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Effects of the computational domain size on inertial particle one-point statistics are presented for direct
numerical simulations of turbulent open channel flow at a moderate Reynolds number, which are seeded
with two-way coupled particles at low volume concentration (less than 1.5 x 10~3, for such particle load
the one-way coupled particles scheme is also valid). Particle one-point statistics across a wide range of
Stokes numbers for a small domain (which captures only one or two large-scale motions (LSMs) in the
inner layer) and a medium domain (which captures only one or two very large-scale motions (VLSMs)
in the outer layer), are compared with those from a reference large domain. Although in single-phase
flow the medium domain size simulation reproduces the same fluid one-point statistics as those in a
large domain size, in particle-laden flow, comparisons show certain discrepancies in the particle one-
point statistics, such as particle accumulation close to the wall (y* < 10), maximum values of particle
mean-squared streamwise velocity fluctuation, and particle Reynolds shear stress in the inner layer. The
difference is larger for moderate Stokes numbers (St™ = 24.2 and 60.5) compared to low (St* = 2.42) and

very high (St* = 908) Stokes numbers, which is also enhanced by using a small domain size.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Direct numerical simulation (DNS) of particle-laden open chan-
nel flow is used as a representative framework for an investiga-
tion of particle interaction with turbulent structures in environ-
mental boundary layers (Pedinotti et al., 1992; Narayanan et al.,
2003; Lovecchio et al., 2013; Richter and Chamecki, 2017; Wang
and Richter, 2019b). As is done for most DNS of wall-bounded
turbulence, doubly periodic boundary conditions are applied in
two homogeneous (wall parallel) directions, however this artifi-
cial constraint results in inappropriate long-range correlations of
large-scale turbulent structures (i.e. effectively infinite due to pe-
riodicity). With this in mind, it has remained an ongoing ques-
tion on how large the domain size must be in order to accurately
capture the largest flow scales and their corresponding statistics
even in the simplest wall-bounded turbulence at moderate to high
Reynolds number (Lozano-Duran and Jiménez, 2014).
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Away from the region influenced directly by the surface, the en-
ergy spectra of turbulent structures and fluid one-point statistics
in open channel flows are nearly identical with those in wall-
bounded channel flows (Nakagawa and Nezu, 1981; Yamamoto
et al., 2001; Nagaosa and Handler, 2003; Lovecchio et al., 2013;
Wang and Richter, 2019b; 2019a). In wall-bounded turbulence, it
is known that there are two distinct energetic structures, referred
to as large-scale motions (LSMs) in the inner layer (Kline et al.,
1967; Jiménez, 2011) and very-large-scale motions (VLSMs) in the
outer layer (Del Alamo and Jiménez, 2003; Hutchins and Marusic,
2007). In the sense of providing accurate one-point statistics of
unladen turbulent flow in the inner or the outer layers, existing
work has been dedicated to determining the appropriate minimal
domain size which is sufficiently large to capture LSMs or VLSMs.
In the inner layer, by using a minimal flow unit ( ~ 100 wall
units in spanwise), Hamilton et al. (1995) finds that there still
exists a regeneration cycle process of the LSMs. Jiménez and
Moin (1991) show that the low-order statistics are in good agree-
ment with those of natural turbulence below y* = 40. Meanwhile,
it is generally accepted that the regeneration cycle of LSMs in the
inner layer is independent from VLSMs in the outer layer (Jiménez
and Pinelli, 1999; Guala et al., 2006), although VLSMs can certainly
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Table 1
Domain size used by previous studies.
Ref. Domain size Re; St+
Open channel flow
Narayanan et al. (2003) 2mh x h x wh Re; =171 5,15
Kidanemariam et al. (2013) 12h x h x 3h Re; =184 4.9
Pan and Banerjee (1996) wh x h x w[2h Re; =300 <1
Richter and Chamecki (2017) 2mh x h x 2mh Rer =315 0.9-46.5
Lovecchio et al. (2013) 2mh x h x wh Re; = 171,509 0.06-1.0
Wang and Richter (2019b) 6h x h x 2mh Re; =550 2.42 — 908
- 10.8h x h x wh Re; =950 180.5,361
Wall — bounded channel flow
Marchioli et al. (2008) 4mh x 2h x 2mh Re; =150 1,5,25
Sardina et al. (2012) 4mh x 2h x 4/3mh Re; =180 0-100
- 12mh x 2h x 4mh - 0-100
Zhao et al. (2013) 12h x 2h x 6h Re; =180 5,30,50
Lee and Lee (2019) 4mh x 2h x 2mwh Re; =180 1-20
Wang et al. (2019) 6mh x 2h x wh Rer =227 58.6
Capecelatro et al. (2018) 20h x 2h x 3h Re; =300 63,630
Capecelatro and Desjardins (2015) 4mh x 2h x 4[3wh Re; =630 90
Vreman (2015) 6h x 2h x 2h Re; = 642 2060
interact with LSMs (Kim and Adrian, 1999; Adrian and Marusic, Re; = 315. At higher Reynolds numbers,

2012). In the outer layer, Hwang and Cossu (2010) demonstrate
that VLSMs can be sustained only if the streamwise and spanwise
domain sizes are larger than certain threshold values, i.e. Ly ~ 3h
and L, ~ 1.5h, where h is the half-height of channel. However,
in order to get correct low-order statistics in the logarithmic and
outer regions, Flores and Jiménez (2010) and Lozano-Duran and
Jiménez (2014) extended the minimal dimensions to be of the
order of Ly ~ 6h and L, ~ 3h in the streamwise and spanwise
directions.

