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8 Abstract
9 Inertial particles dispersed in wall-bounded flows in pipes and channels are known to accumulate close 

10 to the walls. The segregation ability depends greatly on the inertia-selection effects of the near-wall 
11 quasi-coherent turbulent structures, which are formed near both walls where shear stresses are high. 
12 Here, however, we investigated if and how particles segregate in the vicinity of walls in absence of mean 
13 shear. A tailor-made turbulent Couette-Poiseuille flow was designed such that the mean shear vanished 
14 at the moving wall, thereby resulting in an asymmetric flow with conventional near-wall turbulent 
15 structures only at one wall. In addition, Large-Scale Structures (LSSs) were observed in the flow, which 
16 greatly influenced the distribution of the inertial particles. Particles of five different inertia groups were 
17 embedded in the directly simulated turbulence field and examined. It was found that particles of high 
18 inertia segregated near the stationary wall where mean shear prevailed, but also near the moving wall 
19 where mean shear was absent. However, due to the qualitatively distinct near-wall flow structures, the 
20 inertia effects on the actual segregation were different at the two walls. Mechanisms causing the 
21 asymmetric wall-normal segregation were explored with the focus on the moving-wall region, where 
22 the quasi-coherent turbulent structures were absent, and the local fluid structures were dominated by 
23 imprints of the LSSs.

24 Key words: particle-laden flow, turbulent Couette-Poiseuille flow, inertial particle distribution, 
25 Large-Scale Structures

26 1. Introduction

27 Particle-laden turbulent flows are prevalent in many industrial applications and environmental 
28 processes. Examples include dispersion of carbonaceous dust or chemicals, the huge amount of plankton 
29 species in the ocean, transport of pollutants in the air, and natural processes such as formation of clouds 
30 and rain in the atmosphere and sediment transport in rivers. The dynamics of inertial particles in 
31 turbulence and their interactions with the containing fluid have received continuous consideration in 
32 various flow configurations in the past decades. However, the commonly encountered flow scenarios 
33 are still far from being fully covered and particle mixing in inhomogeneous and anisotropic turbulence 
34 remains a largely open question.

35 Among various scenarios, dispersion of small inertial particles in a pressure-driven turbulent plane 
36 channel flow (also known as a turbulent Poiseuille flow) is widely documented. The governing equation 
37 for the motion of spherical solid particles in non-uniform flows was first proposed by Maxey and Riley 
38 (1983) under the condition that the Reynolds number based on the radius of the sphere is smaller than 
39 unity. Based on this theoretical model, McLaughlin (1989) was the first to use Direct Numerical 
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40 Simulation (DNS) coupled with Lagrangian particle tracking to study aerosol particle deposition in a 
41 turbulent Poiseuille flow (referred to as P flow henceforth) at low Reynolds number. 

42 It has been extensively reported that initially randomly-distributed particles in a turbulent P flow 
43 will accumulate in the near-wall region, in particular in the viscous sublayer, under the effects of inertia. 
44 This phenomena is often referred to as “turbophoresis”, a term literally meaning particle transport 
45 operated by turbulence, which was firstly proposed by Caporaloni et al. (1975) and later developed and 
46 refined by Reeks (1983, 2005, 2014). There have been several influencing factors that lead to a final 
47 segregation. Brooke et al. (1994) separated the particle flux into three groups according to their origin, 
48 namely the free-flight flux, the turbophoretic flux and the diffusive flux. They found that the near-wall 
49 accumulation resulted mainly from free-flights that do not enable particles to bounce back from the wall, 
50 while aided by turbophoresis. 

51 Particle segregation is determined by the coupling between particle inertia and the surrounding 
52 fluid structures. Particle inertia is often measured by a non-dimensional parameter, namely the Stokes 
53 number (St), defined as the ratio of the particle response time (τp) to the timescale of the underlying fluid 
54 flow (τf). The Stokes number reflects the time the particles need to adjust their motions following the 
55 variation of the local fluid. The Stokes number for a P flow is often defined using wall units, i.e. St = 
56 τp/τf where τf = v/uτ

2 and v is the kinematic viscosity of the fluid and uτ is the friction velocity at the wall. 
57 Previous studies have demonstrated that the strongest near-wall segregation follows a non-monotonic 
58 trend with St. For example, for a P flow with Reτ = 180 (Reτ based on the friction velocity uτ and the 
59 channel half-height h), the strongest near-wall segregation is found at St ≈ 20 ~ 30, while either 
60 decreasing or increasing St will lead to a weaker segregation (Marchioli and Soldati 2002; Picciotto et 
61 al. 2005; Soldati and Marchioli 2009). The St-dependency of near-wall deposition is evaluated by 
62 Narayanan et al. (2003), who proposed three different regimes: the Brownian diffusion (for St < 0.2), 
63 the diffusion-impaction regime (0.2 < St < 20) and the inertia-moderated regime (St > 20). 

64 The carrying flow undertakes inertia-selection of the particles. The quasi-coherent streaky 
65 structures and the associated elongated streamwise vortices are the most prominent structural features 
66 of wall-bounded flows in the inner layer (z+ < 60) (Jeong et al. 1997; Schoppa and Hussain 2002). When 
67 particles are added into the turbulence, the combined effects of the near-wall quasi-coherent turbulent 
68 structures together with particle inertia determine the final segregation in the viscous sublayer (Kaftori 
69 et al. 1995a,b; Rouson and Eaton 2001; Marchioli and Soldati 2002, 2009). In particular, Marchioli and 
70 Soldati (2002) provided a detailed description of the mechanism for the optimal St for maximum near-
71 wall segregation. They pointed out the important inertia-selection effects of the offspring streamwise 
72 vortices inhabiting the particles to leave the wall. The ability to successfully escape the wall region 
73 depends on the particle inertia, or St. Tracer-like particles follow the flow perfectly and obey the fluid 
74 continuity, whereas particles of large-inertia (e.g. St = 100) with strong wall-ward momentum hit the 
75 wall and bounce back into the outer flow while ignoring the offspring streamwise vortices. Particles 
76 with intermediate inertia (e.g. St ≈ 30) have the strongest segregation inside the viscous sublayer, 
77 because for them inhabitation of offspring vortices is most effective. While the effects of the near-wall 
78 structures are obviously significant, it is however worthwhile mentioning that some studies have 
79 demonstrated accumulation of particles in low-turbulence regions in flows without near-wall quasi-
80 coherent structures, see e.g. Iliopoulos et al. (2003), Skartlien (2007), Arcen and Tanière (2009), 
81 indicating that the near-wall turbulent structures may not be the direct cause of near-wall segregation. 

