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ABSTRACT

When rod surface roughness is introduced in a turbulent Couette–Poiseuille flow (CP-flow), it is known that the Reynolds stresses near the
centerline decrease due to weakened very-large-scale motions (VLSMs) and roll-cell motions [Lee, Y. M. et al., “Direct numerical simulation
of a turbulent Couette–Poiseuille flow with a rod-roughened wall,” Phys. Fluids 30, 105101 (2018)]. In the present study, we examine the ori-
gin of the weakened turbulent structures near the centerline in a CP-flow with roughness (CPR-flow) using a dataset from direct numerical
simulation. The top–down and bottom–up interactions to organize a CP-flow are very similar to those found in earlier studies in turbulent
channel/pipe and boundary layer flows. The circulation of roll-cells in the outer region induces the spanwise congregation of negative stream-
wise velocity fluctuating structures (u) near the wall, leading to a large-scale ejection into the outer region. This large-scale ejection contrib-
utes to the formation of a negative VLSM when two adjacent negative large-scale motions merge, and the VLSM induces the circulation of
roll-cell motion due to the pure kinematics. A similar process for the inner–outer interactions is found for a CPR-flow. However, because the
impact of the surface roughness suppresses the collective motion of negative u-structures near the surface roughness, strong congregation by
roll-cells is observed to occur far from the wall, indicating that relatively few negative u-structures with low strength contribute to the forma-
tion of a large-scale ejection for the CPR-flow. The weakened large-scale ejection decreases the strength of the VLSM, resulting in weakened
roll-cell motion.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0043043

I. INTRODUCTION

A. Canonical wall-bounded turbulent flows
with surface roughness

Townsend’s wall-similarity hypothesis states that turbulent
motions outside a roughness sublayer are independent of surface
roughness at a sufficiently high Reynolds number and that the interac-
tion between the inner and outer layers is very weak (Townsend,
1976). In an effort to evaluate this hypothesis, a number of studies of
turbulent boundary layers (TBLs) over rough walls have been con-
ducted (Raupach et al., 1991; Tachie et al., 2003; Jim�enez, 2004;
Schultz and Flack, 2005; Flack et al., 2007; Wu and Christensen, 2007;
and Squire et al., 2016). In TBLs with irregular three-dimensional
(3-D) roughness, Schultz and Flack (2005) carried out experiments
involving uniform sphere roughness, finding excellent agreement
between the Reynolds stress profiles over the smooth and rough walls
in the outer layer. In addition, experimental studies by Tachie et al.

(2003) and Flack et al. (2007) using sand grain, wire mesh, and sand-
paper roughness showed a collapse of the turbulent intensities between
smooth and rough walls in the outer layer. However, in TBLs sub-
jected to two-dimensional (2-D) rod roughness and 3-D cube rough-
ness, the effects of the surface roughness have been shown to extend
into the outer layer (Djenidi et al., 1999; Krogstad and Antonia, 1999;
Lee and Sung, 2007; Volino et al., 2009; 2011; Lee et al., 2011; and Ahn
et al., 2013). Similar to the results found in TBLs with rod roughness,
previous studies in fully developed turbulent channel flows (i.e., pure
Poiseuille flows) with one-sided rod roughness have shown a failure of
wall-similarity in the outer layer (Leonardi et al., 2003; Nagano et al.,
2004; and Orlandi et al., 2006). This behavior stands in contrast to
that demonstrated in previous studies using two-sided rough-wall tur-
bulent channel flows (Ashrafian et al., 2004; Bakken et al., 2005),
which found the establishment of outer-layer similarity between rough
and smooth walls. The failure of wall-similarity in the outer layer for
TBLs and one-sided turbulent channel flows with rod roughness has
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been explained via the modification of turbulent structures due to the
presence of surface roughness. Djenidi et al. (1999) experimentally
investigated turbulent motions over transverse square cavities in TBLs,
showing that ejections and sweeps are more intense over cavities than
those for a smooth wall. Furthermore, Volino et al. (2009) compared
turbulent structures over 2-D rod rough and smooth walls using
experimental data, finding that the significant increase in the Reynolds
stresses in the outer layer is due to large-scale turbulent motions ema-
nating from the 2-D surface roughness.

Contrary to previous studies of canonical wall-bounded turbulent
flows (i.e., TBLs and Poiseuille flows) with rod roughness, a recent
direct numerical simulation (DNS) study by Lee et al. (2018) showed
that the Reynolds stresses in a turbulent plane Couette–Poiseuille flow
(CP-flow) decrease in the outer layer when rod roughness is imposed
on the bottom surface. Here, a CP-flow is defined as a flow driven by
both the pressure gradient and the velocity shear on the top moving
wall. They reported that the decrease in the Reynolds stresses in the
outer layer is attributed to the weakened very-large-scale motions
(VLSMs) and the roll-cell motions near the centerline. It should be
noted that in a CP-flow, very long high- and low-speed streaks in the
core region are organized in the form of counter-rotating pairs of rolls,
and these longest structures are responsible for the generation of a
large amount of turbulent energy near the centerline, similar to fea-
tures in pure turbulent Couette flows (Tsukahara et al., 2006; Pirozzoli
et al., 2011; Avsarkisov et al., 2014; Lee andMoser, 2018; Kim and Lee,
2018; and Kim et al., 2020). In order to identify the origin of the
reduced Reynolds stresses in the outer layer in a CP-flow due to sur-
face roughness, it is important to study how the VLSMs and roll-cells
are organized in canonical wall-bounded turbulent flows according to
the literature in this area.

B. Organization of very-large-scale motions and roll-
cell motions

The existence of VLSMs was first observed in the premultiplied
one-dimensional (1-D) spectrum of streamwise velocity fluctuations
measured by hot-wire in turbulent pipe flows (Kim and Adrian, 1999).
A conceptual model of VLSMs was suggested in which hairpins align
coherently in groups to form long packets, and packets align coher-
ently to form VLSMs. In other words, VLSMs result from the stream-
wise concatenation of large-scale motions (LSMs). Here, the LSMs and
VLSMs are defined with a streamwise length scale of 1–3h and greater
than 3h, respectively, where h is the channel half-height, the pipe
radius, or the boundary layer thickness with distinction. This concate-
nation process has been studied extensively in both experimental and
numerical studies (Dennis and Nickels, 2011; Lee and Sung, 2011;
Baltzer et al., 2013; Lee et al., 2014; and Hwang et al., 2016). Lee and
Sung (2011) showed that the streamwise stretching of LSMs causes the
head of the upstream LSM meeting the tail of the downstream LSM in
a TBL flow and concatenating by merger. In addition, Lee et al. (2014)
reported that the convection velocity of the streamwise velocity fluctu-
ations depends on the strength of the velocity fluctuations in a turbu-
lent channel flow, and this difference in the convection velocity leads
to concatenation between in-line low-speed LSMs. The VLSM organi-
zation mechanism has been further developed by Baltzer et al. (2013)
and Lee et al. (2019), who showed using a DNS dataset of turbulent
pipe flows that the concatenation of LSMs possesses dominant helix
angles with an azimuthal offset to form VLSMs. Based on a proper

orthogonal decomposition (POD) analysis, Baltzer et al. (2013) and
Lee et al. (2019) found that the roll-cell motions centered above the
log layer are created by the preferred spanwise offset of LSMs that con-
catenate to form VLSMs. Alternative views with regard to the organi-
zation of VLSMs in previous studies include the following: (1) VLSMs
are sustained by a mechanism similar to a self-sustained process in the
near-wall region (Hamilton et al. 1995; Hwang and Cossu, 2010) and
(2) VLSMs arise from a linear amplification mechanism (del �Alamo
and Jim�enez, 2006; McKeon and Sharma, 2010).