In particle-laden flow, obtaining the correct inertial particle
one-point statistics is of great importance for developing new
subgrid models (Vance et al, 2006) and Eulerian descriptions
(Simonin et al., 1993) of the particle equations of motion. How-
ever in numerical simulations, choosing suitable computational do-
mains in order to obtain particle one-point statistics which are in-
dependent of domain size is complicated by particle-turbulence
interactions. Based on Sardina et al. (2012), the domain trunca-
tion effect (comparing a small domain size 4wrh x 2h x 4/3mh
with a large domain size 12rh x 2h x 4mh) has a significant im-
pact on particle distribution at a relatively low Reynolds number
(Re;r =180, Re; = uch/v, where h is the depth of the open chan-
nel). A surprising increase (up to 20%) of particle concentration
near walls is found in the large domain with respect to the small
domain, which is due to insufficient domain dimensions necessary
to induce an artificial correlation in the velocity field, leading to
a blocking of the effects of the particle aggregation. At a higher
Reynolds number (Re; = 550) with stronger influence from VLSMs
than at low Reynolds number (Re; = 180), similar results are also
reported by Wang and Richter (2019a). Unfortunately, even though
the domain size plays a crucial role in determining the particle
one-point statistics, guidance of choosing the domain size is lack-
ing in this regard.

Computational domain sizes used in selected published works
are summarised and listed in Table 1. St™ is a dimensionless par-
ticle Stokes relaxation time scale (7, = ,o,,df,/(lS,ofv)) normalized
by the viscous time scale (v/u?) (these terms to be defined in
the next section). In an open channel flow configuration with
increasing Reynolds number, Narayanan et al. (2003) studied
particle deposition at Re; = 171. Pan and Banerjee (1996) com-
pared one-point statistics between simulations and experimental
data at Re; = 300. Richter and Chamecki (2017) investigated the
role of particle inertia on modifying concentration profiles and
vertical fluxes in the lowest few meters of the atmosphere at

Lovecchio et al. (2013) studied the dispersion of light particles
floating at Re; =171 and 509. Wang and Richter (2019b) dis-
cussed two modulation mechanisms of VLSMs by inertial par-
ticles at Re; =550 and 950. In wall-bounded channel flow,
Marchioli et al. (2008) benchmarked low-order statistics of both
particles and carrier phase at Re; = 150. Zhao et al. (2013) stud-
ied the transfer of mechanical energy between particles and
carrier phase at Re; =180. Lee and Lee (2019) considered
the effect of wall-normal gravity on particle-laden flow near
a wall at Re; =180. Wang et al. (2019) compared low- and
high-order statistics and particle distributions at Re; = 227 be-
tween numerical simulations and the experiments performed by
Fong et al. (2019). Capecelatro et al. (2018) and Capecelatro and
Desjardins (2015) explored turbulence transition at Re; =300
and the effects of particle clustering on the carrier-phase tur-
bulence at Re; = 630. Generally, in both open channel flow and
wall-bounded channel flow configurations, previous work focuses
on near-wall particle one-point statistics, particle preferential
concentration, and particle clustering behaviour at a relatively
low Reynolds numbers (Re; ~ 180; those dominated by LSMs in
the inner layer) (Pan and Banerjee, 1996; Narayanan et al., 2003;
Marchioli et al.,, 2008; Zhao et al., 2013; Kidanemariam et al.,
2013; Lee and Lee, 2019). Starting at low to moderate Reynolds
numbers (300 < Re; < 642) (Lovecchio et al., 2013; Capecela-
tro and Desjardins, 2015; Vreman, 2015; Richter and Chamecki,
2017; Capecelatro et al., 2018; Wang et al, 2019), due to the
emergence of VLSMs in the outer layer, the domain size must be
sufficiently large in both the streamwise and spanwise directions
to statistically capture the VLSMs. This is necessary in order to
reproduce identical particle/fluid one-point statistics as those in
larger domain sizes. At the same time, imposing large simulation
domains and large particle numbers is computationally expensive;
it is therefore a present goal to determine a domain size which is
large enough to include the influence of the VLSMs from the outer
layer, but also small enough to reasonably obtain accurate particle
one-point statistics in particle-laden turbulence at moderate to
high Reynolds number.

As noted above, Lozano-Durdn and Jiménez (2014) has exam-
ined the effect of domain size on fluid one-point statistics in
single-phase, wall-bounded turbulence, finding that an intermedi-
ate domain size of Ly ~ 6h and L, ~ 3h in outer scale reproduces
nearly same fluid one-point statistics in the larger domains across
the full channel height at moderate to high Reynolds numbers
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(547 < Re; < 4179). After verifying results with Lozano-Duran and
Jiménez (2014), we perform a similar analysis in order to inves-
tigate the effects of domain size on particle one-point statistics,
particularly as it is influenced by the particle Stokes number (we
consider 2.42 < St* < 908). Since large particle inertia is associated
with higher temporal and spatial correlation of velocity statistics,
our goal is to characterize the necessary domain size which can
reproduce accurate particle one-point statistics compared to larger
domains.

2. Numerical setup

Direct numerical simulations of the carrier phase are performed
for an incompressible Newtonian fluid. A pseudospectral method is
employed in the periodic directions (streamwise x and spanwise z),
and second-order finite differences are used for spatial discretiza-
tion in wall-normal, y direction. The solution is advanced in time
by a third-order Runge-Kutta scheme. Incompressibility is achieved
via the solution of a pressure Poisson equation. The fluid velocity
and pressure fields are a solution of the continuity and momentum
balance equations in Eqs. (1) and (2), respectively:
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Here u; is the fluid velocity, p is the pressure, F; is the particle
feedback force to the carrier phase computed by summing and
projecting the particle force to the nearest Eulerian grid points, v
is the fluid kinematic viscosity, and py is the fluid density.

