNS of two-phase flow in a vertical channel
(Reτ = 150, St+ = 3.8 ∼ 116.3) using the Mclaughlin91 model and concluded that particle fluxes
to the wall increase a little when the shear lift force is involved and this effect is smaller for high-
inertia particle. Arcen et al. [7] found that the vertical lift force (CM model) near the wall increases
with the increase of particle inertia (St+ = 1.2, 6.8, 27.1) at low Reynolds number Reτ ≈ 184, even
up to 6.5 times of the drag force. Later, Marchioli et al. [22] adopted the combination of the Saffman
model and the Mclaughlin91 model in their simulations and pointed out that the shear lift force
increases the drift of particles with St+ < 5 towards the wall and reduces the transport of particles
with St+ > 25, which give rise to stronger accumulation of the low-inertia particles near the wall.
Barati et al. [38] simulated the continuous saltation process of a particle over a particle bed. Their
result showed that the saltation height, length, and streamwise velocity of the particle are apparently
increased by the shear lift force as compared to the case without lift force. Because the lift force was
linked to the drag force through FL = 0.7FD in their study, which is a rough and unconventional
model, the lift force has a very significant impact on particle motion. Mortimer et al. [6] investigated
the two-phase turbulent channel flow laden with particles of different inertias (St+ = 0.1, 50, 92)
using one-way coupling method and Mei model. They found that for St+ = 0.1, the maximum ratio
of lift force to drag force is around 45% in the buffer layer. However, the maximum ratio is only
around 30% for St+ = 50 and 92. Recently, Rousta et al. [39] preformed one-way coupled PP-DNS
(Reτ = 180, St+ = 1 ∼ 130) using Mclaughlin91 model in a vertical turbulent channel flow. They
compared the deposition velocities of particles with the existing experimental and numerical results
and found that when the Saffman lift force is included, good agreement between their results and
experimental measurements can be obtained.

As particle volume fraction (or mass loading) increases, two-way coupling becomes important. In
the two-way coupling framework, the lift force not only affects the particle transport as compared to
the one-way coupling case but also influences turbulence modulation. Nasr et al. [40] simulated the
two-way coupled horizontal channel turbulence (Reτ = 150, St+ = 14, 20) using the Mclaughlin93
model and revealed that two-way coupling weakened the preferential distribution of particles
compared with one-way coupling. A few two-way coupled numerical studies were conducted to
further investigate the turbulence modulation by particles with lift force. However, they did not
individually identify the effects of lift force on the modulation. For example, Nasr et al. [40] also
found that particles with St+ = 20 suppress the turbulence intensity in all directions. The level of

034301-3



JINCHI LI, PING WANG, AND XIAOJING ZHENG

suppression increases with mass loading. In addition to the drag force, the study of Li et al. [32]
involved both the shear lift force (Mei model) and the rotation lift force in the particle equation.
Their results revealed that the presence of particles with St+ = 1.8 and 9 (estimated by d+

p = 0.1472
and 0.329) suppresses the vertical and spanwise turbulence intensity, while enhances and reduces
the streamwise fluid velocity fluctuation near the wall and in the outer layer respectively. The mean
spacing of the near-wall streamwise streaks is increased by moderate-inertia particles but reduced
by low-inertia particles. Mortimer and Fairweather [41] performed two-way coupled simulations
of two-phase flow laden with particles that governed by the drag force, the shear lift force (Mei
model), the added mass force, and the pressure gradient force. They found that the particles with
St+ = 0.1 enhance the near-wall streamwise turbulent fluctuation, but the particles with St+ = 50
and 92 reduce the near-wall streamwise turbulent fluctuation and enhance them in the logarithmic
layer. All three particles suppress the vertical and spanwise turbulence intensity, which is similar to
Li et al. [32].

According to the above summary, particle dynamics and turbulence modulation by particles
governed by shear lift force are still not completely understood though their significance has
already been realized. Under what conditions the shear lift force is important and how do the
particles acted by the shear lift force influence the two-phase flow are the two main questions to
be answered. To this end, we perform DNSs of horizontal open-channel turbulence laden with
particles of various inertias (St+ = 1, 31, 100) at two friction Reynolds numbers (Reτ = 180, 580).
The effects of coupling manner between phases are discussed as well. The paper is organized
as follows. Numerical procedures are introduced and validated in Sec. II. Then, we present the
simulation results of the particles and the turbulence (statistics and coherent structures), which is
followed by discussions about the modulation mechanisms in Sec. III. In this section, the effects of
shear lift force as a function of particle inertia and turbulent Reynolds number are also presented.
Finally, the main conclusions are given in section Sec. IV.

II. NUMERICAL PROCEDURES

A. Turbulent channel flow

The incompressible turbulence is governed by the Navier–Stokes equations and continuity
equation,

∂ui

∂t
+ ∂ (uiu j )

∂x j
= − ∂ p

ρ∂xi
+ ν

∂2ui

∂x j∂x j
+ 1

ρ
fi, (1)

∂ui

∂xi
= 0. (2)

Here, t is time, ρ, p, and ν are density, pressure, and fluid kinematic viscosity, respectively. ui

represents the fluid velocity component in the streamwise (x), wall-normal (y), and spanwise (z)
direction when i = 1, 2, and 3, respectively. fi represents the feedback force of particles to the fluid
in two-way coupled simulations.

Figure 1 shows the schematics of the horizontal open-channel flow and the computational peri-
odic cell. The periodic conditions are employed in the horizontal (x, z) directions. The free-slip and
no-slip conditions are applied on the upper surface and lower wall, respectively. The computational
domain (Lx, Ly, Lz) is set to be (8πH, H, 3πH) (where H represents the half channel height).
In single-phase flow, the friction Reynolds numbers based on the wall friction velocity uτ are
Reτ = uτ H/ν = 180, 580. For the case Reτ = 180, the mesh is (1024,96,512) and the correspond-
ing grid spacings are �x+ = 4.42, �y+ = 0.14 − 4.0 and �z+ = 3.31, where superscript “+” is
the distance based on the wall unit of v/uτ . For the case Reτ = 580, the mesh is (1024,240,1024)
and the corresponding grid spacings are �x+ = 14.2, �y+ = 0.55–5.3 and �z+ = 5.3, which
is close to the resolution of Wang and Richter [34]. The time step of turbulence simulation is
�t+ = �tu2

τ /v = 0.08 and 0.04 for the two Reynolds numbers respectively to ensure CFL <0.5.
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FIG. 1. Schematics of the channel flow and the computational periodic cell.

The governing equations (1) and (2) are numerically solved using the fractional step method
with the implicit velocity decoupling procedure [42]. All spatial derivative terms are approximated
by a second-order central difference scheme on a staggered grid. On the basis of a block LU
decomposition, the velocity-pressure decoupling is achieved through approximate factorization
[43,44]. The equations are advanced in time by the Crank–Nicholson scheme. The mean flow driven
by a streamwise pressure gradient is adjusted dynamically in time to maintain a constant mass flux
[45,46]. Validations of the model can be seen in Appendix B.