From a different perspective, Toh and Itano (2005) demonstrated
the existence of a cosupporting cycle capable of explaining the
inner–outer interactions between outer-layer VLSMs and near-wall
small-scale motions by medium roll-cell motions in the outer layer of
a turbulent channel flow. They showed that roll-cells in the outer
region induce the gathering of near-wall small-scale motions in the
spanwise direction and that congregated (or collective) small-scale
motions in the near-wall region generate an influx of fluid from the
near-wall region to the outer region (i.e., a large-scale eruption). The
induced large-scale eruption serves to maintain the circulating pattern
of a roll-cell in the outer layer. A subsequent study by Hwang et al.
(2016) to investigate the relationship between a large-scale ejection
and the streamwise concatenation process for VLSMs in a turbulent
channel flow showed that a large-scale eruption or ejection by congre-
gated small-scale motions in the near-wall region can contribute to the
streamwise merging of LSMs, with these LSMs subsequently forming a
VLSM. The role of the large-scale ejection in the formation of the
VLSM indicates that two different approaches of the concatenation
process of LSMs and cosupporting cycle are interlinked. Furthermore,
based on synthetically constructed patterns of VLSMs using a hairpin
packet model, Lee et al. (2019) showed that roll-cell patterns are pure
kinematic consequences of the velocity induction within the VLSMs
and that they sweep to organize near-wall small-scale motions beneath
the VLSM patterns, consistent with an earlier observation by Toh and
Itano (2005).

C. Objective of the present study

In the present study, we investigate the modification of the over-
all process of the sustenance (or formation) of VLSMs and roll-cell
motions near the centerline in a CP-flow by surface roughness based
on previous approaches (especially from Toh and Itano, 2005; Hwang
et al., 2016; and Lee et al., 2019). It should of course be noted that the
proposed mechanism is only one possibility. Nevertheless, this would
provide solid comprehension of the generation process of VLSMs and
roll-cell motions focusing on inner–outer interactions in turbulent
Couette–Poiseuille flows over smooth and rough walls, as much effort
in previous studies was devoted to confirming the presence of very
long high- and low-speed streaks in the core region in a CP-flow with
a smooth wall (Pirozzoli et al., 2011). Using a dataset from the DNS of
a CP-flow with a smooth wall (Lee et al., 2018), we show that bot-
tom–up and top–down interactions, similar to the cosupporting cycle
in a turbulent Poiseuille flow are important for the spatial organization
of VLSMs and roll-cells near the centerline. However, the dynamics
related to the generation of the VLSMs and roll-cell motions, in both
the inner and outer layers in a CP-flow, are influenced by the surface
roughness, leading to weakened VLSMs and roll-cells with accompa-
nying reductions of the Reynolds stresses.
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This paper is organized as follows: A brief description of a com-
putational approach for DNSs of turbulent Couette–Poiseuille flows
over smooth and rough walls is presented in Sec. II. After the intro-
duction of an idealized schematic of the formation process of the
VLSMs and roll-cells, we investigate systematically the modification of
the inner–outer interactions for the formation of the VLSMs and roll-
cells by surface roughness in Sec. III. Finally, a summary of the main
findings is provided in Sec. IV.

II. COMPUTATIONAL DETAILS

The governing equations in Cartesian coordinates for an incom-
pressible, fully developed turbulent Couette–Poiseuille flow were inte-
grated in time using the fractional step method along with the implicit
velocity decoupling procedure. To describe the surface roughness in
Cartesian coordinates, the immersed boundary method is used, and
discrete-time momentum forcing is explicitly calculated in time to sat-
isfy the no-slip condition on the immersed boundary. The position is
denoted as x ¼ (x, y, z), where x, y, and z denote the streamwise, wall-
normal, and spanwise coordinates, respectively, with the correspond-
ing velocity components ~u ¼ (~u, ~v , ~w). All variables are normalized by
the laminar channel centerline velocity (Uco) and the channel half-
height (h), and the Reynolds number is defined as Re ¼ Ucoh/�, where
� is the kinematic viscosity. The computational domain size, mesh res-
olution and friction Reynolds number (Res ¼ Ush/�) are summarized
in Table I, where Us is the local mean friction velocity on a wall. Here,
CP-flow and CPR-flow indicate a Couette–Poiseuille flow with a
smooth wall and a Couette–Poiseuille flow with surface roughness,
respectively. The subscripts “S” and “M” indicate stationary and mov-
ing walls, respectively. Two DNSs are independently performed in a
very long computational domain in the streamwise direction with a

domain size of (Lx, Ly, Lz) ¼ (40ph, 2h, 6ph), which is sufficient to
capture the longest structures for a CP-flow with a smooth wall. The
no-slip boundary condition is adopted on the bottom wall and a con-
stant velocity (~uM/Uco ¼ 1.3) is applied at the top wall for a CP-flow,
similar to previous studies of Pirozzoli et al. (2011) and Kim and Lee
(2018). Periodic boundary conditions are employed in streamwise and
spanwise directions. A nonuniform grid is used in the wall-normal
direction with the hyperbolic-tangent function and a uniform grid is
adopted in both the streamwise and spanwise directions.

Figure 1 shows a schematic of the computational domain of a
turbulent-plane CP-flow with rod roughness. Transverse 2-D rods are
periodically arranged in the streamwise direction only on the bottom
wall, and the roughness height (k) is k/h¼ 0.12, similar to the configu-
rations used in previous studies by Orlandi et al. (2006) and Burattini
et al. (2008) in one-sided turbulent channel flows with rod roughness.
The streamwise pitch (p) between the roughness elements is p/k¼ 8 to
introduce strong inner- and outer-layer interaction with the maximum
form drag (Leonardi et al., 2003; Lee and Sung, 2007). Two streamwise
locations (I and II) are defined to examine the effects of the streamwise
variation on the turbulent statistics: I, the center of the roughness val-
ley; and II, the center of the roughness crest. In the present study, a
bracket h�i and capital letters (e.g., U) denote spatially (only in the
spanwise direction) and temporally averaged statistics, and a bracket
with the subscript “t” h�it indicates only temporally averaged statistics.
The friction velocity (Us) is directly estimated from the total drag,
which is the sum of the mean skin-frictional and form drags averaged
on the horizontal plane (Leonardi et al., 2003; Lee and Sung, 2007). As
usual, the superscript + indicates normalization by the mean friction
velocity on the bottom wall (UsS). The velocity fluctuations (i.e., u) are
defined as u¼ ~u− hui. The flow parameters for the CPR-flow are

TABLE I. Numerical details for DNSs of turbulent Couette–Poiseuille flows with smooth and rough walls. ResS and ResM denote the friction Reynolds numbers at the bottom
and top walls, respectively. The subscript “0” indicates a value in a pure turbulent Poiseuille flow.

Case ~uM/Uco ResS ResM Lx/h Ly/h Lz/h Nx, Ny, Nz Dxþ0 Dzþ0 Dyþ0;min

CP-flow 1.3 245 242 40p 2 6p 4097, 180, 1025 8.7 5.2 0.2
CPR-flow 1.3 630 235 40p 2 6p 4097, 180, 1025 8.7 5.2 0.2

FIG. 1. Schematic of the computational
domain for a turbulent Couette–Poiseuille
flow with a rod-roughened wall. Surface
roughness is periodically placed on the
stationary bottom wall (no-slip condition).
The top wall without roughness moves
along the streamwise direction with ~uM/Uco
¼ 1.3. Two streamwise locations within a
streamwise pitch (p/k¼ 8) are defined in
the middle of the valley (I) and crest (II).
The roughness height (k) and width
(q¼ k) are identical.
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summarized in Table II. Further numerical details and validation of
our DNS data are found in Lee et al. (2018).

III. RESULTS AND DISCUSSION
A. Weakened VLSMs and roll-cell motions

Because the generation of Reynolds stresses for a CP-flow is
closely associated with very long motions (or counter-rotating roll-
cell motions) residing near the centerline (Pirozzoli et al., 2011; Lee
et al., 2018), temporally averaged u-structures are analyzed, as
shown in Fig. 2, to examine the origin of the Reynolds stress reduc-
tion in the outer layer for a CPR-flow compared to a CP-flow (e.g.,
see the inset for the reduction of the Reynolds shear stress in Fig.
2). In Figs. 2(a) and 2(b), red and blue isosurfaces indicate positive
and negative u-structures, respectively. Consistent with previous
experimental and numerical studies in CP-flows and pure Couette
flows (Bech et al., 1995; Komminaho et al., 1996; Kitoh et al., 2005;
Tsukahara et al., 2006; Pirozzoli et al., 2011; Avsarkisov et al., 2014;
Gand�ıa-Barber�a et al., 2018; and Lee and Moser, 2018), very-large-
scale streaky patterns of high and low momentum throughout the
domain are clearly observed for the CP-flow in Fig. 2(a). These
streaky patterns near the centerline are closely associated with
counter-rotating vortices (i.e., roll-cell motions), as shown in Fig. 2
(c-i). The roll-cell motions induce spanwise dispersive and congre-
gated motions near the bottom wall, and these spanwise motions
are related to the positive and negative u-structures, respectively.
Although very long streaky structures are also observed for the
CPR-flow with similar spanwise spacing between alternating high-
and low-speed streaks, the strength of the negative and positive u-
structures in Figs. 2(c-ii) and 2(c-iii) is weakened irrespective of the
streamwise location (locations I and II). These weakened VLSMs in
the CPR-flow are interlinked with reduced roll-cell motions that
are constructed using the temporally averaged v- and w-structures
in Fig. 2(c).