Particle trajectories and particle-laden flow dynamics are based
on the point-force approximation where the particle-to-fluid den-
sity ratio r = pp/p; > 1 and the particle size is smaller than the
smallest viscous dissipation scales of the turbulence. As a conse-
quence of this and the low volume concentrations (a maximum
bulk volume fraction of ®y less than 1 x 10~3), only the Schiller-
Naumann (Schiller, 1933) hydrodynamic drag force is considered.
The velocity of particle n is governed by Eq. (3) and particle trajec-
tories are then obtained from numerical integration of the equa-
tion of motion in Eq. (4):

dugi n
a I 3)
dx"
g =Y “)
where the drag is given by
1
fr= ?p[l +0.15(Rep)* %87 (uf, — up ). (5)

Here, 7p = ,opdp2 /18 is the Stokes relaxation time of the particle,
and the particle Reynolds number Rej} =| u“‘i - UZJ | dj/v is based
on the magnitude of the particle slip velocity (u?i - ugyi) and par-
ticle diameter djj. In this work, the average Re} is less than 1.0,
which is far smaller than the suggested maximum Re, ~ 800 for
the Stokes drag correction in Eq. (5). As a result of the low Rep,
the correction to the Stokes drag is minimal in this study. Other
terms in the particle momentum equation (Maxey and Riley, 1983)
are neglected since they remain small compared with drag when
the density ratio r > 1. In all simulations, particles are initially
distributed at random locations throughout the channel. Particle-
particle collisions are not taken into consideration, and we exert a
purely elastic collision between particles and the lower wall and
the free-surface of the open channel flow. Gravity is not included
so as to focus specifically on the role of turbulence in particle

transport. For validation of the implementation of this model, com-
parisons against the code of Capecelatro and Desjardins (2013) are
performed for inertial particles of St* =30 —2000. We also com-
pare this code with published numerical and experimental results;
details can be found in Wang et al. (2019).

The fluid-phase flow parameters are provided in Table 2.
Throughout, the subscripts “S”, “M” and “L” refer to large, medium
and small domain sizes, which are simulated for both unladen flow
and particle-laden flow. The doubled size of the large domain in
the streamwise direction (subscript “DL”) is only used in single-
phase flow simulation to test if the large domain size is suffi-
ciently large to capture domain-independent fluid one-point statis-
tics across the full channel height. The friction Reynolds number is
defined as Re; = uh/v, where h is the depth of the open channel.
The superscript “+” refers to quantities normalized by the viscous
scales, where §,, u; and v/u? correspond to the viscous length
scale, velocity scale, and time scale, respectively.

The relevant particle parameters are listed in Table 3. d, is the
particle diameter, which is maintained as a constant for the differ-
ent Stokes numbers. The ratio dp/ny is maintained at a value of ap-
proximately 0.42, where 7y is the vertically averaged Kolmogorov
length scale. ®;, is the particle mass concentration and N, is the
total particle number. We choose the same @, = 0.14 for case3 — 6
whereas a low mass loading ®,; = 0.024 is used in case2. Particle
Stokes numbers based on the inner viscous time scale correspond
to StT = 2.42 — 908 for case2 — 6.

3. One-point statistics of unladen flow

Contours of instantaneous streamwise velocity fluctuation (u’)
at two xX-z planes (y™ =55 and y* =275) in unladen flow are
shown in Fig. 1, and illustrate the ubiquitous streaky structures
in the inner and outer layers. Panels(a-d) refer to decreasing do-
main sizes: (a) doubled Ly of the large domain (caselp;), (b) large
domain (casel;), (c) medium domain (casely;), (d) and small do-
main (casels) as listed in Table 2. In both the inner and outer lay-
ers, strong and alternating positive and negative u’ structures are
visible in the spanwise direction, except in the outer layer of the
small domain, i.e. the right panel of casels in Fig. 1(d). In the in-
ner layer, casels with the small domain size only contains one or
two near-wall coherent structures (LSMs). In spite of this, the re-
generation cycle of the LSMs can be sustained in casels whereas
VLSMs in the outer layer cannot be captured by such a small do-
main size (Jiménez and Moin, 1991; Hamilton et al., 1995). With
increasing of the domain size (Fig. 1(c)), casely is sufficiently large
to capture the LSMs in the inner layer in both the spanwise and
streamwise directions (in the left panel), whereas this domain size
only contains one or two VLSMs in outer scale (in the right panel).
Continuing to increase the domain size, as shown in the right
panel of Fig. 1(b), alternating streaky structures can be seen in
the outer layer in both the spanwise and streamwise directions,
which is qualitatively similar to the even larger domain size simu-
lation, caselp;, as shown in the bottom panel of Fig. 1(a). In gen-
eral, these contour figures qualitatively indicate that (i) casel; can
capture multiple LSMs and VLSMs with similar characteristics as
those are in caselp;, and can therefore be used as a reference do-
main size in particle-laden flow; and (ii) even though the domain
size used in casels and casely, only captures a limited number of
confined structures in the inner and outer layers, the fluid one-
point statistics of casel); agree very well with those in the larger
domains casel; and caselp;. This will be discussed and illustrated
below in Fig. 2.

The fluid one-point statistics of four different domain sizes
in open channel flow are compared with the published re-
sults of a very large domain size (60wrh x 2h x 6mh) from
Lozano-Duran and Jiménez (2014) in wall-bounded channel flow,
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Fig. 1. (a) Contours of instantaneous streamwise velocity fluctuation u’ at two xdz planes (y* = 55 and y* = 275) representing the inner and outer layers. Panels (a-d) refer
to single-phase flow with four decreasing domain sizes cases1p s as listed in Table 2, respectively.