B. Lagrangian particle

We simulate moderately dilute suspensions with weak interphase coupling in wall-bounded
particle-laden flows [26,41] and the bulk particle volume fraction φv is set to 1.19×10−4. Several
important parameters and methods for numerical simulations are shown in Table I. Similar to other
PP-DNSs [20,27,41,46–48], the small spherical particles (sub-Kolmogorov size) are simplified by
point-force approximation. Since the particle-to-fluid density ratio is very high (ρp/ρ � 1) and
the particle diameter is smaller than the Kolmogorov length scale, the other forces such as the
added-mass force, the fluid acceleration force, the Basset history force and the Magnus force on
the particles can be ignored [3,7,14,15]. Meanwhile, we assume a high particle Froude number
(Frp = uτ /(τpg) � 1) to ignore gravity. This is the case, typically, for dust and snow in the air.
Only the drag force FD and the Saffman lift force FL are considered to emphasize the effect of FL.

TABLE I. Summary of different particle types used in simulation cases A–I.

Case Reτ ρp/ρ f St+ NP Coupling method Lift force

A 180 1550 31 1.45×106 One Yes
B 180 1550 31 1.45×106 Two Yes
C 180 1550 31 1.45×106 Two No
D 180 50 1 1.45×106 Two Yes
E 180 50 1 1.45×106 Two No
F 180 5000 100 1.45×106 Two Yes
G 180 5000 100 1.45×106 Two No
H 580 1550 31 4.85×107 Two Yes
I 580 1550 31 4.85×107 Two No
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The motion equation of an individual particle can be written as

d2xpi

dt2
= dupi

dt
= FDi

mp
+ FLi

mp
=

(
1 + 0.15Re0.687

p

)
mpτp

(ũi − upi ) + FLi

mp
. (3)

where xpi and upi represent the position and velocity of the particle, respectively. The particle
Reynolds number is defined as Rep = |ũ − up|dp/ν, where |ũ − up| represents the modulus of
the difference between the fluid velocity vector ũ and the particle velocity vector up, called the
slip velocity. According to the particle motion equation proposed by Maxey and Riley [49], a key
problem is that the slip velocity should be calculated using the undisturbed fluid velocity. However,
in two-way coupled simulations, the fluid velocity and velocity gradients are interpolated from a
modulated flow field to the particle position since the undisturbed flow field is difficult to obtain
[50]. Gualtieri et al. [51], Horwitz and Mani [52], and Balachandar et al. [53] recently proposed the
correction schemes for calculating the approximate undisturbed fluid velocity from the modulated
flow field. In the simulations which run for a particle settling under gravity, the first two correction
schemes agree better with the analytical solution than the uncorrected one [51,52,54]. The correction
proposed by Horwitz and Mani [52] is even closer to the results of PR-DNS in the decaying isotropic
turbulent particle-laden flow [55]. Recently, the Gualtieri correction [51] was employed to simulate
two-phase wall turbulence and investigate turbulence modulation [12,51,56]. To estimate the impact
of particle self-induced disturbance, the instantaneous undisturbed velocity is estimated based on
Gualtieri’s correction (i.e., ũ + d2

p∇2ũ/24) for case B (see Table I). It is found that the error between
undisturbed and disturbed velocity is less than 1% on average near the wall and decreases with the
increase of the wall-normal height. We believe that the particle self-induced disturbance may not
have a significant influence on particle motion and turbulence modulation. In addition, Horwitz
and Mani [52] pointed out that the trilinear interpolation is more accurate for a particle settling in
an otherwise quiescent fluid than higher-order interpolation. Therefore, the undisturbed velocity is
not considered in this paper and the trilinear interpolation is deployed to obtain ũ. The existing
expressions of the lift force are listed in Appendix A. The Saffman lift force is employed in the
simulations. The effects of the lift force models are also simply discussed in Appendix A and no
qualitative influences are found. Besides, we performed DNS for moderate-inertia particles with
interparticle collisions using a deterministic collision model. It is found that the collisions don’t
fundamentally alter the influence of lift force on particle behaviors and turbulence modulation at
the volume fraction studied (not shown here). Therefore, we opted to neglect the particle-particle
collisions.

The particles are uniformly and randomly distributed into the flow field with zero slip velocity
after the single-phase turbulence is fully developed. The periodic conditions are applied in the
streamwise and spanwise directions for particle motion, namely, the particles that move out of the
upper and lower boundaries satisfy the following equations:

u∗
p2 = −up2, x∗

p2 = 2H − dp − xp2(xp2 > H − 0.5dp, up2 > 0), (4)

u∗
p2 = −up2, x∗

p2 = dp − xp2(xp2 < 0.5dp, up2 < 0), (5)

where up2 and xp2 represent the wall-normal velocity and position of the particle touching the
boundary, u∗

p2 and x∗
p2 represent the wall-normal velocity and position of the particle just after the

interaction between the particle and the boundaries.
Time advancement for particle motion equation is performed using the fourth-order Runge–Kutta

scheme. The a posteriori result shows that the CFL number of particle [CFLP = max(upi�tp/�xi )]
defined by particle velocity, particle time step (�t+

p = �t+
f ) and fluid grid is less than 0.5. Similar

to previous PP-DNSs [26,46–48], we adopt the particle-source-in cell (PSI-CELL) method [57] in
the two-way coupled simulations to collect the feedback force, that is, the drag forces and the shear
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lift forces from particles within a given cell volume are summed to give the body force in Eq. (1):

fi = − 1

Vcell

Ncell∑
n=1

(FDi + FLi )

∣∣∣∣∣
n

, (6)

where (FDi + FLi )|n is the force on the nth particle. Vcell represents the volume of a fluid cell and
Ncell represents the number of particles in Vcell. Though the feedback force exhibits grid dependency
when the number of particles per cell is insufficient using the PSI-CELL method, we opted to
proceed with this method. In our simulations, the relative importance of lift force by the PSI-CELL
method is close to those by a simplified ERPP method (refer to Appendix C). The particle diameter is
d+

p = dpuτ /ν = 0.6 in wall units, and dp,K = 0.38 and 0.41 when dimensionalized by Kolmogorov
length scale within the first off-wall grid at Reτ = 180 and 580, respectively.

The simulations last for T + = Tu2
τ /v = 20 000. The statistics of particle and turbulence are

performed during T + = 15 000–20 000 after the particle-laden flows have achieved the statistically
steady state, that is, the Shannon entropy hardly changes with time [19,23,58]. Validations of the
model can be seen in Appendix B.

III. RESULTS AND DISCUSSIONS

Previous results for inertial particles revealed that moderate-inertia particles (St+ = 10 ∼ 50)
have the strongest accumulation near the wall, the most significant preferential concentration and
the strongest modulation on the fluid [19,23,24,59]. The discussions in this section will be centered
on the case with St+ = 31 and Reτ = 180. Simulations with other Reynolds numbers and Stokes
numbers are mentioned and discussed when necessary.