The weakened VLSMs near the centerline are also confirmed
through the energy spectra of the velocity fluctuations. The two-
sided spanwise energy spectra of all velocity fluctuating compo-
nents (ui) as a function of the spanwise wavenumber (kz) are
defined as follows:

Sij x; y; kz; xr ; yrð Þ ¼ 1
2p

ð1

�1
e�jkzrz hui xr ; yr; zð Þuj x; y; z þ rzð Þidrz;

(1)

which is the 1-D Fourier transform of the two-point correlation with
spatial homogeneity in the spanwise direction. Here, xr and yr corre-
spondingly indicate the reference streamwise and wall-normal

locations. When x ¼ xr and y ¼ yr, the one-sided spanwise wavenum-
ber (kz) spectrum is then determined as follows:

Uij kzð Þ ¼ Sij kzð Þ þ Sij �kzð Þ ¼ 2Re Sij kzð Þ� �
: (2)

Figure 3 shows premultiplied spanwise energy spectrum
maps of the velocity fluctuations of CP- and CPR-flows with the
wall-normal position. Here, the streamwise reference location (xr)
is fixed at 20ph (location I for the CPR-flow), although the spec-
trum for the CP-flow is independent of xr. In the map of kzAuu for
the CP-flow in Fig. 3(a), a clear secondary outer peak (white cross)
of kzAuu is observed at the channel centerline with a spanwise
wavelength of approximately kz/h¼ 4.6, corresponding to the
presence of energetic VLSMs. This energy in the outer region of
the CP-flow penetrates deeply into the near-wall region, and the
outer energy transfer is related to the footprint of the very-large-
scale structure (Mathis et al., 2009; Pirozzoli et al., 2011).
Although a similar outer peak is also visible for the CPR-flow in
Fig. 3(b), the magnitude of the outer peak is notably weakened
with suppressed energy transfer into the near-wall region.
Consistent with the energy distribution of kzAuu, the premulti-
plied energy spectra of kzAvv and kzAww for the CPR-flow in Figs.
3(d) and 3(f) show weakened secondary energetic outer peaks
at the channel centerline with spanwise wavelengths of kz/d
¼ 4.7–4.8 compared to those for the CP-flow in Figs. 3(c) and 3
(e). Based on the spanwise energy spectra of kzAvv and kzAww

shown in Fig. 3, a spanwise cutoff wavelength of kz/h¼ 4.0 is
defined (horizontal dashed lines) to separate very large scales
from smaller scales, and an analysis of the low- and high-pass-fil-
tered velocity fields is used to examine the relationship between
the negative u-structures and the roll-cell motions in the latter.
The energy distribution for the inner peaks in the energy spec-
trum maps is very similar to previous observations of a TBL flow
with rod roughness (Nadeem et al., 2015).

B. Top–down and bottom–up interactions

As described in the introduction, the streamwise concatena-
tion process of LSMs to organize a typical VLSM in the outer region
of a turbulent channel and boundary layer flows is directly associ-
ated with the cosupporting cycle by Toh and Itano (2005) (Hwang
et al., 2016). Furthermore, the generation of a roll-cell motion in
the outer layer is interlinked with the VLSM organization (Lee
et al., 2019). The formation process of the VLSMs and roll-cell
motions, which has been reported in previous studies, can be sum-
marized using top–down and bottom–up inner- and outer-layer
interactions (Fig. 4).

(i) The circulation of roll-cells induces the spanwise congrega-
tive motion of near-wall negative u-structures, thus gather-
ing the near-wall streaks toward an area under the
circulation.

(ii) This collective motion of near-wall streaks generates intense
velocity fluctuations which are lifted away from the wall,
creating a large-scale ejection into the outer layer.

(iii) The large-scale ejection contributes to a merging process
between two adjacent LSMs to form a VLSM by differentiat-
ing convection velocities between the LSMs.

TABLE II. Flow parameters for a Couette–Poiseuille flow with surface roughness.
The parameter ks indicates the sand-grain roughness height extracted using the rela-
tionship DUþ ¼ 1

j ln ðkþs Þ � 3:2 (Raupach et al., 1991), where DUþ and j are the
roughness function and the von K�arm�an constant (j ¼ 0.41), respectively.

DU+ ks
+ ks/h k+ k/h ks/k

12.5 456.2 0.72 75.6 0.12 6.0
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(iv) The induced VLSM generates a roll-cell pattern by pure
kinematic consequences.

In Secs. IIIB 1–III B 3, we will demonstrate that the generation
process of VLSMs and roll-cell motions near the centerline for a

CP-flow is very similar to that found in turbulent Poiseuille and
boundary layer flows. The influence of the surface roughness on the
process will then be scrutinized to examine the origin of the weakened
VLSMs and roll-cell motions.

FIG. 2. [(a) and (b)] Isosurfaces of the temporally averaged u-structures (huit/UsS) with the magnitude at one half of the maximum (red) and minimum (blue) values: (a) CP- and (b)
CPR-flows. Two-dimensional (2-D) slices on the perspective view are shown in (c) with the in-plane vector: (i) CP-flow at x/h¼ 20p, (ii) CPR-flow at x/h¼ 20p (location I) and (iii)
CPR-flow at x/h¼ 63.31 (location II). Only part of the entire spanwise domain is depicted. In (c), line contours of huit/UsS ¼ 1.2 (solid lines) and −1.2 (dotted lines) are visible to high-
light strong u-structures. The inset in the upper-left corner shows the profiles of the Reynolds shear stress in the outer coordinates for the CP- and CPR-flows.
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1. Spanwise congregation motion by roll-cells

The previous observation using temporally averaged structures for
the CP- and CPR-flows in Sec. IIIA showed the presence of dispersive
and congregative motions near the positive and negative VLSM patterns
on the bottom wall and their association with the roll-cell patterns.
Here, we will show that the spanwise congregative motion of negative
u-structures on the bottom wall is induced by roll-cell motions near the
centerline for CP- and CPR-flows. Because a large-scale ejection created
by the congregative motions contributes to the formation of a VLSM
(Hwang et al., 2016), it proves convenient in this study to examine the
inner and outer interactions with a focus on negative u-structures.

The collective behavior of negative u-structures is identified by
the time evolution of the spanwise motion for streamwise-averaged

negative u-structures, which satisfy the local minima at a given wall-
normal reference height (Toh and Itano, 2005)

@u2D

@z
ðy; z; tÞ ¼ 0;

@2u2D

@z2
ðy; z; tÞ > 0; u2Dðy; z; tÞ < �0:1UðyÞ;

where

u2Dðy; z; tÞ ¼ 1
kx

ðkx
0
~uðx; y; z; tÞdx; kx ’ 10h: (3)

Here, kx is set to 10h for both flows, as this streamwise length scale is
believed to be a boundary to separate VLSMs from LSMs in the core
region of a CP-flow (Kim and Lee, 2018). Although the critical stream-
wise wavelength (kx) for the integral would be expected to be shorter
for the CPR-flow, as discussed later, we found that changing the value
of kx has no influence on our results (not shown here).