Table 2
Fluid phase parameters for DNS.
Large(L) Medium(M) Small(S) Double x of large(DL)
Re; =550
Ny, Ny, N; 1024,128,512 256,128,256 128,128,128 2048,128,512
Ly, Ly, L; 6m, 1, 2w 6,1,3 251,15 127, 1, 27
Ly Ly, LF 10367,550,3456  3300,550,1650 1375,550,825 20734,550,3456
Af, AY (wall,surface), A7 10.1,(1,7.2),6.75  12.9,(1,7.2),6.45 10.7,(1,7.2),6.45  10.1,(1,7.2),6.75
Re; =950
Ny, Ny, N, 1024,256,512 512,256,512 256,256,256 -
Ly, Ly, L, 35w, 1, w 6,1,3 2.5,1,1.5 -
Ly Ly L 10439,950,2985  5700,950,2850 2375,950,1425 -
A}, A (wall, surface), A7 10.1,(1,6.4),5.83  11.13,(1,6.4),5.57  9.28,(1,64),5.57 -
Table 3
Particle parameters.
case [N pplos Dy Np(LM,S) Tp Stt
(x10%) ( x 108)
Re; =550 1_{LM,S,DL}  Single-phase flow
2_{LM,S} 0.024 16 15 12.6, 1.91, 0.398 0.51 2.42
3_{LM,S} 0.14 160 8.75 7.33, 1.11, 0.232 5.1 24.2
4_{L,M,S} 0.14 400 3.5 2.93, 0.446, 0.0928 12.7 60.5
5_{LM,S} 0.14 1200 1.17 0.98, 0.15, 0.03 38.2 182
6_{L,M,S} 0.14 6000 0.23 0.195, 0.03, 0.0062 191 908
Re; =950 7_{LM,S} 0.14 350 4.0 1.68,0.89,0.186 2.78 39.8
8_{LM,S} 0.14 1600 0.875 0.37,0.19,0.04 12.7 182
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Fig. 2. Comparison of one-point statistics of unladen open-channel flow between four different domain sizes (caseslpy;ys) and published data from Lozano-Duran and
Jiménez (2014) in a very large domain size (60rh x 2h x 6mh) in wall-bounded channel flow. (a) Mean streamwise velocity profile. (b-d) Streamwise, wall-normal, and

spanwise mean-squared velocity fluctuations.

as shown in Fig. 2. In their work, the very large domain size
at Re; =550 from Lozano-Duran and Jiménez (2014) is shown
to be sufficiently large to capture domain-size-independent fluid
one-point statistics, by comparing with other published studies
(i.e., Moser et al. (1999) (2rh x 2h x mh at Rer =590) and
Del Alamo and Jiménez (2003) (8wh x 2h x 4mwh at Re; =
550)). The fluid one-point statistics (mean streamwise velocity
and mean-squared velocity fluctuations in three directions) agree
very well between Del Alamo and Jiménez (2003) and Lozano-
Duran and Jiménez (2014), whereas the smaller domain size used
by Moser et al. (1999) is not large enough to achieve domain inde-
pendent one-point statistics (not shown here).

Presently, the fluid one-point statistics of cases1py s are com-
pared with the very large domain size simulation of Lozano-
Duran and Jiménez (2014). The mean velocity and mean-squared
velocity fluctuations in three directions can be found in Fig. 2(a-
d), respectively. The one-point statistics of case1; are identical with
those of caselp;, and both agree well with the published data of
Lozano-Duran and Jiménez (2014). For the small domain size, com-
paring between casels and casel;, the mean velocity profiles al-
most overlap in the inner layer (y* < 100) whereas a discrepancy
emerges in the outer layer, especially for y* > 200. The stream-
wise mean-squared velocity fluctuation is similar between the do-

main sizes, except that the peak (10 < y™ < 20) of w2 s slightly
smaller ( < 3%) in the small domain compared to the large do-
main. A more remarkable difference occurs in the wall-normal and
spanwise mean-squared velocity fluctuations over nearly the en-
tire domain height (y* > 5), as shown in Fig. 2(c) and (d), es-
pecially around the peak (14% and 16% lower in the wall-normal
and spanwise directions compared between casels and casel; at
yT ~ 40). With increasing domain size from casels to casely;, we
find all fluid one-point statistics of casely agreeing very well
with casel;, demonstrating that the medium domain size (Ly = 6h
and L, = 3h) is sufficiently large for reproducing identical fluid
one-point statistics as those in the larger domains in the open
channel flow configuration. This is similar to the observation of

Lozano-Duran and Jiménez (2014) in the wall-bounded channel
flow cofiguration.

4. One-point statistics of particle-laden flow

In unladen flow, the domain size of casel; is demonstrated to
be sufficiently large to reproduce identical fluid one-point statistics
as those in the larger domains. In Fig. 3, we furthermore compare
the particle one-point statistics of cases4; p s with the very large
domain size simulation of cases4p;. The mean velocity and mean-
squared velocity fluctuations in three directions can be found in
Fig. 3(a-d), respectively. The particle one-point statistics of case4;
are identical with those of case4p;, demonstrating that the large
domain size is sufficiently large for reproducing identical particle
one-point statistics as those in the larger domains in the open
channel flow configuration.

In the work of Wang and Richter (2019b), they demonstrate
that the range of Stokes number from St* =242 to St* =908
is sufficiently wide to capture two distinct, non-monotonic parti-
cle accumulation behaviours in the inner and outer layers. Con-
centration of moderate Stokes number (St = 24.2 — 60.5) parti-
cles shows a peak in the inner layer whereas the concentra-
tion of low and high Stokes number (St* =2.42 and St* = 908)
particles shows a peak in the outer layer. However, with very
low particle inertia (St* = 2.42), particles distribute more homo-
geneously than moderate particle inertia (St* = 24.2) in the inner
layer, whereas with very high particle inertia (St™ = 908), parti-
cles behave ballistically in the outer flow region, again tending to
distribute more homogeneously. In this section, we show the do-
main size effect on particle one-point statistics between the large,
medium and small domain sizes for a wide range of Stokes num-
bers spanning from St* = 2.42 to St™ = 908. This includes the par-
ticle concentration, mean velocity, streamwise flux, mean-squared
velocity fluctuations, and particle feedback effect to the carrier
phase.
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Fig. 3. Comparison of one-point statistics of particles between four different domain sizes (cases4p;;ms with St* = 60.5). (a) Mean particle concentration profiles. (b-d)

particle streamwise, wall-normal, and spanwise root mean square velocity fluctuations.