A. Simulation results

Figure 2 exhibits the instantaneous snapshots of the vortex structures identified as the isosurfaces
of the absolute value of λ+

ci (= λciν/u2
τ , where λci is the imaginary part of the complex eigenvalue

of ∇u f and ∇u f is the fluid velocity gradient tensor [60]), together with the instantaneous particle
distribution indicated by small black spheres for one-way coupled simulation with the lift force and
two-way coupled simulations with and without the lift force. The isosurface of λ+

ci = 0.01 is colored
by the wall-normal height. The right panels show λ+

ci in horizontal plane at y+ = 15 to highlight
its near-wall distribution. As can be seen from Fig. 2, the turbulent regions are vividly populated
by hairpin vortices and quasistreamwise vortices in all three cases. However, these structures are
different in height and quantity due to the difference in particle distribution. When the Saffman lift
force is involved in the particle motion equation, the blank area near the wall is larger in the two-
way coupled simulation (see Fig. 2(b) and Ref. [61]) than that in the one-way coupled simulation
(see Fig. 2(a) and Ref. [61]). The ratio of area with λ+

ci > 0.01 to area with λ+
ci < 0.01 is 1.08

in two-way coupling case, while that in one-way coupling case is 1.69. The difference in particle
distribution between the two cases is not visibly seen since it is the most obvious within the viscous
sublayer (will be shown later). However, this difference in particle distribution is remarkable when
comparing Figs. 2(b) and 2(c). For these two-way coupled simulations, inertial particles without the
Saffman force acting on them accumulate more easily on the wall, giving rise to fewer particles and
denser vortex structures in the buffer layer (the ratio of area with λ+

ci > 0.01 to area with λ+
ci < 0.01

is 1.75).

B. Particle statistics

Figure 3(a) shows the wall-normal profiles of the mean particle concentration φvp, nondimension-
alized in terms of the bulk concentration φv for cases A–C. In particular, φvp is obtained using the
uniform grids (�yp = 2dp) in the wall-normal direction, which is different from the fluid grid. Note
that particles are initially released into the entire computational domain and gradually accumulate
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FIG. 2. Instantaneous snapshot of the three-dimensional vortex structures (isosurface for λ+
ci = 0.01) in the

turbulent region with the particles and λ+
ci in horizontal plane at y+ = 15 for (a) one-way coupled simulation

with Saffman shear lift force, (b) two-way coupled simulation with lift force, and (c) without lift force. The
vortex structures are colored by wall-normal height and the particles are indicated by small black spheres
(Reτ = 180).
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FIG. 3. Particle statistics: (a) particle concentration, (b) mean wall-normal lift force, (c) mean streamwise
particle velocity, and (d) RMS particle velocity fluctuations profiles for cases A–C (Reτ = 180).

near the wall due to turbophoresis [21] as time goes by. We draw the conclusions based on Fig. 3(a)
that particles accumulate more significantly near the wall in two-way coupled simulation than
that in one-way coupled simulation and the inertial particles accumulate more significantly than
those with the Saffman force [61]. This is apparent since the particle concentration within the first
off-wall grid satisfies φvp,1,C > φvp,1,B > φvp,1,A. For case C, φvp,1,C = 7.6×10−3, which is even
one to two orders of magnitude higher than the bulk particle concentration φv (= 1.19×10−4). This
phenomenon is consistent with what was reported in Wang et al. [59]. As a result, the particle
concentration at y+ > 60 is the lowest in this case [also see Fig. 2(c)]. With the lift force in case
B, φvp,1,B = 7.78×10−4, which is only 1/10 that of case C, indicating that the lift force makes
the particle distribution more uniform in wall-normal direction. Therefore, the Saffman force coun-
teracts the turbophoresis effect. It is worth noting that particle concentration in two-way coupled
simulation with the lift force decreases monotonically with height, while that in one-way coupled
simulation remains essentially constant in the viscous sublayer (y+ < 3). The main difference in
particle concentration between one-way and two-way coupled cases seems to be limited to several
grids in the vicinity of the wall in our simulations. Note that the peak in the concentration at the
open boundary is the result of the free-slip boundary conditions and positive turbophoresis velocity
there, which has already been reported in several studies [35,59].

Due to the strong near-wall mean shear d〈u〉/dy (“〈〉” represents the ensemble-averaged oper-
ation) in wall turbulence [18,62] and the large streamwise slip velocity ũ1 − up1, the wall-normal
component of the Saffman force must be greater than those in the other two directions according to
Saffman model. We therefore just illustrate the wall-normal lift force profiles for cases A and B in
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Fig. 3(b). Regardless of the coupling method, both simulations indicate negative mean wall-normal
lift force in the region of y+ < 7 ∼ 8, which is consistent with McLaughlin [3] and Rousta et al.
[39], and a slight positive mean wall-normal lift force above (see the solid lines). Most importantly,
the lift force on the descending particles (u+

p2 < 0) is always negative, while that for ascending
particles (u+

p2 > 0) is negative very close to the wall and changes to be positive at y+ > 3. This is a
very interesting phenomenon which means that once the particles can escape the trapping effect of
the wall, they will further move away from the wall under the action of the positive lift force.

Figure 3(c) shows the profiles of the mean streamwise particle velocity for cases A–C. The fluid
velocity profile for the single-phase turbulence is also included as a reference. It can be observed
that inertial particles (case C, the red dash line) move the most slowly. The hysteresis of particles in
the buffer layer is partly due to their preferential distribution in low-speed fluid regions shown later.
With the Saffman lift force, more particles are brought toward the wall and move faster than the
fluid in the viscous sublayer [39], regardless of the coupling manners. As compared with one-way
coupled simulation, the particle velocity in the two-way coupled simulation is apparently lower,
especially near the wall. This also results in a small slip velocity ũ1 − up1 for the latter case shown
in the inset. In the outer layer, the difference among the three cases becomes indistinctive since
the lift force becomes negligible [see Fig. 3(b)]. Analogously, we show the RMS particle velocities
〈u′+

pi u′+
pi 〉1/2 ((u′+

pi = u+
pi − 〈u+

pi〉) for cases A–C (dotted lines) in Fig. 3(d), together with the RMS
fluid velocities 〈u′+

p u′+
p 〉1/2 in the single-phase flow (solid line). The RMS particle velocities are

higher than the RMS fluid velocities in the streamwise direction and lower in the spanwise and
vertical direction, except for the regions very close to the wall where the particle-wall collisions
are relatively frequent [see insets of Fig. 3(d)]. The inertial particles in case C have the lowest RMS
velocity near the wall because where the lift force is crucial, particles fall and rebound more quickly.
Compared with the two-way coupling case, the RMS velocity of particle is larger in the one-way
coupling case due to the higher lift force [see Fig. 3(b)]. In the outer layer, the RMS velocity of
particle is similar in all three cases due to the negligible lift force.