FIG. 3. Premultiplied spanwise energy
spectra of the velocity fluctuations for the
CP- and CPR-flows: (a) and (b) kzAuu/
UsS

2, (c) and (d) kzAvv/UsS
2, and (e) and

(f) kzAww/UsS
2. Left column, CP-flow; right

column, CPR-flow. In (a)–(f), the locations
of the inner and outer peaks are depicted
by the black and white cross symbols,
respectively.
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Figures 5 and 6 show the time evolution of the spanwise location
of the local minima for u2D (z, t) in the near-wall region (y+ ¼ 5) and
in the outer layer (y/h¼ 0.25 and 1.0) for the CP- and CPR-flows. The
spanwise motion of negative u-structures in the near-wall region (y+

¼ 5) in Fig. 5(a) shows the assembly of negative u-structures with time
(t+ ¼ tU2

sS=v) around the reference spanwise location (z+ ¼ 0), and
this congregation motion for the CP-flow induces “branches” by
merging, which survive for a relatively long time. Although weak
branches are also observed in the vicinity of the long-term branches,
they merge into the dominant branches over time. In Figs. 5(b) and
5(c), the spanwise motion of a group of local minima for the negative
u-structures in the outer layer shares some similarity with that of the
long-term branches in the near-wall region, consistent with the near-
wall footprint of the outer-layer structure (Mathis et al., 2009;
Pirozzoli et al., 2011). However, as the wall-normal distance from the
wall increases, the congregation motion becomes less dominant.
Because the spanwise scale of the negative u-structures increases away

from the wall, the increased spanwise scale leads to fewer a decreased
number of negative u-structures in the outer layer, resulting in less fre-
quent collective patterns, as shown in Figs. 5(b) and 5(c).

Contrary to the observation of the CP-flow, near-wall long-term
branches are hardly found for the CPR-flow in Fig. 6(a), and there are
scattered patterns of negative u-structures observed. As the wall-
normal reference height increases to y/h¼ 0.25 in Fig. 6(b), relatively
apparent branches are shown; these branches are not related to the
near-wall branches in Fig. 6(a), indicating that the near-wall spanwise
motions for the CPR-flow are suppressed by the surface roughness. In
Fig. 6(c) with y/h¼ 1.0, although the spanwise motions of the negative
u-structures decrease, the pattern of the spanwise motions resembles
that at y/h¼ 0.25 to some extent, similar to the observations for the
CP-flow.

To provide a connection to the collective motions for the negative
u-streaks (Figs. 5 and 6) with roll-cell motions, a conditional correla-
tion coefficient (R) with streamwise velocity fluctuations (u) is defined
as

R ui; roll�cells; u½ �ðx; y; rz; xr ; yrÞ ¼ hui; roll�cellsðxr ; yr ; zÞuðx; y; z þ rzÞi
ruiðxr ; yrÞruðx; yÞ

;

(4)

where ui, roll-cells denotes the velocity fluctuating components repre-
senting the very-large-scale circulation of roll-cells, and r is the stan-
dard deviation. The very-large-scale circulation of roll-cells is
extracted by low-pass-filtering very-large-scale wall-normal (vroll-cells)
and spanwise fluctuating motions (wroll-cells) based on the energy spec-
tra in Fig. 3. Because roll-cells are centered in the channel centerline
for both flows (Fig. 2), the wall-normal location for the conditional
correlation coefficient is set to yr/h¼ 1.0. Although the streamwise ref-
erence location (xr) is fixed at 20ph (location I for the CPR-flow), the
correlation contours are not affected by the location.

Figure 7 shows the spatial organization of the correlation coeffi-
cients on the yz-plane (xr ¼ x) for the CP- and CPR-flows. For the

FIG. 4. Idealized process of inner–outer interactions for the formation of very-
large-scale motions and roll-cell motions.

FIG. 5. Time evolution of the spanwise
location for negative u-structures, which
are identified as points satisfying @u2D/@
z¼ 0 and @2u2D/@z2 > 0 in the low-
speed zone (u2D < −0.1U) for the CP-
flow: (a) y+ ¼ 5, (b) y/h¼ 0.25, and (c) y/
h¼ 1.0.
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CP-flow in Fig. 7(a), positive and negative contours of R[wroll-cells, u]
beneath the centerline are found alternatively in the spanwise direc-
tion. The positive contours of R[wroll-cells, u] in the range of 0 < rz/h
<2.3 can be interpreted as motions of negative u-structures toward the
negative spanwise direction. In contrast, the negative contours of R
[wroll-cells, u] in the range of −2.3 < rz/h<0 beneath the centerline indi-
cate motions of negative u-structures toward the positive spanwise
direction, providing evidence that the spanwise component of the roll-
cell motions in the channel centerline is the main source of the span-
wise congregation motion of the negative u-structures on the bottom
wall, most actively at y+ � 7 (y/h¼ 0.03). The presence of opposite
behavior in a region for y/h> 1 suggests that a roll-cell mode centered
in the channel centerline generates spanwise dispersive motions of
negative u-structures on the top wall. The line contours of R[vroll-cells,
u] show negative values around the reference point at rz/h¼ 0, and
these contours of R[vroll-cells, u] generate a roll-cell pattern together
with the contours of R[wroll-cells, u]. The role of the counter-rotating
roll-cell motions on the near-wall congregation motion in the CP-flow
resembles that in an earlier observation in a turbulent channel flow
(Hwang et al., 2016). For the CPR-flow in Fig. 7(b), the spatial features

of the correlation contours for R[wroll-cells, u] are similar to those for
the CP-flow. However, the magnitude of the correlation peaks for R
[wroll-cells, u] decreases, and the correlation peak for R[wroll-cells, u] is
found in the outer region (i.e., y/h¼ 0.25), consistent with our obser-
vation in Fig. 6. The weak congregation motion with the peak in
the outer region for the CPR-flow leads to the weakening of a large-
scale ejection, as evidenced by the line contours for R[vroll-cells, u] in
Fig. 7(b). The peaks of R[wroll-cells, u] for the CP- and CPR-flows are
observed at rz/h ¼ 61.07, and these locations are consistent with the
spanwise spacing between the centers of the positive- and negative-
VLSMs in Fig. 2(c).

2. Formation of a VLSM

In Sec. III B 1, the top–down influence of the very-large-scale cir-
culation of roll-cells on the congregation motions of the near-wall neg-
ative u-streaks and the bottom–up influence of the large-scale ejection
toward the outer region for both flows were discussed. In this section,
we will explore the spatial organization mechanism of a VLSM linked
to a large-scale ejection. The works by Lee and Sung (2011) and Lee

FIG. 6. Identical to those in Fig. 5, but for
the CPR-flow.

FIG. 7. Conditional two-point correlation
coefficients on the yz-plane for the (a) CP-
and (b) CPR-flows. The reference location
in the wall-normal direction is yr/h¼ 1.
Color contours represent the correlation
coefficients R[wroll-cells, u], and the magni-
tude is varied from −0.3 to 0.3 with an
increment of 0.04. Line contours represent
the correlation coefficients R[vroll-cells, u]
with R¼ 0.15 (solid line) and R ¼ −0.2,
−0.15, and −0.1 (dashed line). White
crosses denote the peak locations of R
[wroll-cells, u] for the CP- (y+ � 7) and
CPR-flows (y/h¼ 0.25).
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et al. (2014) provide the important background of the formation pro-
cess of a VLSM in TBL and channel flows. The aforementioned studies
found that negative u LSMs mainly undergo merging and that the
merging process is facilitated by the different convection velocities
between the upstream and downstream LSMs. Specifically, they
showed that the convection velocities of the structures depend on their
strength using the conditional correlations of negative u-structures:
weak negative u-structures have a relatively high convection velocity
compared to strong negative-u structures. Because the head of the
upstream LSM has a high convection velocity with weak strength, the
upstream structure (US) merges with the tail of the downstream LSM,
which has a slow convection velocity due to a strong large-scale
ejection.