82 Most studies on particle dispersion in wall-bounded flows have focused on the near-wall quasi-
83 coherent turbulent structures, and very few paid attention to the influences of the Large-Scale Structures 
84 (LSSs) in the core region commonly encountered in some flows (Bernardini et al. 2013). For example, 
85 LSSs are observed in pipe and channel flows at high Reτ (Kim and Adrian 1999), but DNSs of particle-
86 laden turbulent P flows at high Reτ are still impracticable due to extensive computational cost (the 
87 highest Reτ ever reported is Reτ = 1000 by Bernardini 2014). However LSSs can be observed in a 
88 turbulent Couette flow (C flow) even at low or moderate Reτ, which thus serves as a good background 
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89 flow to evaluate the effects of LSSs on particle dispersion. In a C flow the two walls have a relative 
90 velocity which drives the in-between fluid. Turbulent C flows have coexisting turbulent streaks near the 
91 walls and the LSSs in the core region which interact with each other non-linearly (Kitoh et al. 2005; 
92 Bech et al. 1995). Although these interactions have crucial effects on particle dispersion, relevant studies 
93 are rare (Bernardini et al. 2013; Richter and Sullivan 2013, 2014). One example to mention here is 
94 Bernardini et al. (2013), who conducted DNS coupled with Lagrangian particle tracking for a C flow at 
95 Reτ = 167 and compared with a P flow at Reτ = 183. They found the highest near-wall segregation at St 
96 = 25 for both the C flow and the P flow. Streamwise particle streaks were observed in the near-wall 
97 region for both flows, but the characteristic patterns of the streaks were essentially different, as a result 
98 of imprinting of the outer-layer LSSs onto the inner-layer fluid structures. While the C flow is a good 
99 choice for evaluating particle distribution under the influences of LSSs, the existence of near-wall 

100 structures makes it difficult to isolate the effects of LSSs in the near-wall region. 

101 A combined turbulent C and P flow, namely the turbulent Couette-Poiseuille flow (CP flow), is a 
102 more computationally affordable prototype for evaluating the LSSs in wall-bounded flows (Kuroda et 
103 al. 1995; Pirozzoli et al. 2011; Yang et al. 2017). Compared to a C flow, the CP flow requires a smaller 
104 domain than that needed for a C flow (Bech et al. 1995; Tsukahara et al. 2006), since the LSSs generated 
105 in the core region is shorter in streamwise direction than those formed in a C flow (Pirozzoli et al. 2011). 
106 The CP flow has two controlling parameters, i.e. both a streamwise pressure gradient and a relative wall 
107 motion. In particular, with a carefully chosen combination of the controlling parameters, the mean shear 
108 and thus the turbulent regeneration events can be eliminated at one wall (Pirozzoli et al. 2011; Coleman 
109 et al. 2017; Yang et al. 2017). Due to the distinguishing near-wall structures at the opposing walls and 
110 also the presence of LSSs in the core region, the zero-mean-shear CP flow is a useful flow vehicle to 
111 explore individually the influences of both the near-wall streaks and the LSSs on particle distribution in 
112 turbulence. The CP flow is of theoretical importance, for example, it was used by Thurlow and Klewicki 
113 (2000) to understand the mechanisms of drag reduction in ultra-hydrophobic surfaces, and by Coleman 
114 et al. (2017) to improve turbulence closure models. In practice, the CP flow resembles the flow beneath 
115 a ship operating at small underkeel clearance (Gourlay 2006). 

116 It is worthwhile to point out a flow similar to the zero-mean-shear CP flow, i.e. the open-channel 
117 or free-surface flow. Studies on open-channel flows (Pan and Banerjee 1995; van Haarlem et al. 1998; 
118 Narayanan et al. 2003; Nagaosa and Handler 2003; Righetti and Romano 2004) are inspiring for studies 
119 on the current CP flow due to some similarities in these two flows at first sight: both flows have 
120 asymmetric flow structures near the two opposing walls, and the near-wall quasi-coherent turbulent 
121 structures are observed only near the wall with maximum mean shear while they are absent near the 
122 shear-free surface. The asymmetric near-wall flow structures cause variation of the near-wall particle 
123 segregations for the two walls in an open-channel flow (van Haarlem et al. 1998; Narayanan et al. 2003). 
124 However, the boundary conditions at the shear-free surface are different in these two flows (no-slip for 
125 CP flow and free-slip for open-channel flow). Thus the wall-normal distributions of the turbulence 
126 intensities and the r.m.s. vorticity are distinctly different near this wall (Nagaosa and Handler 2003; 
127 Yang et al. 2017). More importantly, the large scales observed in the two flows are essentially different. 
128 In an open-channel flow, the large-scale upwellings and downwellings in the bulk of flow are caused by 
129 the large-scale near-wall sweeps and ejections imprinting from near the no-slip wall to the free-slip wall. 
130 On the contrary, in the current CP flow sweep and ejection events are relatively small-scale and confined 
131 near the stationary wall like in a P flow. The longitudal LSSs that we observe in a CP flow at low Reτ 
132 are large-scale streamwise circulations which are not present in an open-channel flow at a similar Reτ. 