The particle numbers in the high-speed region (u′+
1 > 0) and the low-speed region (u′+

1 < 0) are
straightforwardly counted. The ratios of φvp(u′+

1 > 0) to φvp(u′+
1 < 0) for cases A–C are shown

in Fig. 4(a). φvp(u′+
1 > 0)/φvp(u′+

1 < 0) > 1 means a high-speed-region distribution of particles
and vice versa. It is clear that more particles collect in the low-speed streaks in the inner layer,
while in the outer layer, more particles collect in the high-speed region, regardless of the lift force
and coupling manners. This conclusion is consistent with previous PP-DNSs for similar particle
inertia [9,23,24,27,34,63]. The differences among various simulations still exist, however. The
inertial particles in case C depict the strongest preferential distribution in both inner and outer
regions while the Saffman force tends to partially counteract the preferential distribution in the
inner layer [61]. Previous studies suggested that entrainment process of particles by coherent wall
structures causes the formation of particle preferential concentration in the low-speed regions near
the wall [9,18]. The lift force enhances the particle-wall collisions and inhibits the entrainment
process of particles, resulting in the weakening of particle preferential concentration. Compared
with the two-way coupled simulation, the particles in the one-way coupled case are more uniformly
distributed in the flow field within 6 < y+ < 30 while more easily clustering in the low-speed
regions at y+ < 6. This phenomenon may be due to the positive or negative slip velocity varying
with height [see Fig. 3(c)].

Figure 4(b) shows the mean streamwise vorticity magnitude 〈|ω+
1 |〉 of the fluid (solid lines)

and the vorticity magnitude 〈|ω+
1 (u+

p2 > 0)|〉 conditionally averaged at the position of ascending
particles (u+

p2 > 0) for cases A–C. Without the lift force, the conditionally averaged vorticity
〈|ω+

1 (u+
p2 > 0)|〉 is smaller than 〈|ω+

1 |〉 within the most of two-phase region, indicating a low-
vorticity-region accumulation of the particles. This low-speed and low-vorticity accumulation of
inertial particles was also reported before [64]. While with the lift force, 〈|ω+

1 (u+
p2 > 0)|〉 is almost

the same as 〈|ω+
1 |〉 in the viscosity sublayer but smaller than that above. Away from the wall, particle

preferential distribution in low-vorticity regions is less clear in all cases. Since the vertical lift force
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FIG. 4. (a) The ratio between particle concentrations in high-speed fluid (u′+
1 > 0) and low-speed fluid

(u′+
1 < 0). (b) The mean streamwise vorticity magnitude 〈|ω+

1 |〉 of the fluid (solid lines) and the absolute
vorticity 〈|ω+

1 (u+
p2 > 0)|〉 conditionally averaged at the position of ascending particles (u+

p2 > 0). (c) The
probability density functions of positive u+

p2 at y+ = d+
p /2. (d) The angular distribution functions of particles in

the x–z slabs with thickness of �y+ = 2.0 in the streamwise and spanwise directions at y+ = 15 (Reτ = 180).

is proportional to the streamwise vorticity in magnitude, the high vorticity in the viscosity sublayer
results in the high lift force and, consequently, the high impact and rebound velocity as shown in
Fig. 4(c) which presents the probability density functions (PDFs) of positive u+

p2 at y+ = d+
p /2.

Therefore, particle behavior there is more significantly governed by the particle-wall interaction. In
addition, the PDFs in Fig. 4(c) also suggest a higher positive u+

p2 for one-way coupled simulation
(case A) due to the higher lift force in the vicinity of the wall.

Gao et al. [35] investigated the anisotropic clustering of particles according to the angular
distribution functions (ADFs). In this study, the same method is used to reveal the effect of the
lift force on the clustering of particles in the buffer layer. The two-dimensional angular distribution
function ADF(r, θ ) is defined as

ADF(r, θ ) =
∑np

i=1 δNi(r, θ )/(δrδθrnp)

N/(LxLy)
, (7)

where δNi(r, θ ) represents the number of particles which are collected from a sector with thickness
of �y+ = 2.0 between r − δr/2 and r + δr/2 in the radial direction and θ − δθ/2 and θ + δθ/2
in the angular direction from the center of the ith particle. np represents the total number of the
central particle from multiple snapshots in time. N/(LxLy) represents the randomly distributed
particle number density in the sampling height. Here we set δr = 0.2H and δθ = 0.025π and
show the profiles of ADF(r, θ ) at y+ = 15 in Fig. 4(d). θ = 0 and θ = π/2 represent spanwise and
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FIG. 5. Turbulence statistics: (a) mean streamwise fluid velocity and (b) RMS fluid velocity fluctuations
profiles for cases B and C (Reτ = 180). The inset in (a) represents the particle-induced stress.

streamwise directions respectively. For case C, the streamwise ADF(r, θ ) near the reference particle
is higher than that in the spanwise direction, meaning the anisotropy of particle concentration.
However, the Saffman force suppresses the anisotropic clustering of the particles and makes the
particle distribution more uniform in the horizontal plane within the buffer layer.

C. Turbulence statistics

Figure 5 illustrates the profiles of turbulence statistics for cases B and C. The presence of particles
reduces the mean fluid velocity in the buffer layer due to positive slip velocity and increases 〈u+

1 〉
in the outer layer due to constant mass flux. However, since the particle mass loading (φm = 0.18)
in the simulations is relatively small, the effect of the particles on the mean streamwise velocity
of the fluid is almost negligible, except for that in the buffer layer [see Fig. 5(a)]. The inset of
the Fig. 5(a) further shows the particle-induced stress τ+

p [12,46,65] to investigate the exchange

of momentum between the two phases, which is defined by τ+
p = ∫ y+

H+〈 f +
1 (y′+)〉dy′+. At steady

state, τ+
p at the wall (the integral of f +

1 from the wall to channel center, that is, the entire domain)
is zero for cases with or without the lift force, which means that there is no net exchange of
momentum between the two phases. However, a larger peak of τ+

p occurs in the buffer layer with
the lift force, resulting in a more pronounced decrease in mean fluid velocity. Nevertheless, the
turbulent velocity fluctuations are visibly affected by the particles, as can be observed in Fig. 5(b).
The inertial particles slightly decrease the fluid streamwise velocity fluctuation 〈u′+

1 u′+
1 〉1/2 in the

viscous sublayer and increase it above the buffer layer, while that in both wall-normal and spanwise
directions is suppressed mildly. The results are consistent with previous PP-DNSs of two-phase
turbulence laden with inertial particles [26,28–30,48]. In the inner layer, changes in turbulence
intensity are attributed to the suppressed small-scale vortices near the wall [24] and the stronger
turbulent low-speed streaks because the particles accumulated in them carry more low-momentum
fluid from the near-wall region [66]. The former leads to the weakening of turbulence intensity
in the viscous sublayer while the latter enhances the streamwise velocity fluctuations above the
buffer layer. We emphasize that the turbulence modulations in the second-order statistics are more
pronounced when the lift force is involved. Quantitatively, the maximum difference in 〈u′+

1 u′+
1 〉1/2

with and without the lift force is about 13% at the near-wall peak. However, in consideration of
the huge differences in the profiles of particle concentration for the two cases shown in Fig. 2(a),
it is interesting that in case B, the lower particle concentration near the wall with lift force results
in a more pronounced modulation compared to case C. The differences in turbulence modulations
cannot be directly related to the near-wall accumulation of particles. However, in the outer layer, the
lift force makes the particle concentration become larger, resulting in a more significant turbulence
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modulation. This unexpected result may be ascribed to the different interaction mechanisms between
particles and turbulent coherent structure near the wall and in the logarithmic layer since the lift
force is significant near the wall but negligible in the outer layer [see Fig. 3(b)]. The differences
in turbulence modulations between inner and outer layers caused by the lift force will be further
discussed in the next subsection.