The time-evolving merging process between adjacent two nega-
tive LSMs to form a VLSM for a CP-flow is depicted in Fig. 8. At t¼ tr
– 14.4h/Uco, two LSMs for the CP-flow have a streamwise length of
approximately 10h and are inclined at angles of 11�–12� (see bold
dashed lines). These two outer-layer structures initially have a stream-
wise gap of approximately 5.5h, and they begin to merge upon the nar-
rowing of the streamwise gap. During the merging process, the tail of
the downstream structure (DS) has a slower convection speed than the
head of the upstream structure (US) due to the higher magnitude of u
(Lee et al., 2014). As a result, a very-long negative VLSM is formed at t
¼ tr. To show further a relationship between the streamwise concate-
nation process of the LSMs and a large-scale ejection, the time evolu-
tion of the near-wall horizontal flow fields (left column) near the tail
of the downstream LSM during the merging process for the CP-flow is
shown in Fig. 9. In addition, the cross-stream flow fields (right col-
umn) extracted from the streamwise locations, where large-scale ejec-
tion motions are dominant (see the vertical solid lines in Fig. 8), are
presented. In each figure, red circles identify negative u-structures
related to the congregation motions to form a large-scale ejection. In
the early stage (t ¼ tr – 14.4h/Uco), data on both the xz- and yz-planes

show five strong near-wall streaks in the range of −0.82� z/h� 0.78
with spanwise separations (see red circles). With time, they gradually
congregate in the spanwise direction with reduced spanwise gap dis-
tances and create an upward motion into the top wall, as shown on
the yz-plane (at t¼ tr – 9.6h/Uco). The continuous congregation of the
near-wall negative u-structures near the tail of the downstream LSM
pulls out the intensified near-wall structures further into the outer
region, creating a large-scale ejection motion after t ¼ tr – 4.8h/Uco.
Although large-scale features originate from motions at the near-wall
small-scales in the present study, it has been also reported that near-
wall motions are not necessary to form large-scale outer motions in
turbulent Couette flow (Rawat et al., 2015). Using over-damped large-
eddy simulations, they showed that large-scale motions are still active
even when the multiple small-scale structures are quenched, indicating
that large-scale motions are themselves self-sustained.

Compared to the LSMs on the xy-plane at t ¼ tr – 14.4h/Uco for
the CP-flow in Fig. 8(a), two LSMs in the outer layer for the CPR-flow
at t ¼ tr – 14.4h/Uco in Fig. 10(a) have relatively short streamwise
lengths, and they are inclined at angles of 13�–14� (dashed lines).
Nonetheless, these structures are streamwise-concatenated with time
to form a VLSM in a process similar to that for the CP-flow.
Interestingly, another LSM appears further upstream in this picture
(see the dashed–dotted line at t ¼ tr – 4.8h/Uco), and this new LSM
merges with the downstream VLSM with time (not shown here). This
is another indication of the commonplace nature of mergers leading to
longer structures for CPR-flows.

Figure 11 shows the time evolution of the negative u-structures
on the xz- and yz-planes to identify the modification of the spanwise
congregated motion by the surface roughness. Contrary to the obser-
vation in the near-wall region for the CP-flow in Fig. 9, near-wall neg-
ative u-structures (y/h<0.25) on the yz-plane for the CPR-flow do not
create a spanwise congregated motion, consistent with our observation
in Fig. 6. The origin for the suppression of the near-wall spanwise

FIG. 8. Time evolution of the instanta-
neous negative u-structures (u/UsS) for
the CP-flow on the xy-plane. The LSMs
are highlighted by the dashed lines. The
vertical solid line in each figure indicates a
streamwise location, where a large-scale
ejection prevails.
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motions is not clear at this time. Instead, the outer-layer motions
above y/h¼ 0.25 (see the horizontal dashed line on the yz-plane in Fig.
11) are most actively congregative in the spanwise direction, forming a
large-scale ejection motion at t ¼ tr despite the reduced strength

(compare the colored contours on the yz-plane in Figs. 9 and 11). The
time-evolving instantaneous view in Fig. 11 suggests that the weakened
large-scale ejection for the CPR-flow compared to the CP-flow is
attributable to the small number of the negative u-structures

FIG. 9. Contours of the negative u-struc-
tures on the (left) xz-plane (y+ ¼ 7) and
(right) yz-plane for the CP-flow. On the xz-
plane, the streamwise location depicted
by the straight solid line in each plot is
identical to that used in Fig. 8. The flow
field on the yz-plane is extracted at the
streamwise location depicted by the solid
line on the xz-plane, where a large-scale
ejection motion prevails. For both planes,
negative u-structures related to congrega-
tion motions are highlighted using red
circles. Contour levels are identical to
those in Fig. 8, and line contours indicate
u/UsS ¼ −3.0 to show strong negative u-
structures. An idealized schematic for a
roll-cell motion is superimposed onto the
instantaneous fields on the yz-plane using
semicircles with the corresponding direc-
tion of rotation.

FIG. 10. Identical to those in Fig. 8, but
for the CPR-flow. Dashed-dotted line indi-
cates a new LSM in the upstream region
of the VLSM.
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participating in the congregation motion (here, five streaks for the CP-
flow and two steaks for the CPR-flow). Because the radius of the roll-
cell motion for the CPR-flow is reduced due to the presence of surface
roughness (compare the size of the semicircles on the yz-plane in Figs.
9 and 11), the number of the negative u-structures inducing the span-
wise congregation becomes small in a narrow spanwise bound [see the
outermost red circles at t ¼ tr – 14.4h/Uco for the CP- and CPR-flows
in Figs. 9(a) and 11(a)]. In addition, because the strength of the nega-
tive u-structures is generally high in the near-wall region due to the
production of turbulence, the congregation motion of the negative u-
structures with low strength in the outer layer for the CPR-flow can
give rise to the generation of a weak large-scale ejection motion com-
pared to that for the CP-flow, resulting in less retardation of the con-
vection speed of the DS for the CPR-flow.

To demonstrate the presence of the high convection speed near
the tail of the DS for the CPR-flow compared to that for the CP-flow,
we estimate the local convection velocities (Uc) at the tail of the DS
during the merging process for the CP- and CPR-flows. The local con-
vection velocity is estimated using the convection distance (Dxc),
which is evaluated from the relative distance between local two peaks
in a conditional autocorrelation coefficient of streamwise velocity fluc-
tuations. The conditional autocorrelation coefficient is defined as fol-
lows (Lee et al., 2014):

Ruuðx; y; z; tr ; xr; yr ; zr; tr � DtÞ ¼ uðxr ; yr ; zr ; tr � DtÞuðx; y; z; trÞ
ruðxr ; yrÞruðx; yÞ ;

(5)

where Dt¼ 0.4h/Uco and xr, yr, and zr refer to the reference point being
the tail position of the DS. Because the correlation coefficient as a
function of x (yr ¼ y and zr ¼ z) shows local two peaks with a distance
of Dxc, the convection speed (Uc) is estimated simply using Dxc/Dt.

Figure 12 shows the distributions of the local convection veloci-
ties of the tail of the DS during the merging process for the CP- and
CPR-flows. As expected, the convection velocities of the tail of the DS

FIG. 11. Identical to those in Fig. 9, but
for the CPR-flow. Horizontal dashed lines
on the yz-plane (y/h¼ 0.25) indicate a
location where the spanwise congregative
motion of negative u-structures is
dominant.

FIG. 12. Distributions of the local convection velocity (Uc) at the tail of the DS dur-
ing the merging process for the CP- (solid lines) and CPR-flows (dashed lines).
Contour levels are varied in the range of 0.01�Uc /Uco � 0.25 with an interval of
0.03.
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for the CPR-flow (dashed lines) are higher than those for the CP-flow
(solid lines) due to the weak large-scale ejection for the CPR-flow.
Because the presence of higher convection velocities of the tail of the
DS for the CPR-flow results in small difference in the convection
velocity compared to the head of the US (residing in the outer layer), a
frequency reduction of the merging between adjacent LSMs for the
CPR-flow can be expected. Specifically, the merging frequencies of the
LSMs (qm) are estimated to 0.317 and 0.223 for the CP- and CPR-
flows. Here, the merging frequency is defined as the average number
of merging events between two LSMs relative to the total number of
VLSMs observed in instantaneous fields for a sampling duration time
of 2000h/Uco for each flow with a time interval of 0.4h/Uco; the total
number of VLSMs is evaluated using streaks longer than the stream-
wise length scale of 10h at given time. Although the value of qm
depends on the time interval and scale boundary, changing these val-
ues has no influence on the outcome (not shown here). The decreased
merging frequency for the CPR-flow leads directly to the weakened
VLSMs for the CPR-flow (Figs. 2 and 3).