133 It is our prime interest to investigate wall-normal particle segregation under the effects of the 
134 surrounding fluid (particularly the LSSs) and particle inertia. A specific turbulent CP flow with zero 
135 mean wall shear at the moving wall is considered, which enables us to investigate the influences of the 
136 LSSs on near-wall particle behaviors without the influence of near-wall turbulent structures. The outline 
137 of the paper is as follows. After presenting our methodology, some crucial features of the CP flow are 
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138 firstly presented, before giving a complete description of the particle deposition in this particular flow. 
139 The distinguishing wall conditions of the particular CP flow result in an asymmetric segregation at two 
140 walls. By evaluating this observation, mechanisms of particle wall-normal segregation is proposed and 
141 further understood. 

142 2. Methodology

143 This paper presents a DNS study coupled with Lagrangian particle tracking of a particle-laden 
144 turbulent CP flow with zero mean shear at one wall. A sketch of the computational domain is shown in 
145 Figure 1, where a Newtonian fluid is driven by a streamwise pressure gradient between two parallel 
146 plates in relative motion separated by a distance of 2h. The flow is governed by the incompressible 
147 Navier-Stokes equation and the continuity equation. The Reynolds number considered here is Reτ,S = 
148 180, based on the friction velocity at the stationary wall (uτ,S), half channel-height (h) and kinematic 
149 viscosity v. 

150

U
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151 Figure 1. Sketch of the present computational domain.

152 We use an Eulerian approach for the fluid phase. As shown in Figure 1, a Cartesian coordinate 

153 system  = (x, y, z) is applied, and the size of the whole domain is lx (streamwise) × ly (spanwise) × lz x
154 (wall-normal) = 36h × 10h × 2h. In the homogenous directions (x and y), periodic boundary conditions 
155 are applied. The two parallel walls are assumed infinitely long and wide, and are both impermeable and 
156 applied with a no-slip boundary condition. The bottom wall (z/h = 0) is set to be stationary while the top 
157 wall (z/h = 2)  has a relative velocity of Uwall = 20uτ,S. This velocity was chosen together with the 
158 streamwise-driving pressure gradient to achieve a vanishing mean shear at the moving wall. For the 
159 present CP flow, we obtained a statistically negligibly low total mean shear of |T+| ≈ 3×10-3 at the moving 
160 wall. In this paper, unless otherwise stated, all quantities with superscript + are normalized using viscous 

161 units, by uτ,S for velocity, v/uτ,S for length and v/ ,S for time. For domain discretization, the number of u2
τ

162 grid points is 576 × 260 × 192 in the x × y × z directions, respectively. The grid size in the homogeneous 
163 xy-plane is uniform, with ∆x+ × ∆y+ = 11.25 × 6.93. In the wall-normal direction, the grids are non-
164 uniform, and are symmetric about the channel center plane with increasingly finer size closer to the 
165 walls. The first grid near the wall has the smallest grid spacing with ∆z+ = 0.88 and the largest grid 
166 spacing (∆z+ = 2.86) is placed at the channel center. More details regarding the validity of the present 
167 domain size and mesh resolution were discussed in Yang et al. (2017), which provides an established 
168 database of the current CP flow. The flow was calculated using a pseudo-spectral method in the 
169 homogeneous directions, and a second-order central finite-difference method in the wall-normal 
170 direction. The pressure field is obtained by solving a Poisson equation using FFT in the homogenous 
171 directions and a tri-diagonal matrix algorithm in the wall-normal direction. An explicit second-order 
172 Adams-Bashforth scheme is used for time advancement, with a time step of ∆t = 0.0002h/uτ,S, or ∆t+ = 

Stationary wall

Moving wall

z
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173 0.036. The DNS code has been used and validated in various previous studies (Gillissen et al. 2007; 
174 Mortensen et al. 2008; Zhao et al. 2010, 2012, 2013; Yang et al. 2017). 

175 Particles were added into the fully-developed statistically-steady turbulent CP flow at random 
176 locations and tracked at each time step (same as for the Eulerian fluid) in a Lagrangian framework. The 
177 present study considers rigid and point-like (i.e. particles with diameter dp/h = 2×10-3 are smaller than 
178 Kolmogorov microscale) spherical particles with varying inertia. We consider only a dilute suspension 
179 where particle-particle collisions and feedback of particles on the fluid can be neglected. In the present 
180 work the particles are only subject to the Stokes drag force while all other forces, e.g. lift and gravity, 
181 are neglected. The position of each particle is determined by a Lagrangian point-particle tracking 
182 approach which is the same as that adopted by Mortensen et al. (2008) and Zhao et al. (2010, 2012, 
183 2013). The initial particle velocity was prescribed to equal the local Lagrangian fluid velocity, which 
184 was obtained by using a quadratic interpolation scheme applying information from the 27 closest grid-
185 points (van Haarlem 2000). The position and velocity of each particle is updated by integration of the 
186 following equations forward in time:

p
p

d x u
dt

=
� �

and ( )( )p 0.687
fp p p

p

1
1 0.15Re ,

du u u
dt τ

= − +
� � �

(2.1)

187 where  = (xp, yp, zp) is the particle position, and τp = 2Da2/9ν is the particle response time with D = ρP/ρ xp

188 being the density ratio of the particles to the carrier fluid. In particular,  is the instantaneous uf

189 Lagrangian fluid velocity vector at the particle position,  = ( , , ) in x, y and z directions uf uf vf wf

190 respectively, to be distinguished with the fluid velocity vector at the Eulerian grid points,  = ( , , uf uf vf

191 ); and  is the instantaneous particle velocity vector,  = ( , , ). By means of a Reynolds-wf up up u v w
192 decomposition,  = U + u,  = V + v and  = W + w, where U, V and W are mean velocity components, u v w
193 and u, v and w are the corresponding velocity fluctuations. The last term in Eq. (2.1) is a semi-empirical 
194 correction which extends the validity of the drag force equation (Schiller and Naumann 1933). Periodic 
195 boundary conditions are imposed in the homogeneous directions. For particle-wall collisions, a perfect 
196 elastic reflection condition is applied at both walls, when the distance between the particle center and 
197 the wall is smaller than the particle radius a.