4.1. Particle distribution

The mean particle concentration ® as a function of the wall-
normal direction is shown in Fig. 4(b-f) for increasing Stokes
numbers. Vertically-averaged values in three different wall-normal
ranges (y© < 10, 10 < y* < 100 and 100 < y* < 500) are shown in
Fig. 4(a). The near-wall particle concentration has a non-monotonic
relationship with particle Stokes number, which is low for small
(St* =2.42 of case2 in Fig. 4(b)) and large (St* =908 of case6 in
Fig. 4(f)) Stokes numbers and is high for moderate Stokes num-
bers (St* =24.2 and 60.5 of case3 and case4 in Fig. 4(c) and (d),
respectively). The effect of domain size on mean particle con-
centration can be clearly observed in Fig. 4(a), where both the
small and medium domain sizes underpredict (around 21.7%) the
near-wall particle accumulation (y* < 10), especially for moderate
Stokes number particles (St*+ =24.2 and 60.5). However, the do-
main size only has minimal effect on the particle concentration in
the LSMs (10 < y* < 100) and VLSMs (100 < y* < 500). Currently,
there are two plausible explanations for underprediction of particle
concentration close to the wall: one is due to the insufficient do-
main dimensions which induces an artificial correlation in the ve-
locity field and leads to blocking effects of the particle aggregation
(Sardina et al., 2012), or the other which is the missing of parti-
cle transport by VLSMs in the small domain simulation (Wang and
Richter, 2019a).

From a quadrant analysis, the so-called Q; and Q4 motions
are related to ejection and sweep events and the Q; and Q3 mo-
tions are called outward and inward interactions (Wallace, 2016).
Inertial particles are transferred toward the wall by sweeps and
ejected away from the wall by ejections, where they accumu-
late in the low-speed streaks (Marchioli and Soldati, 2002; Sar-
dina et al, 2012; Zhao et al, 2013; Wang and Richter, 2019b).
Particle numbers in the four quadrants can be counted by test-
ing the sign correlation of v/, and v’f, where u’. and v, are
the fluid fluctuation velocities seen by the particle. This particle

number ratio in four quadrants is defined as Rg" = NI?*'/N,, (i=1-
4) where N, =Y, Ngi is the particle number in the horizontal

slab and N;,z" is the particle number in different quadrants. This ra-
tio, cast in terms of the effective volume concentration correspond-
ing to these particle counts, is shown in Fig. 5(a) for case3s.
It is clear that the particle number in the ejections (Q,) is domi-
nant in the inner layer whereas the particle number in the sweeps
(Qq) is dominant in the outer layer. Furthermore, particle numbers
in ‘upwelling’ and ‘downwelling’ regions can be counted by test-
ing whether u} <0(Qa+Q3) or u} > 0(Qq + Q4), which is shown
in Fig. 5(b). Similar to previous findings, there are more parti-
cles in the upwelling events than in the downwelling events in
the inner layer, which is opposite compared to the outer layer. In
the small domain simulation, the particle number ratio in the up-
welling events is almost unchanged close to the wall (y* < 10), un-
derpredicted in the inner layer (10 < y* < 100), and overpredicted
in the outer layer (y* > 100). This is again opposite compared to
the downwelling events. With increasing domain size, the particle
number ratio in the ejections and sweeps are nearly the same be-
tween the medium size simulation and large size simulation.

4.2. Particle mean velocity

The effect of domain size on mean particle velocity (up") is
shown in Fig. 6(b-f) as a function of the wall-normal direction
for the five Stokes numbers. With increasing Stokes number, the
mean particle velocity gradually approaches a logarithmic relation-
ship over nearly the entire domain, particularly for case6 at very
high Stokes number (St* =908). In single-phase flow (Fig. 2(a)),
the u discrepancy between different domain sizes appears in the
outer region (y* > 200). This discrepancy still exists for moder-
ate and high Stokes number particles, i.e. cases3 —5 as shown in
Fig. 6(b-e), respectively. However, the domain size effect disap-
pears in case2 (Fig. 6(b)) and case6 (Fig. 6(f)), representing low and
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high Stokes number particles. In the near-wall region (y* < 10),
the domain size effect is negligible for low to high Stokes num-
bers (cases2 —5). Meanwhile, the domain size difference on the
vertically averaged u as a function of Stokes number is compared
in Fig. 6(a). The three ranges y* < 10, 10 <y* < 100, and 100 <
y*T < 500 represent respectively the regions where particles accu-
mulate close to the wall, within the LSMs, and within the VLSMs.
The biggest difference in mean particle velocity between the small
domain size and the other two larger domain sizes occurs for mod-
erate Stokes number particles (St* = 24.2) in the range of 100 <
y* < 500, which is around 4%.

4.3. Streamwise particle flux

Turbulent particle mass flux, including both the horizontal
and wall-normal flux, is an important quantity to be modeled in
particle-laden flow. With gravity applied in the wall-normal di-
rection, Richter and Chamecki (2017) examined the role of par-
ticle inertia on the particle vertical deposition flux, and whether
the resulting concentration profiles follow traditional Rouse the-
ory (Rouse, 1936). Particle inertia is found to deviate from inertia-
less behaviour, in ways which prove difficult to capture by modi-
fications to the inertialess theory. Particle inertia is also found to
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change the relationship between the particle horizontal transport
flux and vertical deposition flux (Goossens, 2008). In the present
study, we will show the particle streamwise flux from both the La-
grangian and Eulerian point of view.

The mean particle horizontal transport flux J; in the Lagrangian
view is defined as mean particle concentration (® in Fig. 4)
multiplied by the mean particle velocity (up in Fig. 6) in the hor-
izontal plane, normalized by the bulk values (®y and Uy, where
Upuic is the bulk fluid velocity of the channel), similar to the def-
inition of Noorani et al. (2015). Gravity is not included so that the
net particle vertical deposition flux is zero. The domain size effect
on the particle horizontal transport flux can be found in Fig. 7.
The mean particle horizontal transport flux is shown in Fig. 7(b-f)
as a function of wall-normal height for increasing Stokes numbers.
In addition, averaged values in wall-normal regions (y* < 10,
10 <y* <100 and 100 < y* < 500) are shown in Fig. 7(a) as a
function of Stokes number. We see that the domain size has an
observable effect only on the particle horizontal mass flux near
the wall, especially for moderate Stokes numbers (St* = 24.2 and
60.5 of case3 and case4 in Fig. 7(c) and (d), respectively). Both the
small and medium domain sizes underpredict (around 20%) the
near-wall particle horizontal transport flux (y* < 10), whereas J; in
the LSMs (10 < y* < 100) and VLSMs (100 < y* < 500) is hardly
affected by the domain size for all Stokes numbers.