To provide statistical evidence of the streamwise concatenation
of LSMs for both flows, the merging process of VLSMs is conditionally

sampled from a time series of DNS data. The time-evolving condition-
ally averaged velocity fields are defined as follows (Lee et al., 2014):

hujmðx; y; z; tr � Dt; xr; yr ; zr; trÞi
¼ huðx; y; z; tr � DtÞjuDSðxr; yr ; zr ; trÞi; (6)

where xr, yr, and zr refers to the reference point being the tail position
of the DS when a merging is complete at t ¼ tr. The reference wall-
normal position for conditional averaging is set to the channel center-
line (yr/h¼ 1.0). The time series are obtained by conditionally averag-
ing the velocity fields while varying Dt relative to the merging instance
tr. The time sequence of conditionally averaged flow fields, hujmiþ, for
a CP-flow is shown in Fig. 13. Here, the bold solid line indicates a rela-
tively strong negative u-structure. Although the reference location for
the conditional average is positioned on the centerline, the flow field at
tr − 9.6h/Uco shows the tail of the DS at around x/h ¼ −0.5. In addi-
tion, another velocity signature for a negative u-structure is captured
upstream of the reference position. With time, these US and DS nar-
row their relative distance, creating a very-long negative u-structure.
The time sequence of conditionally averaged flow fields on the

FIG. 13. Time sequence of conditionally averaged flow fields hujmiþ for the CP-flow. The wall-normal reference location for a merging event is yr/h¼ 1. The flow fields on the
yz-plane are extracted at a streamwise location (x/h ¼ −0.5, black dashed lines) on the xy-plane. The bold solid line indicates hujmiþ ¼ −1.4. Vectors on the yz-plane are con-
structed using conditionally estimated flow fields hvjmiþ and hwjmiþ. Note that the yz-plane at tr − 9.6h/Uco is magnified to clarify the motion of the negative u.
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yz-plane at a streamwise location at x/h ¼ −0.5 in Fig. 13 shows that
intensified near-wall negative u-structures near the tail of the DS are
generated by the outer roll-cell motion. At tr − 9.6h/Uco, there exists a
pair of very-large-scale circulations of a roll-cell centered at y/h¼ 1.0.
In addition, two distinct negative u-structures are found at
y/h¼ 0.1–0.22. This roll-cell motion induces continuously spanwise
congregation motion of the negative u-structures, eventually leading
to a large-scale ejection of the streamwise velocity fluctuations which
penetrates above the core region at tr – 2.4h/Uco.

A time sequence of conditionally averaged flow fields for the
CPR-flow in Fig. 14 shows a formation process of a VLSM similar to
that for the CP-flow: two US and DS with a streamwise gap are
streamwise-concatenated to form a VLSM. However, contrary to the
LSMs for the CP-flow (Figs. 8 and 13), the two LSMs conditioned at
yr/h¼ 1.0 are detached from the wall with a relatively short streamwise
length scale, consistent with the earlier finding in Fig. 10. Within the
roughness sublayer, it is known that violent turbulent activities are fre-
quently generated by the impingement of a flow into the surface
roughness, creating large-scale ejecting motions into the outer layer
with a large inclination angle to the wall (Volino et al., 2009; Lee et al.,
2011). Although similar events are observed within the roughness sub-
layer for the CPR-flow (not shown here), the existence of the detached
LSMs in Fig. 14 implies that near-wall u-structures for the CPR-flow
do not contribute to the formation of the LSMs (and eventually the
VLSM) near the centerline. On the yz-plane, a roll-cell motion cen-
tered in the channel centerline induces the congregation motion of
negative u-structures. However, concentrated negative u-structures are
found in the outer region. As a result, the large-scale ejection motion is
obviously weakened, and the small difference in the convection veloci-
ties between the two LSMs caused by the weakened large-scale ejection
results in the weakened VLSM via the less frequent merging of the
LSMs to form a VLSM for the CPR-flow (Figs. 2 and 3). In Fig. 14, the

strength of the roll-cell motion for the CPR-flow is also reduced com-
pared to that for the CP-flow. In Sec. III B 3, we will show that the
reduced strength of the roll-cells for the CPR-flow is attributed to the
weakened VLSM.

3. Formation of roll-cell motions

In this section, first we extract the most energetic VLSM pattern
(i.e., the POD mode), which mainly contributes to a flow, by consider-
ing the Karhunen–Loeve procedure from the eigenfunctions of the
two-point correlation tensor in the Fourier domain (Moin and Moser,
1989; Duggleby et al., 2007; Baltzer, 2012; Tutkun and George, 2017;
Lee et al., 2019),

FIG. 14. Identical to those in Fig. 13, but
for the CPR-flow.

FIG. 15. Contribution to the total turbulent kinetic energy of the eigenmodes /
¼ (iz, n). Here, only eigenvalues with n¼ 1 are presented: CP- (circle) and CPR-
flows (square).
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FIG. 16. Roll-cell-like behavior of the most energetic POD mode (a) in the trimetric view and (b) on the yz-plane at x/h¼ 20p: (i) CP- and (ii) CPR-flows (location I). Red and
blue isosurfaces in (a) indicate the streaky patterns of positive and negative u-structures with u/UsS ¼ 60.5. In (b), color contours of the reconstructed u with the in-plane
velocity vectors of the v and w modes are presented. The centers of the roll-cell motions are observed at (y/h, z/h) ¼ (1.01, 61.21) for the CP-flow and (1.03, 61.21) for the
CPR-flow.
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ð
D
Sijðx; y; kz; xr ; yrÞ/̂�ðnÞ

j ðx; y; kzÞdy ¼ kðnÞðkzÞ/̂ðnÞ
i ðxr ; yr ; kzÞ; (7)

where /̂ is the Fourier-transformed eigenfunction with the associated
eigenvalue k, (�) denotes the complex conjugate, and n is an index
assigned to each POD mode by ordering with the decrease in the
energy. This allows us to demonstrate that the very-large-scale circula-
tion of the roll-cell mode is a direct consequence of pure kinematics
within VLSMs according to the procedure in a turbulent pipe flow by
Lee et al. (2019). The two-point spectral-density tensor Sij is calculated
using Fourier-transformed velocity fluctuations ûiðx; y; kzÞ in the
spanwise direction

Sijðx; y; kz; xr ; yrÞ ¼ hûiðxr ; yr ; kzÞû�
j ðx; y; kzÞi: (8)

A POD analysis is conducted using all correlation components
between the velocity fluctuations throughout the 3-D computational
domain. Due to the homogeneity and periodicity in the spanwise
direction for the CPR-flow, each POD mode is assigned a mode num-
ber set (iz, n), where iz is an index for which the corresponding mode
wavelength is kz ¼ Lz/iz (Lz ¼ 6ph). In the latter, we will use both
notations, (iz, n) and (kz, n), as convenient.

Because the eigenvalue indicates the mean amounts of turbulent
kinetic energy contributed by each mode to reconstructed velocity
fields, the most energetic modes with n¼ 1 are particularly important
when organizing the flows. The estimated eigenvalues of the modes