198 As mentioned in the Introduction, particle inertia is measured by a non-dimensional Stokes number, 
199 defined as St = τp/τf. Note that St based on the viscous units is a global parameter, i.e. it is not a function 
200 of particle location. In this study, five different particle groups are considered with St = 0.2, 1, 5, 30 and 
201 100, respectively. For each St group, a total number of 2.5 million particles were introduced in the 
202 computational domain and remained throughout the calculation, with no particles removed.

203 3. Results

204 3.1. Turbulent CP flow properties

205 The mean streamwise velocity U in the CP flow with vanishing wall shear increases monotonically 
206 all the way from the stationary wall at z = 0 to the moving wall at z = 2h. The statistically steady state 
207 of the flow field is reflected by the spatio-temporal averaged stresses shown in Figure 2 (a). The 

208 distribution of the total mean shear stress (normalized by viscous units)  of a /f f fT dU dz u w+ + + + += −
209 statistically stationary turbulent CP flow with zero mean shear at z+ = 2h+ should follow a linear relation 

210 , or T+ = 1 − z+/2h+, obtained from integration of the x-component of the ( )( )/ 2T dP dx h z= − −
211 Reynolds-averaged Navier-Stokes equation in the wall-normal direction (Tennekes and Lumley 1972). 
212 The linearity of T+ is clearly observed in Figure 2. The maximum values occur at (for mean viscous 
213 shear stress and mean total stress) or near (for Reynolds stress) the stationary wall, while all mean 
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214 stresses vanish at z+ = 2h+ (z/h = 2). To be more exact, at the moving wall a statistically low mean value 
215 of |T+| ≈ 3×10-3 is obtained in the present study. This turbulent CP flow field is discussed in greater 
216 details in Yang et al. (2017). 

217
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218 Figure 2. Statistical fluid properties normalized by wall units. (a) Wall-normal distribution of shear 
219 stresses, where 1 − z+/2h+ is the reference straight line obtained from the Reynolds-averaging. (b) 
220 Comparison of normalized vorticity fluctuations near the two walls, where the horizontal axis shows the 
221 distance away from the nearby wall. The lines are for near the stationary wall:  ω+

x,rms;  ω+
y,rms; 

222 and  ω+
z,rms. The lines with symbols are for near the moving wall: black solid line with squares: 

223 ω+
x,rms; blue dash line with circles: ω+

y,rms; and red dash-dot line with triangles: ω+
z,rms. The subplot shows 

224 the quantities zoomed in near the moving wall region. 

225 The most relevant flow structures for our discussion in this paper are the small-scale quasi-coherent 
226 turbulent structures near the stationary wall and the global LSSs (Yang et al. 2017). To demonstrate 
227 these two different scales, firstly the wall-normal distribution of the normalized components of the 
228 fluctuating vorticity vector are shown in Figure 2 (b) where ω+

x,rms, ω+
y,rms and ω+

z,rms are in streamwise, 
229 spanwise and wall-normal directions, respectively. As can be observed, the vortical structures at the two 
230 walls are clearly distinctive. Next to the stationary wall (denoted by lines), quasi-coherent streamwise 
231 vortices cause a peak of ω+

x,rms at z+ ≈ 20. On the contrary, in the moving wall region (denoted by lines 
232 with symbols), all vorticity components have low values with no near-wall peaks, except for a small 
233 increase leading to a modest maximum value at the wall caused by the impermeability of the no-slip 
234 wall (Kim et al. 1987), indicating the absence of quasi-coherent structures as those formed near the 
235 stationary wall. 

236

237 Figure 3. Instantaneous iso-surfaces of λ2 = -0.05 for the instantaneous flow field, with view of the whole 
238 domain (a), from the top (b) and from the front (c). Colours on the iso-surfaces are associated with the 
239 sign of streamwise vorticity (ωx).
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240

(a) (b)

(c)

u/urms

241 Figure 4. Normalized instantaneous iso-surfaces of u+
f/u+

f,rms = 1.5 (green) and -1.5 (blue) for the 
242 instantaneous flow field, with view of the whole domain (a), from the top (b) and from the front (c).

243 The LSSs are visualized in Figure 4 via iso-surface of the normalized streamwise velocity 
244 fluctuations (u+

f/u+
f,rms) for the instantaneous flow field. It is seen that the LSSs are much more elongated 

245 in the streamwise direction than the small-scale near-wall streaks. In the wall-normal direction, the LSSs 
246 spread throughout the channel and extend their influences into the near-wall quasi-coherent structures, 
247 causing an increase of spanwise spacing of the quasi-coherent near-wall streaks in the buffer layer (Yang 
248 et al. 2017). The quasi-coherent LSSs in the core region induce persistent wall-normal flows and play 
249 an important role in the overall momentum exchange, by linking the flow field near the two walls 
250 (Bernardini et al. 2013). Therefore, although the LSSs are much weaker in strength compared to the 
251 small-scale quasi-coherent near-wall structures (Figure 2 (b) and Figure 3), the LSSs are expected to 
252 have a key effect on the particle distribution, as shall be discussed later.