From the above discussions regarding domain size effect on
the mean particle horizontal transport flux, both the small and
medium domain sizes underpredict (around 20%) the near-wall J;
for moderate Stokes numbers (St* = 24.2 and 60.5), which is gen-
erally due to the underprediction of the near-wall particle accumu-
lation (Fig. 4) but not the mean particle velocity (Fig. 6).

However, the relationship between particle transport and dif-
ferent turbulent structures is still poorly understood. To explore
this coupling between Lagrangian particles with the Eulerian fluid
field, we introduce a mean particle horizontal transport flux (Jg)
from an Eulerian point of view, which is defined as the particle

concentration on the computational mesh, multiplied by the cor-
responding fluid streamwise velocity, but filtered according to the
wavelengths associated with the small scale and large scale turbu-
lent structures:
Small scale :
Large scale :

Je = |Pus(hf < 1375, 15 < 825)
Je = |Dus(hf > 1375, 1 > 825)

Here, the fluid velocity uy is transferred to Fourier space ify, then
targeted turbulent structures are filtered (e.g. removing wave-
lengths with A} > 1375, A > 825 to isolate small scale turbulent
structures) in order to obtain a filtered fluid velocity field con-
tributed by specific turbulent structures. The filtered iy in Fourier
space is inverse transferred to the filtered fluid velocity field (e.g.
us(Ay < 1375,AF < 825)).

This Eulerian particle streamwise flux J; transported in small
scale and large scale turbulent structures for cases3p s is shown
in Fig. 8(a) and (b), normalized by ®,, and u;. In the inner
layer, the domain size effect results in significant differences for
both small scale and large scale Jp, especially close to the wall
(y+ < 40). In addition, both small scale and large scale Jr increase
with increasing domain size. This indicates that the underpredic-
tion of the near-wall particle horizontal transport flux (Fig. 7) by
the small domain simulation compared with large domain simula-
tion is due to both the underprediction of the small scale transport
(Fig. 8(a)) and missing large scale transport (Fig. 8(b)), which cor-
responds to the two explanations of particle accumulation shown
in Fig. 4 from Sardina et al. (2012) and Wang and Richter (2019a).
In the outer layer, the small scale Jy (A < 1375, A} < 825) is not
sensitive to the domain size (Fig. 8(a)). As discussed above in re-
gards to single-phase flow, the small domain size is too small
to capture the VLSMs whereas the medium domain size simu-
lation contains one or two VLSMs. As a consequence, the large
scale Jg(A§ > 1375, A > 825) in the outer layer nearly overlaps
between medium domain size and large domain size, which is
higher than the small domain size, shown in Fig. 8(b). This means

(6)
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that the medium domain size simulation can reproduce acceptable
particle streamwise flux in the outer layer, despite only resolving a
low number of large-scale structures.

4.4. Mean-squared particle velocity fluctuations

The particle velocity fluctuation variance in each of the coor-
dinate directions (mean-squared velocity fluctuations) and covari-
ance (particle Reynolds shear stress) are important in assessing the
quality of simplified models, e.g. particle-laden LES (Vance et al.,
2006) and Eulerian fluid/particle prediction of the dispersed phase
(Simonin et al., 1993).

For single-phase flow, as shown in Fig. 2, the maximums
of u?, u.V. occur at y*t =13.8, y*t =783, y* =

/2 72 Y]
vE, Wi and UV

38.5, and y* =44.5, respectively. Similarly, the profiles of the

mean-squared particle velocity fluctuations (u;,f,vé,f,w;,f) and
Reynolds shear stress (—u;,vf) (figures not shown) first increase
and then decrease as a function of y*, where the maximums
occur at y* < 20 for the streamwise velocity fluctuations and at
50 < y* <200 for the wall-normal and spanwise velocity fluctu-
ations for the different Stokes numbers. This results in the max-
. + .

imum of the Reynolds shear stress (—ujv), ) occurring at 30 <
yT < 170. In Fig. 9(a-d), respectively, we present the wall-normal
maximums of the mean-squared velocity fluctuations and Reynolds

shear stress. The streamwise velocity fluctuation ug;ax (Fig. 9(a))
only slightly changes as a function of Stokes number in the range
St*t =2.42 to 181, whereas it has a great increase for very high
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Stokes number particles (St* = 908). In both the wall-normal and
spanwise directions, V?;ax (Fig. 9(b)) and w;,z;ax (Fig. 9(c)) de-
crease nearly linearly with increasing Stokes number (on a log-
arithmic scale), which is similar to the particle Reynolds shear

stress (—u;v;,r:ax) shown in Fig. 9(d). Regarding the domain size

effect, the smaller domain sizes ( ~ 23% for the small domain size

—+
and ~ 9% for the medium domain size) overpredict the u;,zmax

compared with large domain size at moderate Stokes numbers

(Stt =24.2 and 60.5). On the contrary, w’pz;ax is underpredicted
(7 —12%) by the small domain size for all Stokes numbers con-
—+
v/z

sidered in this study. In the wall-normal direction, vy is not
strongly affected by the domain size. With decreasing domain size,
the increased mean-squared streamwise velocity fluctuation and
unchanged mean-squared wall-normal velocity fluctuation results
in an increase of the Reynolds shear stress (Fig. 9(d)) for moderate
Stokes numbers (8% for St* =24.2 and 11% for St* = 60.5). Com-
paring Fig. 9(a-c) with the corresponding quantities in the unladen
flow shown in Fig. 2(b-d), the domain size has a different effect on
the particles compared with what happens to the unladen fluid ve-
locity fluctuations. This is largely due to the particle number ratio
in the four quadrants (Fig. 5(a)) being different between the small
and large domains.