D. Turbulent coherent structure

Figure 6 shows the conditionally averaged hairpin vortices in cases B and C. Linear stochastic es-
timation (LSE) is used to perform the conditional averaging [31,67]. We provide a brief description
of LSE theory here. Given the target event E(x∗) at location x∗, the conditionally averaged velocity
fluctuation u′ at location x is expressed as 〈u′ | E〉. LSE approximates the linearly estimated field
û(x) as ûi(x) = Li j (x, x∗)Ej (x∗), where Li j = 〈EjEl〉−1〈uiEl〉 represents, in a least-squares sense,
the best linear approximation to the conditionally averaged 〈u′ | E〉. In this paper, the target events
are selected as the symmetric Q2 events (u′

1 < 0, u′
2 > 0, u3 ≈ 0) at y+ = 50. In Fig. 6, the hairpin

vortices are identified by the isosurface of 0.3 times the maximum λci in the single-phase flow.
Moreover, the contours show the conditionally averaged streamwise velocity fluctuation at y+ = 15
[see Figs. 6(a), 6(c) and 6(e)] and particle distribution at z+ = 0 [see Figs. 6(d) and 6(f)]. In Fig. 6(a),
the low-speed streak is located between the counter-rotating legs of the Q2-based hairpin vortex,
pulled away from the wall, redirected upwards and accompanied by the high-momentum fluid
downstream of the vortex head, which corresponds to the ejection and sweep events respectively.
With the addition of inertial particles, the shape of the conditional structures is relatively unchanged,
though its extent is, on average, compressed due to the near-wall high particle concentration. The
lowest height of the isosurface increases and the low-speed region is slightly extended [see Fig. 6(c)]
as compared to the single-phase case. When the lift force acts on the particles, they are more
evenly distributed in the entire domain. Figure 6(f) shows that particles are elevated upstream of the
conditional eddy in the range 10 < y+ < 100. The local particle concentration between the hairpin
legs and the vortex head is so high that the particle-vortex interaction destroys their connection. The
two legs are separated for the chosen isosurface and the spacing between the legs becomes greater
[see Fig. 6(e)].

Figure 7 presents the spanwise two-point correlations of the fluid streamwise velocity fluctuation
Ru′u′ at y+ = 15 and y+ = 52 for cases B and C, as well as that for single-phase case. The spanwise
separation at which the minimum of Ru′u′ occurs corresponds approximately to half the mean
spacing of the streaks. The corresponding indicator lines (dashed line) of Ru′u′ = 0.2 are also given
in Fig. 7 to compare the spanwise scale of the streaks for different cases. For the inertial-particle
case, the mean streak spacing is basically unchanged as compared with the single-phase case. It is
about �z+ = 120 at y+ = 15 and �z+ = 200 at y+ = 52. However, these streaks become slightly
wider in the spanwise direction, which is consistent with the results of Dritselis and Vlachos [30]
and Picano et al. [68]. With the lift force, the particles significantly increase the mean width and
spacing of the streaks both in the buffer layer and logarithmic layer due to the strong particle-fluid
interaction. This result is consistent with Li et al. [32] who reported that the particles with St+ = 9
increase the spacing of the near-wall streaks, but inconsistent with their conclusion that the streak
spacing is basically not affected by particles in the outer layer due to different conditions of upper
boundary.

The above differences in particle distribution, turbulence statistics, and structure clearly demon-
strate the influence of the lift force. To understand the underlying dynamics, we show the
distributions of the particles around a coherent streamwise vortex, which rotates clockwise in the
buffer layer, in the y+-z+ plane. The colored streamwise vorticity in all four diagrams is drawn
as background, with a red bold arrow near the vortex core indicating its direction of rotation.
The dot symbols indicate particle locations. The black arrows in Fig. 8(a) indicate the velocity
vectors (u+

p2, u+
p3), while those in Fig. 8(c) indicate the force vectors ( f +

2 , f +
3 ) on the particles. It

is seen that the turbulent coherent structures transport the particles from the outer layer to the wall
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FIG. 6. Conditionally averaged hairpin vortex based on symmetric Q2 events (u′
1 < 0, u′

2 > 0, u3 ≈ 0) at
y+ = 50 for Reτ = 180. The hairpin vortices are identified by the isosurface of 0.3 (0.31 in Zhou et al. [60]
and 0.39 in Richter and Sullivan [31]) times the maximum λci in the single-phase flow. Top row corresponds
to single-phase flow, middle row corresponds to case C (without lift force), and bottom row corresponds to
case B (with lift force). Horizontal slice in the left column is located at y+ = 15 and the vertical slice in the
right column is located at z+ = 0. For the left column, the contours represent the conditionally averaged fluid
streamwise velocity fluctuation. For the right column, the contours represent the conditionally averaged particle
concentration.

by sweeping event and take them away from the wall by ejection. Many inertial particles remain
trapped in the low-speed region, see the lower left corner of the two figures, leading to the high
particle concentration in the viscous sublayer and lower part of the buffer layer [9]. Dritselis and
Vlachos [30] also found that the particles (St+ = 10 and 25) efficiently follow the fluid motions
and rotate around the vortices. Under the effect of the negative lift force near the wall, the particles
impact the lower wall with higher wall-normal velocity and rebound to the buffer layer and above,
see Figs. 8(b) and 8(d). In the viscous sublayer, the intensified crossing-trajectory effect due to
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FIG. 7. Spanwise two-point correlations of the fluid streamwise velocity fluctuation at (a) y+ = 15 and
(b) y+ = 52 for cases B and C. The dashed lines indicate Ru′u′ = 0.2.

the more violent impact and rebound of particles near the wall makes the particle distribution
more uniform (particles no longer apparently concentrate in the low-speed ejection events) and
reduces the correlation between particle motion and the quasistreamwise vortex. The particles do
not dominantly follow the fluid motions anymore. Instead, they may cross the vortex cores with
a higher speed, and as a result, destroy the coherence of the vortex. The resultant of the lift and
the drag force on a single particle in Fig. 8(d) usually deviates from its velocity vector. Therefore,
the lift force further reduces the near-wall fluid velocity fluctuations compared to the case without

FIG. 8. Instantaneous flow field and particle distributions near a buffer-layer quasistreamwise vortex, which
rotates clockwise, in the y+-z+ plane. The colored streamwise vorticity in all four diagrams are drawn as
background, with a red bold arrow near the vortex core indicating its direction of rotation. Dot symbols indicate
particle locations. The black arrows in panel (a) indicate the velocity vectors (u+

p2, u+
p3) for inertial particles in

case C, while those in panel (c) indicate resultant force vectors ( f +
2 , f +

3 ) on them. The corresponding results
for case B are shown in panels (b) and (d), respectively.
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FIG. 9. The particle distribution (a), the drag force (b), and the lift force (c) at the same instant as
Figs. 8(b) and 8(d), but within an enlarged field of vision. The black arrows in panel (a) indicate the vectors of
(u+

p2, u+
p3). The same scale is used for the drag force and lift force vectors in panels (b) and (c).

the lift force [see Fig. 5(b)], though the particle concentration is lower [see Fig. 3(a)]. The above
mechanisms can explain the reduction of the near-wall turbulent velocity fluctuation.