253 To demonstrate the characteristics of the local fluid structures in the CP flow with the presence of 
254 LSSs, the wall-normal profile of the normalized Kolmogorov microscales of the present CP flow is 
255 compared with a P flow in Figure 5. Near the stationary wall, the values of the normalized Kolmogorov 
256 length scale ηK

+ and time scale τK
+

 are very similar in the two cases. Away from the stationary wall, ηK
+ 

257 and τK
+ increase for both flows, but near the core region, values of η+

K,P
 and τ+

K,P become larger than 
258 those of η+

K,CP
 and τ+

K,CP, indicating that the dissipation in the center occurs at larger microscale 
259 structures for the P flow than for the CP flow. Beyond the center plane and toward the moving wall, 
260 η+

K,P
 and τ+

K,P decrease due to the symmetry of the P flow field, while η+
 K,CP

 and τ+
 K,CP continue to 

261 increase. The length scale η+
K,CP

 reaches a maximum of 5 and the time scale τ+
K,CP a maximum of over 

262 20 very close to the moving wall, followed by a sharp drop for both η+
K,CP

 and τ+
K,CP. The monotonic 

263 increase of η+
K,CP

 and τ+
K,CP across the core region results from the gradually reducing mean shear, and 

264 the sudden decrease next to the moving wall is attributed to the proximity of a solid wall. The 
265 enlargement of the Kolmogorov microscales near the moving wall compared to the stationary wall is 
266 essential in understanding the particle distributions in this area. 
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268 Figure 5. Wall-normal distribution of the normalized Kolmogorov microscales for length ηK and time τK 
269 compared to P flow by Kim et al. (1987). Large plot in semi-log scale and inner plot in linear scale. 

270 3.2. Particle distribution in the CP flow

271
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272 Figure 6. Local StK based on local Kolmogorov time microscale τK versus global St based on viscous 
273 time scale τf.

274 In the present study we will evaluate five particle groups of Stokes number St = 0.2, 1, 5, 30 and 
275 100 defined based on the viscous time scale τf. As seen in Figure 5, the local fluid micro-scales vary 
276 greatly from the stationary wall to the moving wall, and it is therefore reasonable also to define a local 
277 Stokes number based on the local Kolmogorov microscale τK as StK = τp/τK, just as in homogenous 
278 isotropic turbulence (HIT). As observed by Picano et al. (2010) for particle-laden jet flows, a local 
279 Stokes number can be crucial in determining particle transport. The relation between the local StK and 
280 the global St is then StK = St/τK

+, which is plotted in Figure 6. fWhile St is a global parameter, StK varies 
281 with the local microscale and is associated with the local fluid structures. Figure 6 shows that the local 
282 StK decreases for each St from the stationary wall to the moving wall, as a result of increasing τ+

K,CP 

283 (Figure 5). The value of the local StK at the moving wall for each global St incidentally matches the 
284 value of StK at the stationary wall for a smaller St, e.g. StK for St = 30 at the moving wall ≈ StK for St = 
285 5 at the stationary wall (see also Figure 9 (b)). It is particularly noteworthy that StK is close to unity near 
286 the moving wall for St = 30 particles. In this paper we categorize the particles according to the global 
287 St, but will explain some observations in terms of the local StK. 
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289 Figure 7. Evolution of the global Shannon entropy calculated over the whole domain for different 
290 particle groups. Note that the data for St = 0.2 and 1 are overlapping at Sh ≈ 1 .

291 After the particles were initially introduced at random locations in the fully developed turbulent 
292 CP flow, they slowly accumulate near the walls due to so-called “turbophoresis”. A global parameter, 
293 namely the normalized Shannon entropy, can be used to quantify the overall time and spatial evolution 
294 of particle distribution in the whole channel (Picano et al. 2009 and Bernardini 2014). In order to 
295 measure particle mixing, the whole domain was divided into Nbin = 200 uniformly distributed wall-
296 parallel bins. The global Shannon entropy is defined as Sh(t) = H(t) /max(H(t)), where 

297  with p(k,t) the possibility of finding a particle in the kth bin at time t, p(k)  = 
1

( ) ( , ) ln ( , )
binN

k
H t p k t p k t

=

= −∑
298 NP(k,t)/NPtotal, and max(H) = lnNbin. Here NP(k, t) is the number of particles in the kth bin at time t, and 
299 NPtotal is the total number of particles in the whole domain (NPtotal = 2.5×106 for each particle group). 
300 Following its definition, the normalized Shannon entropy reveals the degree of global wall-normal 
301 inhomogeneity. A uniform dispersion will result in Sh = 1, while the most concentrated case (i.e. if all 
302 particles are segregated in a single bin) leads to Sh = 0. Figure 7 shows the evolution of Sh for different 
303 St values. Sh for all cases starts at 1 as particles of all groups were initially injected into the flow field 
304 at random locations, and remains so for particles of low inertia (St = 0.2 and 1) which maintain a random 
305 distribution throughout the simulation. A monotonic decrease of Sh is seen for St = 5, 30 and 100, 
306 indicating the wall-normal segregation of inertial particles into different bins. The group of St = 30 is 
307 the fastest to form the most segregated particle field (reflected by the lowest Sh); the degree of wall-
308 normal homogeneity of the particle field decreases more slowly for St = 5 and 100, and reaches a less 
309 concentrated particle distribution compared to St = 30 (reflected by a higher Sh). The simulation ran up 
310 to over 12000 viscous time units (in total 3.5×105 time steps). As can be seen in Figure 7, almost all 
311 curves approach asymptotically to constant Sh-values, except St =100 for which the particles respond 
312 most slowly to the fluid and need the longest time to reach segregation equilibrium. The simulations 
313 were terminated here because i) the present samplings fulfil our primary aim of study, which is to 
314 qualitatively and quantitatively evaluate the distribution of particles with different inertia values in this 
315 CP flow, and ii) continuing the simulation will unnecessarily cost extensive computing resources and 
316 time without adding further information. The same reasoning was made by Marchioli et al. (2008). 
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318 Figure 8. Spatio-temporal evolution of particle wall-normal concentration Cr for (a) St = 1, (b) St = 5, 
319 (c) St = 30, and (d) St = 100 in the near-wall region. For each case, the lower plot shows the stationary 
320 wall region from z+ = 0 to 10 and the upper plot shows the moving wall region from z+ = 350 to 360. 
321 The contour levels of Cr are from 0 to 50. 