To further explore the relationship between the particle concen-
tration in the upwelling and downwelling events and the stream-
wise velocity fluctuation and the Reynolds shear stress, the joint
PDF of particle concentration with the fluid streamwise fluctuation
velocity and Reynolds shear stress in the horizontal planes y+ = 20
and y* =37 are plotted in Fig. 10(a) and (b). These heights, i.e.
¥yt =20 and y* =37, correspond to the wall-normal location of
ug;ax and —m;ax for case3, respectively. The particle volume
fraction is projected onto the Eulerian grid of the fluid field, allow-
ing for particle concentration to be coupled with the fluid field to
retrieve the joint PDF. Fig. 10(a) shows that the difference between
large, medium and small domain mainly comes from v/, < 0. This
indicates that higher particle concentration (®) correlates with
greater negative streamwise velocity fluctuations (u’.), correspond-

f
ing to more particles accumulating in stronger upwelling events

in the small domain compared to those in the medium and large
domains. As a consequence, we find that high particle concentra-
tion (®) correlates with high Reynolds shear stress (—u}v’f) in the
small domain, as shown in Fig. 10(b). Currently, it is commonly ac-
cepted that the ejection (Q;) and sweep (Q4) events are dominant
in contributing the Reynolds shear stress (Wallace, 2016). Based on
Fig. 10(a) and (b), we believe that higher particle concentrations
occur in the stronger ejection regions in small domain than what
is seen in the large domain.

4.5. Interphasial interaction

For particles with high inertia, a significant slip velocity can
exist, which describes the exchange of momentum between the
fluid and particle phases. A good prediction of the slip velocity
is essential to predicting particle trajectories in particle-laden LES
(Fede and Simonin, 2006), Reynolds-averaged Navier-Stokes (RANS)
coupled laden with Lagrangian particles (Arcen and Taniére, 2009),
or two-fluid modeling approaches (Simonin et al., 1993). Through
the slip velocity, the drag force governs the particle trajectories and
segregation (Marchioli and Soldati, 2002), and subsequently modu-
lates the turbulent flow (Tanaka and Eaton, 2008; Zhao et al., 2013;
Wang and Richter, 2019b). Recently, (Wang and Richter, 2019a)
found that the particle feedback force to the carrier phase is
mainly determined by particle coupling with LSMs (as opposed to
VLSMs) in both the inner and outer layers.

As shown in Figs. 1 and 2 in Section 3, only one or two
LSMs are captured by the small domain size simulation, while
the correct one-point statistics can be reproduced in the near-
wall region; ie. u at y* <100, u2 at y* <100, v? at y* <
30 and w2 at y+ < 10. Regarding the particle feedback force in
the streamwise (Fig. 11(a)) and wall-normal direction (Fig. 11(b)),
the domain size has a minor effect on the particle feedback
force which indicates that the particle feedback force is gener-
ally due to particle coupling with LSMs, consistent with Wang and
Richter (2019a). Furthermore, particle source to the turbulent ki-
netic energy (TKE) transport equation, defined as Fu’ + Fjv' + EFw/,
is shown in Fig. 11(c). The particle modulation of the turbulent



G. Wang, HJ. Park and D.H. Richter/International Journal of Multiphase Flow 125 (2020) 103195 1

Large

20 25 30
D/ Dy

b
(b) 5
_ \
t ) Medi
ig_},} edium
+
Sy
o
<=
]

5 10 15 20 25 30
D/ Dy

Fig. 10. Domain size effect on the joint PDF of particle concentration with (a) streamwise fluid velocity fluctuation (u’.) in the horizontal plane at y* = 20; (b) the Reynolds

shear stress (—u'v’) in the horizontal plane at y™ = 37, for case3 .

(a) ®)

=
[

f

15¢ 2 510 0.01
C ofF 2
10~ L [
L _2-_ :
+ F | N -
< < ~ n
= 5r —-10 < y* < 100 =< 4r .
IS —-100 < y* < 500 o -
L -6 F
o o———pe—g——t—% r L
L 8 Z_
) ST B AT T R oLl Nl 0l _0_015: NI T BT |
10° 10 10 10° 10° 10" 10 10° 10° 10" 10 10°
St St S+

Fig. 11. Average value of (a, b) the streamwise and wall-normal particle feedback force; (c) particle source to the TKE transport equation, in three different ranges of height

(y* <10, 10 < y* < 100 and 100 < y* < 500) as a function of the Stokes number.

structures (LSMs and VLSMs) is both directly and indirectly re-
lated to the particle source term (Wang and Richter, 2019b). Even
though the contribution of the particle force is nearly unchanged
by the small domain size, its effect to the TKE transport equa-
tion has a high sensitivity to domain size, especially in the inner
layer (y* < 100) for moderate and high Stokes numbers (24.2 <
Stt < 181). On the other hand, the medium domain size is large
enough to reproduce both the particle feedback force and parti-
cle source term to the TKE transport equation. This indicates that
in order to reproduce the correct particle source term, it is nec-
essary that the particle feedback force works on the correct tur-
bulent structures. Even though the particle force can be repro-
duced by the small domain size, the turbulent structures are not
fully and accurately captured by the small domain size, which re-
sults in the incorrect particle source term to the TKE transport
equation.