Finally, we further discuss the particle-turbulence interaction in the logarithmic layer for case
B (two-way coupled simulation with the lift force). Figure 9 shows the instantaneous particle
distribution, particle velocity and the force vectors at the same moment as Figs. 8(b) and 8(d), but
within an enlarged field of vision. There is a counterclockwise rotating vortex in the upper left corner
of the figure, which is paired with the buffer-layer clockwise rotating vortex. Figure 9(a) shows that
the particles bouncing above the viscous sublayer can move upwards along the “channel” formed
between the paired rotating vortices. In the logarithmic layer where the particles rarely experience
the lift force due to the lower mean shear, they still gather around the counterclockwise vortex due
to centrifugal force and move approximately tangentially along its rotation at this height. It is clear,
by comparing Fig. 9(b) with Fig. 9(c), that the particle motion is dominated by the drag force. In
any case, only under the action of the high shear lift force near the wall can more particles be trans-
ported into the logarithmic layer where they further enhance the streamwise turbulent fluctuation
[see Fig. 5(b)].

E. Influence of Reynolds number

Since the Saffman force is proportional to the fluid shear, the importance of FLi may increase
with the increasing Reynolds number. Figure 10(a) shows the mean ratio of the lift force to the
drag force acting on the particles in two-phase flow. The profiles of the ratio are similar at the
two Reynolds numbers of Reτ = 180, 580. The wall-normal lift force decreases with height in
magnitude and dominates the other two components. As expected, the ratio of FL2/FD2 increases
with the increased turbulent Reynolds number in the viscous sublayer. However, the ratio of
FLi/FDi shows less differences away from the wall at the two Reynolds numbers. Figure 10(b)
shows the profiles of particle concentration for Reτ = 580. As that in Fig. 3(a), particles are less
accumulated near the wall when the Saffman force is involved. Note that the wall accumulation of
inertial particles is already less apparent at high Reynolds number because the streamwise velocity
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FIG. 10. (a) The mean ratio of the lift force to the drag force profiles with St+ = 31 in the three directions
for Reτ = 180 and 580. (b) The particle concentration profiles with St+ = 31 for Reτ = 580 (inset represents
the particle concentration φvp1/φv at the first statistical height).

fluctuation in the buffer layer increases with Reτ [65,69], resulting in stronger low-speed streaks.
Consequently, particles are easier to be entrained into the core region of turbulence by the ejection
events. Figure 11 depicts the conditionally averaged hairpin vortex and particle concentration in
its symmetric plane for cases at Reτ = 580. The Reτ dependence of inertial particle distribution
is clear by comparing Figs. 11(d) and 6(d). When the lift force is involved, the migration of
particles to the central region of channel is more apparent [Fig. 11(f)] as compared to the low
Reynolds number case [Fig. 6(f)]. It is also observed that the effect of particles on turbulent
structures decrease with increasing Reτ though the lift force plays similar role at the studied two
Reynolds number. To quantify the effect of the lift force on the particle-turbulence interaction,
we define a relative difference D(Q) = D(Q)L − D(Q)NL, where D(Q)L = (QL − QSP)/QSP×100%
and D(Q)NL = (QNL − QSP)/QSP×100% represent the turbulence modulation in the cases with and
without the lift force, respectively. Q are the particle and turbulence statistics and the subscripts
“L,” “NL,” and “SP” represent the particle-laden cases with/without the lift force and single-phase
flow, respectively. In particular, for the particle statistics, “SP” is replaced by “NL.” We further
show the relative differences for the streamwise component of particle and turbulent statistics at
Reτ = 180, 580 in Figs. 12(a) and 12(b), respectively. Interestingly, the weaker influences of the
Saffman force can be observed at higher Reτ , which implies that the importance of the lift force to
the particle motion and turbulence modulation is reduced at high Reynolds number. This is good
news for future high-Reτ investigations about the particle-fluid interaction, at least under the frame
of two-way coupling and over a solid wall. However, the results also suggest that extra caution
should be taken to quantitatively compare numerous previous studies at low Reτ based on the
various forces governing the particle motion. In addition, the influence of the lift force is more
significant in the particle statistics as compared to turbulent statistics. From Figs. 10 and 12, we see
a more-than-200% difference of the particle concentration and particle velocity fluctuation but just
a less-than-10% difference of the fluid velocity fluctuation (partly because of the low φm) caused by
the Saffman force.

Another interesting phenomenon is the Reτ -dependence of particle accumulation concerning
the coupling manner. In the one-way coupled PP-DNS of channel turbulence laden with inertial
particles of similar Stokes number (St+ = 10–100), Bernardini [23] found that the accumulation of
inertial particles on the wall increases with Reτ . As mentioned before, the inertial particles gradually
accumulate near the wall due to turbophoresis [9,19,70]. Therefore, the mean turbophoretic velocity
〈v+

t 〉 (v+
t = −St+∂〈u′+2

2 〉/∂y+, which is given by Caporaloni et al. [71]) in the region y+ < 15 is
calculated. For one-way coupled simulation, 〈v+

t 〉 is −0.387 and −0.629 for Reτ = 180 and 580,
respectively. This phenomenon can also explain the law found by Bernardini [23]. For two-way
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FIG. 11. Same as described in the caption of Fig. 6 but for Reτ = 580.

FIG. 12. The relative difference for the streamwise component of (a) particle statistics and (b) fluid
statistics with St+ = 31 at Reτ = 180 and 580.
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FIG. 13. (a) Particle concentration and (b) RMS streamwise fluid velocity fluctuation profiles with different
inertial particle. The inset in panel (a) is the ratio profiles of the mean lift force to the mean drag force. The
inset in panel (b) is the relative differences of RMS of streamwise fluid velocity fluctuation.

coupled cases, however, 〈v+
t 〉 are −0.356 and −0.225 at the two Reynolds numbers, indicating

that the turbophoresis in two-way coupled turbulence decreases with increasing Reτ due to the
interphase interaction. The inset in Fig. 10(b) shows the particle concentration φvp1/φv at the first
statistical height in different cases. For Reτ = 180, the near-wall concentration of inertial particle
(case C) is up to 64.1. However, that of inertial particle (case I) is only 27.5 for Reτ = 580, which
is 57.1% smaller than case C. Further, involving the Saffman force in two-way coupled simulation
of various Reynolds numbers results in the reduction of φvp1/φv itself, as shown in the inset of
Fig. 10(b). φvp1/φv are 6.5 and 8.5 for Reτ = 180 and 580, respectively, which is contrary to the
law for inertial particles. Besides, the relative reduction of φvp1/φv is less pronounced at Reτ = 580.