322 To reveal the temporal development of local particle segregation, in particular near the walls, a 
323 concentration parameter is defined as Cr(k, t) = NP(k,t)/NP(k,0). Following this definition, Cr > 1 
324 indicates particle accumulation and Cr < 1 indicates particle depletion in the kth bin at time t. The 
325 evolution of particle segregation in the near wall region is demonstrated via spatio-temporal contours of 
326 Cr in Figure 8 for St = 1, 5, 30 and 100, respectively. Note that the case of St = 0.2 in this type of plot 
327 appears very similar to the case of St = 1, and is thus not shown for brevity. Effects of St on the particle 
328 segregation process are clearly observed in Figure 8. As time advances, tracer-like particles of St  1 
329 remain almost randomly dispersed throughout the simulation, while particles of St ≥ 5 begin to 
330 accumulate in thin layers near the walls. The latest inception of near-wall segregation is observed for 
331 the heaviest particles of St = 100. The distribution of Cr near the two walls is distinctly asymmetric. In 
332 particular, particles of St = 5 and 30 obviously have a much stronger tendency to accumulate near the 
333 stationary wall, while for St = 100 particle accumulation seems to be similar near both walls.

334 Near-wall particle segregation for different St values is quantitatively presented in the 
335 instantaneous wall-normal distribution of Cr in Figure 9 (a). Dense near-wall accumulation is observed 
336 for highly inertial particles, which results in depletion of particles in the core region (inner plot of Figure 
337 9 (a)) and leads to a constant Cr < 1 throughout a large range of the domain. Near the stationary wall, it 
338 is not surprising to see that the St-dependency of particle segregation bears similarities with a P flow, 
339 considering similar flow structures in this region in the two flows  (Marchioli and Soldati 2002; Zhao et 
340 al. 2010). The near-wall accumulation for inertial particles shows a non-monotonic St-dependency, i.e. 
341 strongest segregation observed for St = 30 and followed by St = 100, 5, 1 and 0.2 in a decreasing-
342 segregation order. For St = 30 and 100, Cr decreases to below 1 just outside the viscous sublayer, 
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343 indicating particle depletion from the buffer layer. However for smaller St (St ≤ 5), a thicker segregation 
344 layer (above the viscous sublayer and into the buffer layer) is observed. In general the particles 
345 accumulate in a very thin layer next to the stationary wall, below the near-wall quasi-coherent structures 
346 at about at z+ ≈ 12 in the buffer layer. 

347
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348 Figure 9. Instantaneous concentration (Cr) (a) profile near the walls and in the center region (sub-plot) 
349 and (b) distribution versus local StK. Both at t+ = 12420. For clarity, in (a) the horizontal axis is broken 
350 between z+ = 20 and 340, and vertical axis between Cr = 8 and 30. The dash-dot line stands for Cr = 1, 
351 i.e. the demarcation value between particle accumulation (Cr > 1) and particle depletion (Cr < 1). In (b) 
352 solid symbols represent near the stationary wall and open symbols near the moving wall.

353 The particle segregation is clearly not symmetric with respect to the channel centerline, and several 
354 differences of St-dependency of Cr are found near the moving wall. Compared to the stationary wall, 
355 the degree of accumulation is lower for St ≤ 30, and higher only for St = 100. Near the moving wall the 
356 St-dependency of Cr exhibits a monotonic drop with the decreasing of particle inertia. In addition, the 
357 accumulation layer is thicker compared to the stationary wall. These phenomena are attributed to the 
358 different effects of LSSs near the moving wall and the near-wall turbulent structures near the stationary 
359 wall, as shall be explained later. It is interesting to note from Figure 9(a) that each of the Cr profiles 
360 near the moving wall seem to resemble one of a lower St near the stationary wall, e.g. St = 30 (moving 
361 wall) is comparable to St = 5 (stationary wall), etc. This similarity can be associated with the local Stokes 
362 number StK corresponding to the time scale of the local fluid structures formed under different mean 
363 shear conditions, as mentioned before in conjunction with Figure 6. To demonstrate this point more 
364 clearly, Cr as a function of StK based on the local Kolmogorov timescale is shown in Figure 9(b). It is 
365 observed that although St is different, a similar near-wall StK results in similar Cr, regardless of the 
366 amount of mean shear. 

367 An explanation of the particle near-wall segregation described above is now proposed with the 
368 focus on the region near the moving wall. Particle segregation results from the combined effects of the 
369 surrounding fluid and the particle inertia. Considering the absence of the sweep and ejection events near 
370 the moving wall, the LSSs and the corresponding wall-induced vorticity are thus crucial for entraining 
371 the particles to move toward and away from the wall. To check the correlation between the persisting 
372 LSSs and the particle segregation, Figure 10 hows the spatio-temporal averaged flow field and the 
373 contours of Cr, as well as the particle wall-normal velocity (w+

p) contours in the cross-flow plane for 
374 the sample case of St = 30. The spatial averaging was performed in the streamwise direction, and the 
375 temporal averaging was performed over 10 large-eddy turnover times, defined as τL = 2h/uτ,S. Depending 
376 on the circulation direction of the LSSs (shown by the streamlines), large amount of fluid is pushed 
377 either towards or away from the nearby wall in the region where two counter-rotating large-scale vortices 
378 meet (red arrows). Such regions are correlated with either a trough or crest of particle segregation area 
379 (shown by contours of Cr in Figure 10 (a)). Near the moving wall, a more distinct and larger segregation 
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380 area is observed where two large-scale vortices meet and generate a downward wash (red arrows 
381 pointing away from the wall), and a smaller segregation area is observed with an upward wash (red 
382 arrows pointing towards the wall). The influence of the LSSs on particle accumulation is much more 
383 obvious near the moving wall than near the stationary wall with quasi- coherent streamwise vortices.  In 
384 addition, Figure 10 (b) shows that the bulky LSSs group the overall wall-normal translation of particles 
385 by oppositely signed w+

p, and the upward fluid parcel is clearly correlated with particles going towards 
386 the moving wall (w+

p > 0 in red) while the downward fluid parcel with w+
p < 0 (blue). Also, w+

p is larger 
387 in the channel center and goes to zero at the wall, as shall be mentioned again later.