FIG. 17. (a) Goal-post-like model of a single hairpin vortex. An individual hairpin is inclined toward the flow direction at 45�. (b) Hairpin packet model (gray contour) for the
CP-flow using 12 hairpin vortices. The isosurface contours in (a) and (b) are the negative streamwise velocity. The width (wi) of each hairpin vortex varies linearly with the rela-
tionship 2.36hs²i/nh, where i is the number of the ith hairpin vortex within a single hairpin packet and nh is the total number of hairpin vortices embedded in a single hairpin
packet. The height (hi) is given with the relationship 2hs²i/nh. The hairpin vortices in (b) are separated with a spacing of 0.806h (for the CP-flow) in the streamwise direction,
creating a streamwise length scale of a hairpin packet, Lx, LSM. (c) Trimetric view of synthetically constructed VLSM patterns (u velocity with 20% of the minimum) associated
with the most energetic POD modes for the CP- (top) and CPR-flows (bottom). The flow direction is from left to right.
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n¼ 1 for the CP- and CPR-flows are shown in Fig. 15. Note that the
n¼ 1 eigenvalue spectra for each iz in Fig. 15 include the sum of all
Fourier modes with positive and negative values for each index.
Although not shown here, it is found that the n¼ 1 modes for the CP-
and CPR-flows account for more than 90% of the total kinetic energy
for all iz modes, consistent with previous studies in turbulent pipe
flows by Baltzer et al. (2013) and Lee et al. (2019). The most energetic
POD mode for both flows is observed at a spanwise wavenumber of iz
¼ 4, indicating that the most energetic coherent structure with an
average spanwise distance of kz ¼ 6ph/iz ¼ 4.71h is important when
organizing the entire flow; moreover, this spanwise distance is very
similar to that between the negative (or positive) VLSMs for the CP-
and CPR-flows in Fig. 2. The similarity between the most energetic
POD mode and the time-averaged fields suggests that the entire flow
features for both the CP- and CPR-flows are mostly determined by
VLSM patterns. Although the most energetic modes for the CP- and
CPR-flows are found at an identical wavenumber, the peak values of
the eigenvalue for the flows show some discrepancy: k ¼ 0.216 for the
CP-flow and k ¼ 0.094 for the CPR-flow. The smaller contribution to
the total kinetic energy for the CPR-flow indicates that the most ener-
getic motion for the CPR-flow makes less of a contribution to the total
flow. The VLSMs with long wavelength (iz < 4) for the CPR-flow
make a large energy contribution compared to that for the CP-flow.
For motions with small scales (iz > 4), the energy spectra for both the
CP- and CPR-flows are well collapsed with decaying behavior, show-
ing cascades of kinetic energy from large- to small-scale motions.

Figure 16 displays the isosurfaces of the reconstructed u mode
with the vector patterns of the reconstructed v and w modes for the
most energetic POD mode for the CP- and CPR-flows, i.e., (iz, n)
¼ (4, 1). For both flows, very-large-scale streaky patterns associated
with roll-cells are periodically arranged along with the spanwise
domain. The spanwise spacing between the very-large-scale streaky
(or roll-cell) patterns is approximately 4.71h, consistent with our
observation in Fig. 2. It is noted that for a turbulent channel flow, the
spanwise spacing between roll-cells is smaller than that for the CP-

flow due to relatively small size of the structures (Abe et al., 2018). A
direct comparison of the VLSMs and roll-cells between the CP- and
CPR-flows shows the weakened state of the structures for the CPR-
flow, similar to our observations in Figs. 2, 3, 13, and 14. In addition,
although roll-cell motions influence near-wall structures for both
flows, the introduction of surface roughness weakens the influence of
the roll-cells on the near-wall region, consistent with our observations
in Figs. 5, 6, 7, 9, and 11. In Fig. 16, the most dominant patterns are
those of the roll-cells, indicating a close association with VLSMs.
However, although much effort was devoted to studying roll-cell-like
motions in previous studies using various approaches (Toh and Itano,
2005; del �Alamo and Jim�enez, 2006; Hutchins and Marusic, 2007;
Chung and McKeon, 2010; Baltzer et al., 2013), the origin of the roll-
cells remains unclear.

To investigate how the spatial organization pattern of roll-cells is
created in the flow field based on the model of VLSMs in Fig. 16 (as a
possible candidate), we consider the hairpin model proposed by Perry
and Chong (1982) and Perry and Marusic (1995). In their model, a
hairpin has the shape of a goal-post inclined at 45� to the wall in the
downstream direction, creating a velocity by induction based on the
Biot–Savart law. Here, we approximate the VLSM pattern for the CP-
and CPR-flows as the streamwise concatenations of hairpin packet-
like LSMs (Figs. 8 and 10), and the LSMs consist of coherently aligned
goal-post hairpins. The modifications of the VLSM pattern by surface
roughness are reflected in the model simply by changing the vortex
core radius of the hairpins (r0) and the configuration of the hairpin
vortices, i.e., the inclination angle (a) of the hairpin packet-like LSMs
to the wall and the streamwise spacing (dh) between the hairpins to
form a LSM (see the detailed description in the Appendix).

Figure 17(a) shows the typical structure of a goal-post-like hair-
pin model represented by an isosurface with a minimum velocity of
20%. The legs of the hairpin are attached to the wall, and the inclina-
tion angle of the structure is held constant at 45� for both flows. To
consist of a hairpin vortex packet in Fig. 17(b), the height (hi) of the
hairpins for the CP-flow varies linearly with the relationship 2hs²i/nh,
creating a packet that grows continuously from the bottom wall to the
top wall with a mean inclination angle of approximately a ¼ 11.68�

(Pirozzoli et al., 2011; Kim et al., 2020). Here, i is the number of the ith

hairpin vortex within a single hairpin packet and nh is the total num-
ber of hairpin vortices embedded in a packet. For the CPR-flow, the
height of hi also varies linearly (2hs²i/nh) with a mean inclination angle
of a packet with a ¼ 12.57� (see the Appendix). Based on the inclina-
tion angles for the CP- and CPR-flows, the streamwise extent of a
LSM for each flow, Lx, LSM, is determined to be 9.67h for the CP-flow

FIG. 18. Spatial organization patterns of
hairpin packet models for the (a) CP- and
(b) CPR-flows shown in Fig. 17(c). The
flow fields are streamwise-averaged over
a single LSM for each case, i.e., Lx, LSM.
To clarify the relative magnitudes, both
plots are normalized by the magnitude of
minimum streamwise velocity for the CP-
flow.

TABLE III. Parameters for the construction of the hairpin packet model for CP- and
CPR-flows.

Case r0/h a b Lx, LSM/h nh dh

CP-flow 0.053 11.68� 13.44� 9.67 12 0.806
CPR-flow 0.082 12.57� 14.75� 8.97 14 0.641
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and 8.97h for the CPR-flow using the relationship Lx, LSM ¼ 2h/tan(a).
Given that the streamwise distances (dh) between hairpins within a
packet are estimated to be 0.806h for the CP-flow and 0.641h for the
CPR-flow based on linear estimates of the conditional velocity field
with a spanwise swirling event (see the Appendix), hairpin vortex
packets with a streamwise length of Lx, LSM for the CP- and CPR-flows

consist of approximately nh ¼ 12 and 14 hairpin vortices that are
streamwise-aligned. The spanwise width (wi) of hairpins within a
packet varies linearly with the relationship 2.36hs²i/nh for both flows,
as the streaky patterns of the VLSMs shown in Fig. 16 are character-
ized by a spanwise scale of 	2.36h. This leads to a spanwise growth
angle of b for both flows, as b is defined by b ¼ tan�1ðwi sin ðaÞ=hiÞ

FIG. 19. The induced roll-cell-like behavior by the POD mode of the artificially constructed VLSM patterns (a) in the trimetric view and (b) on the yz-plane at x/h¼ 20p: (i) CP-
and (ii) CPR-flows (I). White and black isosurfaces indicate the streaky patterns of positive and negative u-structures (at 20% of maximum and minimum). In (b), color contours
of the reconstructed u with the in-plane velocity vectors of the v and w modes are presented.
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based on the geometrical relationship within a packet. The parameters
that constitute the hairpin packet models for the CP- and CPR-flows
are summarized in Table III. The induced velocity within and around a
packet is simply the linear summation of the velocities induced by the
individual hairpin vortices. In Fig. 17(c), the packet-like LSMs are
aligned in the streamwise direction with no spanwise offset to construct
the most energetic VLSMs patterns observed in Fig. 16 for the CP- and
CPR-flows. Because the LSMs are aligned throughout the streamwise
domain, 13 and 14 hairpin packets are employed to construct a single
VLSM for the CP- and CPR-flows, respectively. The spanwise offset
spacing between the very-large-scale streaky patterns is kz ¼ 4.71h for
both flows according to the results from the time-averaged flow field
and the PODmodes in Figs. 2 and 16.