F. Influence of particle inertia

Previous studies based on just particle drag force have shown that particle inertia strongly affects
the statistics of particles and turbulence [12,19,24,34,59]. Generally, the moderate-inertia particles
have the maximum turbophoresis and accumulation. The present simulated results of the inertial
particle in Fig. 13(a) suggest that the moderate-inertia particles with St+ = 31 accumulate the most
near the wall as compared with low-inertia (St+ = 1) and high-inertia (St+ = 100) particles, which
is the same as previous conclusions [24,59]. The low-inertia particles are most evenly distributed
along the height. On the contrary, the near-wall concentration profile of the low-inertia particles
with the Saffman force displays the fastest attenuation along height as compared with the other
two cases, which agrees with Marchioli et al. [22]. This is because the low-inertia particles tend to
follow the fluid [24]. Their slip velocity and lift force are not large enough to endow them with a
sufficiently large rebound velocity after particle-wall collision. As a result, they will be trapped near
the wall, just as their no-lift-force partners though the difference in near-wall concentration caused
by the lift force is still visible. For moderate- and high-inertia particles, the effects of the lift force
on the concentration profiles are similar. In addition, the inset of Fig. 13(a) shows that in the viscous
sublayer, the ratio of the lift force to the drag force does not increase monotonically with increasing
particle inertia. The moderate-inertia particles account for the largest lift force, which leads to the
most significant change in the near-wall particle concentration.

Finally, Fig. 13(b) depicts the profiles of the RMS streamwise fluid velocity fluctuation for
St+ = 1 and 100. The inset shows the relative differences with and without the lift force for three
inertias [refer Fig. 5(b) for St+ = 31]. It is clear that the effect of the lift force on the streamwise
fluid velocity fluctuation is very slight for the low inertial particles. However, for the moderate- and
high-inertia particles, the lift force makes negative relative differences near the wall and positive
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relative differences in the logarithmic layer as compared to the cases without lift force. Near the
wall, the relationship between the influence of the lift force and particle inertia is nonmonotonic,
moderate inertial particles are most affected by the lift force because of the largest ratio of the
lift/drag force on particles.

IV. CONCLUSIONS

In this paper, the horizontal open-channel turbulences at friction Reynolds numbers of Reτ =
180, 580 and laden with particles of various inertia (St+ = 1, 31, 100) are simulated. Besides the
Stokes drag force, the Saffman force is included in the particle motion equation in several simulation
cases. Therefore, the effects of the shear-induced lift force on particle distribution and turbulence
modulation can be revealed by comparing against its no-lift-force partner. Meanwhile, we also
discuss the influences of coupling manners and the significance of the shear-induced lift force for
various particle inertias at various turbulent Reynolds numbers.

Since the particle-turbulence interaction is the most intense when particle response time is close
to the certain characteristic timescale of turbulence, we first thoroughly analyze the simulated
results for Reτ = 180 and St+ = 31. In this case, under the effect of the negative lift force near
the wall, particles impact the wall with higher wall-normal velocity and rebound faster to the
buffer layer. They can further move upwards along the “channel” formed between the larger-scale
paired rotating vortices in the logarithmic layer once escape the trapping effect of the wall.
Therefore, the strong accumulation of the particles near the wall is suppressed by the lift force as
compared to the case laden with inertial particles, resulting relatively uniform particle distribution
in wall-normal direction. The resultants of the lift and the drag force on particles usually deviate
from their velocity vector, preventing them from following the fluid motions. On the contrary,
particles are easy to cross the vortex core. Consequently, the preferential concentration in the
low-speed streaks near the wall is suppressed. In the outer layer, particles with lift force also
tend to distribute in the high-speed regions due to the centrifugal effect and relatively small lift
force.

By the same token, the near-wall turbulent velocity fluctuations are further suppressed in spite
of the lower concentration there as compared to case laden with inertial particles. In the outer
layer, the modulation of turbulent intensities when considering the lift force is enhanced because
of the higher particle concentration. Through comparing the conditionally averaged hairpin vortex
and spanwise two-point correlations of the fluid streamwise velocity fluctuation, we conclude
that inertial particles reduce the scale of the hairpin vortex and increase the spacing of turbu-
lent streaks. This phenomenon is more pronounced when the lift force is involved due to the
intensified crossing-trajectory effect, which in turn explains the near-wall changes in turbulent
intensities.

In addition, we also find that the effects of the lift force on particle statistics are more pronounced
in one-way coupling simulation, the lift force is less significant at high Reynolds number in the
context of turbulent modulation and even with the shear-induced lift force, the particle-turbulence
interaction is still the strongest for the moderate-inertia particle.

It should be pointed out that we overlooked the gravity and interparticle collisions because the
simulations are limited in high Frp and low φv . Our future work will further focus on the effects
of the gravity and interparticle collisions on the particle-turbulence interaction, in addition to the
dependence on Stokes number and Reynolds number.
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APPENDIX A: INTRODUCTION AND COMPARISON OF SAFFMAN LIFT FORCE MODELS

The Saffman lift force was first obtained in a uniform simple shear flow laden with a moving
sphere at low Reynolds numbers Rep and Reω (= d2

p|ω|/v) and high ε (= Re0.5
ω /Rep) in 1960s

[1,2]. In the next few decades, many correction expressions have been put forward on the basis of
Saffaman model (see Table II). Mclaughlin [72] extended Saffman’s analysis to other asymptotic
cases in which ε could reach ∼20. Mei [73] proposed a modified form of Saffaman lift force for
relatively high Rep (∼100). Kurose and Komori [78] even extended Rep to 500. McLaughlin [75]
and Cherukat and Mclaughlin [77] considered the effect of wall in wall-bounded linear shear flows.
In their expressions, the distance between the particles and the wall is one of the key parameters.
Besides, Giusti et al. [79] proposed a combination of Mclaughlin91 and KK model based on
different Rep.