388

 

389 Figure 10. Correlation between wall-normal particle translation and the long-persisting LSSs. (a) Spatio-
390 temporal averaged contours of Cr (showing particle accumulation) for particles of St = 30, and the LSSs 
391 visualized by streamlines. Contour level shown for 0.15 ≤ Cr ≤ 1. Conceptual sketch of the LSSs is 
392 shown by red circles, and the vertical red arrows pointing in the flow direction of the combined wall-
393 normal wash by neighboring LSSs. (b) Spatio-temporal averaged contours of wall-normal particle 
394 velocity w+

p. Particles moving towards the stationary wall (i.e. negative w+
p) are indicated by blue and 

395 those towards the moving wall (i.e. positive w+
p) by red. Both (a) and (b) are averaged over 10 large-

396 eddy turnover times and along the streamwise direction.

397

398 Figure 11. Sketch of particle segregation near the moving wall under the combined effects of the LSSs 
399 and particle inertia. Large solid circles represent particles of large inertia and small empty circles 
400 represent particles of small inertia. The turbulent intensity is strong in the channel center (denoted as 

(a)

(b)
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401 “strong flow”) and weak near the wall (denoted as “weak flow”), see Yang et al. (2017). Solid red arrows 
402 point in the direction of wall-normal flow wash by the neighboring LSSs. Particles of large inertia stay 
403 in near-wall weak flow region while particles of small inertia follow the flow to leave the near-wall 
404 region.

405 In addition to LSSs, particle inertia determines how the particle will react to the carrying fluid. The 
406 mechanism of St-dependency of particle segregation in the region with near-wall turbulent structures 
407 was discussed by Marchioli and Soldati (2002), as mentioned in the Introduction. For the current CP 
408 flow, a sketch to explain the mechanism near the moving wall is given in Figure 11. It has been shown 
409 in Figure 10 that the LSSs play an important role in wall-ward particle translation, especially near the 
410 moving wall without the strong near-wall turbulent structures. Once a particle reaches the moving wall, 
411 it can leave the wall region through (1) wall-rebouncing and/or (2) entrainment by off-wall flow 
412 advection. To check the importance of (1), the average frequency of particle-wall collisions is presented 
413 in Table 1. First, comparing between the two walls, a reduced possibility of collisions near the moving 
414 wall is observed for all St, indicating less importance of particle-wall collisions in this region. The 
415 reduced collision frequency is due to the absence of strong near-wall sweeps. Second, with the 
416 increasing of St, the collision frequency first increases, reaches a maximum, and then drops. This trend 
417 is seen at both walls, but the St value which gives the highest collision frequency is different at the two 
418 walls, and is also different from St that gives the highest segregation (Cr) for each wall. The two 
419 differences result from the inertia-selection effects from the offspring streamwise vortices which are 
420 only present near the stationary wall (Marchioli and Soldati 2002). In particular, the highest collision 
421 rate is found for particles comparable to the local fluid scale, i.e. StK ≈ 1, which corresponds to St = 5 at 
422 the stationary wall and St = 30 at the moving wall (Figure 6). For our current discussion, suffice it to say 
423 with observations from Table 1 that particle-wall collision is playing a very limited role in particle 
424 segregation near the moving wall. Considering particle movements associated with particle-wall 
425 collisions, few particles with large inertia hit the wall and bounce back with high off-wall velocity. This 
426 is because i) mechanical energy is obtained from the weak LSSs alone and ii) there is no assistance from 
427 strong sweep and ejections. Even the small population that does collide with the moving wall will 
428 bounce back with low off-wall velocity, which is insufficient for them to travel far away from the 
429 moving wall. 

430 Table 1. Averaged frequency (number per viscous time unit) of particle-wall collision at each wall. NCS 
431 is the average frequency of collisions at the stationary wall and NCM is the average frequency of 
432 collisions at the moving wall. 

St 0.2 1 5 30 100

NCS 16 25 57 21 10

NCM 0 0 13 17 4

433

434 Effects of particle re-entrainment by the local fluid (point (2)) are discussed with reference to 
435 Figure 11. Recall that the vorticity magnitude of the LSSs is very small (Figure 2 (b)). Therefore once 
436 high-inertia particles from the center reach the near-wall region where the local turbulence advection is 
437 very low, the off-wall rotation from the weak LSSs is unable to change the direction of w+

p and to carry 
438 the particles to leave the near-wall region and back into the core region. As a result, high-inertia particles 
439 tend to end up to have low velocity and to segregate in the low-advection region near the moving wall. 
440 To confirm this reasoning, Figure 12 shows the p.d.f. of the particle wall-normal velocity and the wall-
441 normal Lagrangian fluid velocity at the particle location. As seen in Figure 12 (a), particles accumulate 
442 in off-wall (w+

fp < 0) fluid advection regions where the fluid velocity magnitude is low. This trend 
443 becomes clearer for particles of larger inertia due to the effect of inertia-filtering, i.e. tracers follow the 
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444 fluid better whereas particles with large inertia filter the fluid flow. From Figure 12 (b) it is seen that 
445 most high-inertia particles have very low off-wall velocity, meaning that they are unlikely to move far 
446 away from the wall. The larger the particle inertia, the higher particle population with low off-wall 
447 velocity, and the more likely to result in a higher segregation in the near-wall region.

448  
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449 Figure 12. P.d.f. of normalized wall-normal velocity. (a) Lagrangian fluid velocity at particle positions 
450 and (b) particle velocity near the moving wall in the range of z+ = 339 ~ 359 (Δz+ = 20). The 
451 normalization parameter w+

rms is localized in each Δz+ = 1. The results are averaged using 60 samples in 
452 time. 
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454 Figure 13. Profile of the normalized wall-normal Eulerian fluid (w+
f,rms) and Lagrangian particle (w+

p,rms) 
455 velocity fluctuation. Note that the fluid profile almost overlaps with St = 0.2 particles.