4.6. Tests at Reynolds number Re;=950

For wall turbulence, Re; is a ratio of the inner and outer
length scales (Marusic et al., 2010). In the outer layer, parti-
cles experience turbulent forcing with a characteristic time scale
Tyism ~ hjmax(v'|w') of VLSMs, where max(v'|w') ~ u; at y* ~ 60
in this paper. In the inner layer, the characteristic time scale of
LSMs is T gy ~ 8y/ur. The ratio of particle Stokes number based
on the outer layer turbulence time scale (VLSMs) and the inner

layer turbulence time scale (LSMs) can be seen as Sto“er/St+ =
(tp/Tvism)/ (Tp/Tism) = Tism/Tvism ~ Ov/h. Clearly, the ratio of par-
ticle Stokes number between the outer layer and inner layer is
proportional to 1/Re; where the friction Reynolds number is de-
fined by Re; = h/§,. Comparing between particle-laden flows at
low and high Reynolds numbers, the same St™ based on the in-
ner time scale corresponds to lower St°“!¢" based on the outer time
scale at the higher Reynolds number.

At a low Reynolds number Re; = 180, a significant increasing
of wall particle accumulation (up to 20%) is found in the large
domain in comparison with small domain, which is due to inten-
sive turbophoresis at St* =10 — 50 when the particle time scale
matches the time scale of LSMs in the inner layer (Sardina et al.,
2012). In this paper, we find similar behavior at an intermedi-
ate Reynolds number of Re; = 550; i.e., the particle accumulation
is underpredicted by the small domain simulation, especially for
moderate Stokes numbers (St™ = 24.2 and 60.5). Furthermore, we
perform tests of the domain size effect on particle statistics for two
Stokes numbers (St* =39.8 and 182) at an even higher Reynolds
number of Re; = 950. The mean particle concentration profiles for
St*t =39.8 and 182 are shown in Fig. 12 (a) and (b), respectively.
Similar to Re; = 180 and 550, the particle wall concentration is ob-
served to be largest in the large domain simulation compared to
the medium and small domain sizes for both of the tested Stokes
numbers, especially at St* = 39.8. Clearly for Re; = 180, 550 and
950, the domain size effect on particle accumulation in the vicinity
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of the wall is closely related to St* ~ O(10) based on the viscous
scale but not St°“®" based on the outer time scale. We speculate
that this behavior can still be observed in the limit of constant St*
but increasing Re; to a higher value.

5. Conclusion

In this brief study, inertial particle one-point statistics are pre-
sented for direct numerical simulations of turbulent open chan-
nel flow at a moderate Reynolds number (Re; = 550), which are
seeded with two-way coupled particles at low volume concentra-
tion for a wide range of particle Stokes numbers (2.41 < St <
908). The domain size effect on the particle one-point statistics
is examined for three different domain dimensions, i.e. a large
domain Ly = 6h, L, = 2mh, medium domain Ly = 6h, L, = 3h, and
small domain Ly = 2.5h, L, = 1.5h, where h is the depth of the
open channel.

In single-phase open channel flow, we find that the medium
domain size (Lx = 6h, L, = 3h) simulation can reproduce the fluid
one-point statistics produced in a large domain (larger than Ly =
67mh, L, = 2mh), which also agrees very well with an extreme do-
main size (Lx = 60mh, L, = 6rh) in wall-bounded channel flow
(Lozano-Duran and Jiménez, 2014). In the case of particle-laden
flow, for low (St* =2.42) and very high (St* = 908) Stokes num-
bers, all of the particle one-point statistics (mean streamwise par-
ticle flux, TKE, particle feedback to the carrier phase) are well-
captured by the medium domain size simulation with reference to
the large domain size simulation. On the other hand, a discrepancy
between the medium domain and the large domains appears for
moderate and high Stokes numbers (24.2 < St* < 182). Taking the
moderate Stokes number St* =24.2 as an example, in the near-
wall region the mean streamwise particle flux is underpredicted
( ~ 20%) below y* < 10, which is mainly due to the underpredicted
particle accumulation and not the mean particle streamwise veloc-
ity in this region. By analyzing the filtered particle flux transported
by small and large scale turbulent structures, we show that the in-
sufficient domain dimensions induce an artificial correlation in the
velocity field lead to blocking effects of the particle aggregation, in
agreement with Sardina et al. (2012). Apart from the particle ac-
cumulation close to the wall, differences are also observed in the
maximum of mean-squared steamwise velocity fluctuation ( ~ 9%)
and Reynolds shear stress ( ~ 8%). The joint PDF of particle concen-
tration with fluid steamwise velocity fluctuation and fluid Reynolds
shear stress shows that higher particle concentration is associated
with large negative u} and positive —u/fv’f in smaller domains.

With decreasing domain size, the previously mentioned dif-
ferences are increased between the small domain and the large
domain, especially for moderate Stokes numbers (St* = 24.2 and

60.5). Regarding to the mean particle feedback forces to the car-
rier phase, the domain size has a negligible effect for all Stokes
numbers, since the particle feedback force to the carrier phase is
determined by particle coupling with LSMs in both the inner and
outer layer (Wang and Richter, 2019a). However, the particle source
to the TKE transport equation has differs considerably between the
small and large domain simulations, especially in the inner layer
(y* < 100) for moderate and high Stokes numbers (24.2 < St+ <
181).

Based on above comparison of domain size effect for low to
very high Stokes number particles, particle one-point statistics of
low (St* =2.42) and very high (St* =908) Stokes numbers can
be well-reproduced by small domain simulations in both the in-
ner layer and outer layer. For moderate to high (St* = 24.2 — 182)
Stokes numbers, however, the medium domain size cannot re-
produce accurate particle one-point statistics in the inner layer
compared to those of the large domain, especially close to the
wall. This is due to the insufficient resolution of the VLSM ef-
fects within the inner layer, which are referred to as deep u-modes
(del Alamo and Jiménez, 2013) or VLSM ‘footprints’ (Hutchins and
Marusic, 2007). In the outer layer, although the medium domain
only contains one or two VLSMSs, particle one-point statistics seem
to be well-reproduced by the medium domain size simulation
compared with the large domain. This indicates that large domain
size is necessary to reproduce accurate particle one-point statis-
tics in the inner layer whereas medium domain size is sufficient to
reproduce accurate particle one-point statistics in the outer layer
when studying high Reynolds number particle-laden flows.
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