Despite the variety of Saffman lift force models mentioned above, it is unclear which is the best
choice. Costa et al. [36,37] tested two widely used shear-induced lift force models, Saffman model
[1,2] and McLaughlin91 model [72]. They found that the PP-DNSs using both Saffman model or
McLaughlin91 model are closer to PR-DNSthan those without shear lift force. The former lift force
model predicts the vertical fluctuation and Reynolds stress of particles better (except for the height
especially close to the wall) and the latter predicts other statistics better. Rousta et al. [39] compared
the results of PP-DNS with the experimental observations in the vertical channel and also found
the same effect of Saffman model and McLaughlin91 model as Costa et al. [36,37]. Accordingly,
the differences between the simulations using Saffman model and the McLaughlin91 model (Reτ =
180, St+ = 31, dp = 0.47η, ρp/ρ f = 1550) are briefly compared. Note that ω̃ is obtained by the
trilinear interpolation. Figure 14 shows the profiles of particle and fluid statistics. The influence
trend using the two different models is qualitatively consistent. The two models both reduce the
particle aggregation, increase the mean velocity and streamwise fluctuation of particle, and suppress
the streamwise fluctuation of fluid as compared with inertial particle. That is why we just deploy
Saffman model in the simulation. However, it should be noted that the conclusions about model
comparison in this paper only apply to the particles with high density ratio. For very light particles
(e.g., microbubbles with density ratio much less than 1), the impact of the lift models might be
different, especially in the high shear region [80].

APPENDIX B: MODEL EVALUATIONS

The numerical results are compared with previous studies to evaluate the code. Since the numeri-
cal results with Reτ = 580 have already been verified in Wang et al. [29], only those with Reτ = 180
are discussed here. Figure 15(a) shows the root-mean-square (RMS) of fluid velocity fluctuations
〈u′+

i u′+
i 〉1/2 and the Reynolds stress 〈u′+

1 u′+
2 〉 for the single-phase case at Reτ = 180. The simulated

results are in full agreement with the DNS statistics of Lee and Moser [65]. The particle velocity
fluctuations from an additional simulation of particle-laden flow one-way coupled with 500 000
particles of St+ = 50 is compared with Costa et al. [37] in Fig. 15(b). With the same parameters,
our results agree well with those of Costa et al. [37]. Finally, Fig. 15(c) shows the RMS of the
streamwise fluid velocity fluctuation for case C (two-way coupled simulation of turbulence laden
with inertial particles). The results of Lee and Lee [27] (St+ = 21.2, ρp/ρ f = 833, φv = 2.4×10−4)
and Zhao et al. [26] (St+ = 30, ρp/ρ f = 1041, φv = 2.9×10−4) with similar particle parameters are
presented. All three curves are in general agreement, proving the reliability of the code and models.

APPENDIX C: DIFFERENT TWO-WAY COUPLING METHODS

The method for two-way coupling is pivotal in simulating of two-phase flow. There are several
methods available, such as PSI-CELL, Gaussian kernel, ERPP, etc.

In the PSI-CELL method [57], the interphase momentum transfer term is calculated as the sum-
mation of feedback forces exerted on the fluid by each particle in the control volume surrounding
a grid node. Although the feedback force exhibits grid dependency when the number of particles
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EFFECTS OF THE SAFFMAN LIFT FORCE ON PARTICLE …

FIG. 14. The profiles of particle and fluid statistics of (a) particle concentration, (b) mean particle velocity,
(c) particle velocity fluctuations, and (d) fluid velocity fluctuations.

per cell is insufficient [27,81,82], the method is relatively easy to perform. In addition, the method
has been applied to many previous studies of two-phase channel turbulence [26,28,41,83,84], which
facilitates comparison of different simulation results with similar parameters.

In the ERPP method [51], a regularization procedure with a temporal cutoff εR (the regular-
ization diffusion timescale) is added to the Gaussian kernel method (g(x − xp(t )) = exp(−|x −
xp(t )|2/2σR)/(σR

√
2π ), where σR is the bandwidth of the Gaussian kernel which indicates the size

of the region influenced by a particle). The hydrodynamic force on the regularized solution at time
t is the one experienced by the particle at a previous time t − εR when its position was xp(t − εR).
The two-way force can be expressed as

f =
np∑
p

F(t − εR)g[x − xp(t − εR), εR]. (C1)

There are two key parameters in the REPP method, namely, the bandwidth of the Gaussian kernel
σR and the regularization diffusion timescale εR. For the parameters used in our simulations, σ+

R =
�x+ = 4.42(14.2), ε+

R = σ+2
R /2 = 9.76(100.82) and hence 121 and 2520 instantaneous feedback

force fields should be stored for simulation cases at Reynolds numbers 180 and 580. It is a very big
challenge.

To implement the ERPP method, we artificially reduced the regularization diffusion timescale to
10 instantaneous feedback force fields and compared the effects of PSI-CELL and REPP methods
based on turbulent statistics for case C (Reτ = 180 and St+ = 31). The profiles of mean fluid
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FIG. 15. (a) The root-mean-square (RMS) of fluid velocity fluctuations and Reynolds shear stress for the
single-phase flow, (b) the RMS of particle velocity fluctuations for additional one-way coupled simulation,
and (c) the RMS of streamwise fluid velocity fluctuation for case C (Reτ = 180), compared with two previous
simulations under similar parameter conditions.

velocity and RMS of fluid velocity fluctuations are shown in Fig. 16. It is seen that the results
by the REPP method with reduced regularization diffusion time show a slight decrease of the
streamwise turbulence intensity as compared to those by the PSI-CELL method. However, the
two results are qualitatively consistent. For 〈u′+

1 〉, 〈u′+
2 u′+

2 〉 and 〈u′+
3 u′+

3 〉, these two methods report
slightly imperceptible differences.

FIG. 16. The profiles of (a) mean fluid velocity and (b) RMS of fluid velocity fluctuations (Reτ = 180,
St+ = 31).
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FIG. 17. The profiles of (a) mean slip velocity and (b) ratio of the virtual lift force to the drag force
(Reτ = 180, St+ = 31).

Battista et al. [56] simulated the two-way coupled turbulent pipe flows (Reτ = 180) with dif-
ferent particle Stokes numbers (St+ = 10 ∼ 80), mass loading (φm = 0 ∼ 0.6) and particle-to-fluid
density ratio (ρp/ρ f = 90 ∼ 560) by using the ERPP method. They studied the effects of particles
on the mean and fluctuating velocities of turbulence. The particle parameters of case C (Reτ = 180,
St+ = 31, φm = 0.18, without lift force) in our manuscript are close to their low inertial and low
mass-loading case (St+ = 10, φm = 0.2). The results of Battista et al. [56] are also shown in the
Fig. 16. It can be seen that our results by ERPP (with reduced diffusion timescale) exhibit similar
modulation behaviors to that of Battista et al. [56].

Furthermore, we calculate the mean slip velocity and ratio of the virtual lift force (it is only
calculated by the slip velocity and fluid vorticity at the particles but doesn’t act on the particles) to
the drag force based on the same cases shown in Fig. 16. As shown in Fig. 17, the ERPP method
does influence the mean slip velocity (especially in streamwise direction) and the lift-to-drag force
ratio in the near-wall region, but no qualitative difference can be observed. Therefore, we believe
that the drawbacks of PSI-CELL method have no significant effect on the relative importance of lift
force in our simulations. Whatever, the ERPP method, when solving the memory requirements at
high Reynolds numbers, is a very promising method.
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