456 To further demonstrate the coupling between the particle inertia and the LSSs, which is the reason 
457 for causing the observations in Figure 12, a comparison between the fluid and the particle velocity 
458 fluctuations is given in Figure 13 across the whole channel. Due to the inertia-filtering mechanism, 
459 w+

p,rms for higher St values is lower in the core region, and reduces more slowly approaching the walls. 
460 As a result of the strong near-wall turbulent regeneration events near the stationary wall, inertial particles 
461 have smaller velocity fluctuations than the flow (w+

p,rms < w+
f,rms) due to inertia-filtering with the local 

462 strong turbulent events. Near the moving wall, w+
p,rms follows a monotonic decrease by reducing St 

463 (similar to the trend of Cr). Local advection is confirmed to be relatively low (w+
f,rms < w+

p,rms) especially 
464 for the particles with large inertia, which are then too inertial to change direction and get re-entrained in 
465 the off-wall wash by the weak LSSs. The high-inertia particles will therefore follow their own 
466 trajectories and remain close to the wall. The fact that the insufficiency of the LSSs in providing enough 
467 off-wall momentum is more severe for particles of larger St can be further interpreted by considering 
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468 the local Kolmogorov scales (Figure 5). Near the moving wall the local small scales are much larger 
469 than near the stationary wall, and can therefore be ignored only by particles of larger St and/or with 
470 higher off-wall velocity. The larger the particle inertia, the more inadequate the LSSs become, and thus 
471 the more particles will accumulate near the moving wall. 

472 The above discussions show that the presence of near-wall quasi-coherent turbulent structures is 
473 not a prerequisite to induce near-wall particle segregation. However, their presence clearly changes the 
474 actual deposition ability for particles of a certain inertia. Near the stationary wall, the near-wall quasi-
475 coherent turbulent structures are the dominating factor in performing St-selection, while near the moving 
476 wall the LSSs play an important role in determining the St-trend of the near-wall segregation. 

477 4. Conclusions

478 In this paper we discussed segregation of inertial particles in a specific shear-free Couette-
479 Poiseuille flow by means of DNS coupled with Lagrangian particle-tracking. The flow has been 
480 designed such that the moving wall eliminates the mean shear and therefore also the near-wall quasi-
481 coherent turbulent structures, and causes the flow field to be asymmetric with respect to the channel 
482 centre. The two distinct wall regions in the present CP-flow facilitate a direct evaluation of the effects 
483 of different near-wall turbulent structures on the behaviour of inertial particles. Near the stationary wall, 
484 quasi-coherent turbulent streaks are formed, which are similar to those observed in a turbulent Poiseuille 
485 flow (P flow). These streaks are strong, but local and modestly persistent in time and space. An important 
486 feature of the present zero-shear CP flow is the formation of Large-Scale Structures (LSSs). These 
487 structures are weak, but are almost global and more persistent than the conventional near-wall streaks. 
488 More details of the un-laden CP flow can be found in Yang et al. (2017). 

489 The asymmetric flow field leads to asymmetric particle segregation behaviour which varies from 
490 wall to wall. In this study five groups of inertial particles were evaluated, which were denoted as St = 
491 0.2, 1, 5, 30 and 100. The non-monotonic St-dependency of the particle segregation (Cr) near the 
492 stationary wall is similar to that found in the canonical P flow (Marchioli and Soldati 2002). However, 
493 Cr follows a monotonic drop with decreasing St near the moving wall. Considering the variation of Cr 
494 for each St between the two walls, except for particles of St = 100 that have an increased segregation 
495 near the moving wall, particles of all other (lower) St values show a weaker segregation near the moving 
496 wall than near the stationary wall. In addition, particles tend to accumulate in a thicker wall-normal layer 
497 near the moving wall.

498 Mechanisms for the variation of particle wall-normal segregation from wall to wall are explored 
499 and proposed in the present study with the focus on the moving-wall region. Near-wall segregation 
500 results from coupling between the local fluid and the particle inertia. The global LSSs in the current CP 
501 flow are found to play a crucial role in the overall particle mixing (Figure 10), especially next to the 
502 moving wall where no quasi-coherent turbulent structures are formed. In this region, particles moving 
503 toward and away from the wall are determined by the LSSs alone, which play a crucial role in inertia-
504 selection (compared with the crucial role played by the strong near-wall turbulent structures at the 
505 opposite wall). Two mechanisms responsible for wall-ward and off-wall particle translation in the 
506 moving-wall region are the particle-wall collision and the off-wall flow advection. We found that the 
507 importance of particle-wall collision decreases greatly near the moving wall compared to the stationary 
508 wall, and plays a limited role in reducing the particle number in this region. This is because the weak 
509 LSSs alone, without the help of the strong near-wall sweeps, are unlikely to supply sufficient kinetic 
510 energy for a large number of high-inertia particles to hit the wall and/or bounce back into the outer flow 
511 with high off-wall velocity. Considering the local off-wall fluid advection, it is also quite weak (since 
512 the LSSs are weak) in absence of the local strong ejections, and is insufficient to re-entrain particles 
513 with large inertia and carry them back into the core region. In addition, the local flow structures are 
514 enlarged by the vanishing mean shear near the moving wall, which means that inertia-filtering (i.e. the 
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515 ability to ignore the local structures) is more effective for larger particles here compared to near the 
516 stationary wall. To conclude, the LSSs become less efficient in particle re-entrainment for the higher-
517 inertia particles, for which a stronger segregation near the moving wall results (monotonically 
518 decreasing St-trend of Cr). 

519 The tailor-made CP flow has served as an appropriate vehicle in which particle dispersion can be 
520 explored in a qualitatively and quantitatively different turbulence field than the frequently studied near-
521 wall turbulence in boundary layers and channels. We could therefore conclude that inertial particles may 
522 segregate in the vicinity of a solid wall, depending on the particle inertia, even in the absence of mean 
523 shear. In other words, the presence of the strong quasi-coherent turbulent structures is not a prerequisite 
524 for near-wall particle segregation. However, the St-effect on the actual segregation ability will be greatly 
525 altered from the wall region where quasi-coherent turbulent structures form.
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