The velocity patterns induced by the artificially constructed
VLSMs for the CP- and CPR-flows are shown in Fig. 18. It is evident
that the streamwise-aligned LSMs mimicking the most energetic
VLSMs for the CP- and CPR-flows induce the spatial organization
patterns of roll-cells, similar to those found in the time-averaged flow
fields and POD mode (Figs. 2 and 16); that is, low-speed VLSM
flanked by counter-rotating roll-cells. However, compared to our
observation from the POD mode in Fig. 16, the centers of the in-plane
circulations around the reference point are (y/h, z/h) ¼ (0.89, 60.92)
for the CP-flow and (0.91, 60.87) for the CPR-flow, and the stream-
wise velocity field in the near-wall region is unnecessarily intensified
due to the large role of the attached hairpins in our model and the
absence of surface roughness for the CPR-flow. The overall magnitude
of the roll-cell patterns is weakened for the CPR-flow; for example, the
magnitude of the roll-cells at the location (y/h, z/h) ¼ (0.7, 0.5), where
the strongest upward motion of the roll-cells exists for the CPR-flow,
is 20% lower than that for the CP-flow. These weakened roll-cell pat-
terns for the CPR-flow are mostly induced by the increased vortex
core radius (r0) compared to that for the CP-flow.

Figure 19 shows POD modes constructed using the artificially
constructed VLSM patterns [Fig. 17(c)] of the most energetic mode
for the CP- and CPR-flows. As expected, this approach results in the
most energetic n¼ 1 POD mode with a dominant wavenumber of iz
¼ 4. The very-large-scale counter-rotating roll-cell-like vortex patterns
are periodically organized in the spanwise direction, similar to our pre-
vious observation. However, the isosurfaces of the VLSMs in the figure
are not closed in the near-wall region for both flows (see the trimetric
view), indicating that the model for the VLSMs to construct the roll-
cells is not complete. This is attributable to the absence of the consider-
ation not only the interaction between the inner and outer layers
(Mathis et al., 2009) but also of the hierarchy of the scales across most
of the wall layer in this model (Perry and Marusic, 1995; Adrian et al.,
2000). The generation of the roll-cells in Fig. 19 (similar to the actual
ones in Figs. 2 and 16) demonstrates that roll-cells for the CP-flow
(and for the CPR-flow) can be created by VLSMs that are collectively
formed by the streamwise concatenation of the LSMs. The weakened
roll-cell pattern for the CPR-flow in Figs. 18 and 19 is a direct conse-
quence of the weakened VLSM pattern. In other words, the generation
of the weakened VLSMs by surface roughness for the CPR-flow leads
to weakened roll-cells or very-large-scale circulations.

IV. SUMMARY AND CONCLUSIONS

In the present study, we analyzed a DNS dataset of fully devel-
oped turbulent Couette–Poiseuille flows over the smooth and rough

walls to examine the modification of the overall process for the
formation of VLSMs and roll-cell motions near the centerline by
surface roughness. For the CP-flow, collective behavior of negative
u-structures in the near-wall region was found due to the circulation
of roll-cells centered in the channel core. The introduction of surface
roughness into the flow led to the suppression of the near-wall span-
wise congregation motions, and strong congregation motion was
observed to occur in the outer layer (y/h¼ 0.25) for the CPR-flow.
The formation process for the VLSMs for the CP-flow was very similar
to that observed in previous studies for turbulent channel/pipe and
boundary layer flows: the VLSM is created by the streamwise concate-
nation of LSMs due to the difference of the convection speed between
the upstream and downstream LSMs. The slow speed of the tail of the
downstream LSM was closely associated with the generation of a
strong large-scale ejection, which was formed by the spanwise congre-
gative motions of the near-wall streaks. Although a similar process for
the formation of the VLSMs was observed for the CPR-flow, the pres-
ence of a weak large-scale ejection motion reduced the merging fre-
quency between adjacent LSMs, thus ultimately weakening the VLSMs
for the CPR-flow. The weak large-scale ejection for the CPR-flow was
explained by the reduced radius of the roll-cell motion caused by the
surface roughness. Because the reduced radius of the roll-cell motion
led to collective spanwise motion of a small number of negative u-
structures in the outer layer, the strength of the large-scale ejection for
the CPR-flow became lower than that for the CP-flow, resulting in a
smaller difference in the convection speed between the upstream and
downstream LSMs. Based on the hairpin model by Perry and Chong
(1982) and Perry and Marusic (1995), we showed that roll-cell-like
motions for the CP- and CPR-flows are created by VLSMs that are
collectively constructed by means of LSM concatenation. Thus, the
weakened roll-cell-like patterns for the CPR-flow were a direct conse-
quence of the weakened VLSM patterns.
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APPENDIX: CONSTRUCTION OF SYNTHETIC VLSM
PATTERNS

In Sec. III B 3, a streamwise spacing between hairpin vortices
to form a LSM for each flow is determined by means of a linear sto-
chastic estimation for the conditional averaging of the velocity fields
with the event of the swirling strength (kci) on the xy-plane
(Christensen and Adrian, 2001),

huiðx; yÞjkciðxr ; yrÞi � Likciðxr ; yrÞ; (A1)

where

Li ¼ hkciðxr; yrÞuiðx; yÞi
hkciðxr ; yrÞ2i

: (A2)

Figure 20 shows the conditionally averaged velocity vector fields on
the xy plane (i.e., spanwise-oriented vortex pattern) for the CP- and
CPR-flows when x ¼ xr ¼ 20ph. The magnitude of the vectors is set
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to unit to represent relatively weak motion away from the event
location clearly. For the CP-flow in Fig. 20(a), a shear layer is
inclined at an angle of 	12� away from the bottom wall, and the
velocity beneath the shear layer is negative and positive above the
shear layer. The mean streamwise distance between the vortices
along the positive–negative interface is estimated to be 0.806h for
the CP-flow. The appearance of the velocity vector fields for the
CPR-flow is similar to that for the CP-flow. However, the inclina-
tion angle of the interface increases slightly to approximately 13�.

In addition, the average streamwise distance between the vortices
for the CPR-flow decreases to 0.641h. The decreased streamwise
distance between vortices is consistent with previous observations
in the outer region of TBL and Poiseuille flows with rod roughness
(Nagano et al., 2004; Lee et al., 2011).

In Fig. 21, the linearly estimated vortex pattern with the event
of positively signed swirling strength is illustrated on the xy-plane
for the CP- and CPR-flows. Here, the signed swirling strength is
defined as Kci ¼ kcixzjxzj, where xz denotes the spanwise vorticity

FIG. 21. Linear estimates of the condi-
tional velocity fields conditioned by a posi-
tively signed swirling strength event in the
channel centerline (yr/h¼ 1) on the xy-
plane: (a) CP- and (b) CPR-flows. The
wall-normal velocity (v) along the line of y/
h¼ 0.0 is depicted in the 1-D plot (red
lines), and an estimated vortex pattern
with its core radius (r0) is shown in the
contours.

FIG. 20. Linear estimates of conditional
velocity fields conditioned by a spanwise
swirling strength event in the channel
centerline (yr/h¼ 1) on the xy-plane: (a)
CP- and (b) CPR-flows. The open circle
symbols indicate the wall-normal refer-
ence locations and red cross symbols
indicate vortex cores residing in the
upstream and downstream locations with
respect to x/h¼ 0.
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(Natrajan et al., 2007). To extract the average radius of the hairpin
vortex for each flow, a Lamb-Oseen vortex model is fitted to the
estimated velocity field (Stanislas et al., 2008). The wall-normal
velocity (v) along the line of y/h¼ 0 in Fig. 21 is assumed to be
approximated by a tangential velocity component (vh) in polar
coordinates

v � vh ¼ C
2pr

1� e
� r

r0ð Þ2
h i

; (A3)

where C is the circulation by a given vortex. In the Lamb-Oseen
vortex model, the vortex core radius (r0) is estimated using a local
extreme point (rmax) where the maximum or minimum velocity is
obtained. By setting the derivative of (A3) with respect to r equal to
zero, an equation to find rmax can be written as

1� e�
rmax
r0ð Þ2 ¼ 2

rmax

r0

� �2

e�
rmax
r0ð Þ2

h i
: (A4)

Solving the equation by iteration gives a value of rmax � 1.12r0, cor-
responding to rmax � 0.059h and 0.092h for the CP- and CPR-
flows, respectively. The estimated value of r0 for each flow is listed
in Table III. The increased size of the vortex pattern for the CPR-
flow compared to the CP-flow is consistent with an earlier finding
in a TBL flow with rod roughness by Volino et al. (2009).
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