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Abstract

Turbulent boundary layers are populated by a hierarchy of recurrent structures normally referred to as “coherent structures.”
Among others, ejection and sweep events are critical coherent structures of large-scale motions in turbulent flows. This study
focused on gaining a better understanding of the spatial-temporal probabilistic characteristics of sweep and ejection events.
The existence of uniform momentum zones (UMZs) is demonstrated to affect the spatial distribution of large-scale motions,
and the ejection and sweep events tend to present near UMZ edges. On the basis of such observations, we considered the effect
of UMZ edges on the presence of ejection and sweep events. In the current study, UMZ detection was employed to identify
coherent structures. Several criteria for identifying coherent structures are revisited, and an integrated standard is applied to
the available direct numerical simulation (DNS) turbulent channel flow data after UMZ edges were determined. Based on the
integrated criterion for distinguishing ejection and sweep events, one can determine the probabilistic characteristics of coherent
structures such as the maximum height, wall-normal length and streamwise length. Physical insights from DNS data such as
joint probability density functions of wall-normal length and streamwise length can be established. The attached and detached
features of the sweep and ejection coherent structures can then be classified and characterized, respectively. Durations of sweep
and ejections events were demonstrated to follow a lognormal distribution in this study. The occurrence ratio of sweep events

in the large-scale motions (LSMs) was quantified from the DNS data.
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Key Points

e An integrated standard is applied to the available direct numerical simulation (DNS)
turbulent flow data after UMZ edges were identified.

e Probabilistic characteristics of coherent structures such as the maximum height, wall-
normal length and streamwise length can be determined.

e Durations of sweep and ejections events are demonstrated to follow a lognormal
distribution.

e The occurrence ratio of sweep events in the large-scale motions (LSMs) is quantified from
the DNS data.
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Abstract

Turbulent boundary layers are populated by a hierarchy of recurrent structures normally
referred to as “coherent structures.” Among others, ejection and sweep events are critical coherent
structures of large-scale motions in turbulent flows. This study focused on gaining a better
understanding of the spatial-temporal probabilistic characteristics of sweep and ejection events.
The existence of uniform momentum zones (UMZs) is demonstrated to affect the spatial
distribution of large-scale motions, and the ejection and sweep events tend to present near UMZ
edges. On the basis of such observations, we considered the effect of UMZ edges on the presence
of ejection and sweep events. In the current study, UMZ detection was employed to identify
coherent structures. Several criteria for identifying coherent structures are revisited, and an
integrated standard is applied to the available direct numerical simulation (DNS) turbulent channel
flow data after UMZ edges were determined. Based on the integrated criterion for distinguishing
ejection and sweep events, one can determine the probabilistic characteristics of coherent
structures such as the maximum height, wall-normal length and streamwise length. Physical
insights from DNS data such as joint probability density functions of wall-normal length and
streamwise length can be established. The attached and detached features of the sweep and ejection
coherent structures can then be classified and characterized, respectively. Durations of sweep and
ejections events were demonstrated to follow a lognormal distribution in this study. The
occurrence ratio of sweep events in the large-scale motions (LSMs) was quantified from the DNS
data.

Keywords: turbulent flows; coherent structures; conditional velocity decomposition; probability
distributions; large scale motions; DNS data

1. Introduction

Sediment transport in open channel flow has a significant impact on the siltation of rivers,
reservoirs, and artificial channels, and it is one of the major topics studied in the water resources
realm. Despite the intensive investigation done in the past, the transport mechanism of sediment
particles seems to have reached a stage where further progress may depend on a more
comprehensive understanding of the chaotic and intermittent behavior of turbulence. Among
others, the existence of coherent structures in wall-bounded turbulent flows has been confirmed.
Such turbulent structures play a dominating role not only in the movement of sediment particles
but also in determining mean flow, stress and other statistical properties. For example, the coherent
structures near the bed tend to have a large momentum exchange, leading to increased Reynold
shear stress near the bed (MacVicar & Roy, 2007; Truong & Uijttewaal 2019; and Wang et al.
2021). Zhong et al. (2016) discovered that strong super-streamwise vortices might cause erosion
and sedimentation in the downwelling and upwelling sides, respectively.

It has been shown that transport of sediment particles is closely related to some coherent
structures defined as the ejection (Q2) and sweep (Q4) events (Chang et al., 2011; Dwivedi et al.,
2011; Muste and Yu, 2005). Hurther and Lemmin (2003) indicated that ejection (Q2) and sweep
(Q4) events tend to entrain the particles into suspension and to move particles near the bed,
respectively. Lelouvetel et al. (2009) proposed that over 70% of coherent structures observed at
particle incipient motion in turbulent flows can be classified as ejections (Q2) and sweeps (Q4).
The influence of ejection and sweep events on sediment entrainment is reported (Nino and Garcia,
1996; Dwivedi et al., 2011). These two coherent structures also influence the instantaneous local
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sediment concentration in the near-wall region (Cellino and Lemmin, 2004; Noguchi and Nezu,
2009; Salim et al., 2017).

Moreover, these coherent structures disturb sediment particles for a particular period and
carry particles over long distances, resulting in the temporal and spatial correlations of flow
velocities in the flow field (Cellino & Lemmin 2004; Okamoto, Nezu & Katayama 2010). Chen,
Sun & Zhang (2013) presented a model that is based on the fractional advection-diffusion equation
to account for the long distances over which sediment particles are carried by large turbulent
structures. More recently, Tsai and Huang (2019) and Tsai et al. (2021) have shown that when
particles transport within time-persistent turbulent flow structures, the movements of the sediment
particles may exhibit persistency that depends on the various temporal durations of turbulent flow
structures.

Based on the observations mentioned above, the coherent structures are found to be critical
in affecting the probabilistic behavior of sediment particles. It is desirable to better understand and
quantify the spatial and temporal characteristics of turbulent flows, particularly the sweep and
ejection events so that the influence of turbulent coherent structures on sediment particle
movement can be more precisely evaluated. This study aims at answering the following
fundamental questions. (1) What is the probability distribution of the maximum height of the event
occurrences? (2) How to describe the geometrical structure (spatial scales) of the sweep and
ejection events in a probabilistic manner? And (3) How to statistically characterize the duration
(temporal scales) of the sweep and ejection events?

2. Turbulent Coherent Structure and Uniform Momentum Zones (UMZs)

In turbulence research, it is acknowledged that deconstructing complex turbulence into
more characteristic elementary components would provide additional information about its nature.
On the basis of their laboratory experiments, Grass (1971) and Wallace et al. (1972) indicated that
turbulence is generated by intermittent coherent structures (burst cycles) near the boundary. Since
then, many studies have presented evidence that the turbulent boundary layer (TBL) is populated
by a hierarchy of coherent structures such as low- and high-speed streaks (Offen & Kline, 1975),
ejections and sweeps (Wallace et al., 1972), streamwise vortices (Blackwelder & Eckelmann,
1979), hairpin vortices (Offen & Kline, 1975) large-scale bulges (Falco, 1977), hairpin vortex
packets (Adrian et al., 2000), very large-scale motions (VLSMs) (Kim & Adrian, 1999), and
superstructures (Hutchins & Marusic, 2007). In their extensive study on the TBL structure, Smits
et al. (2011) summarized the scaling laws, generation and interaction mechanisms, and their roles
in the production and dissipation of these coherent structures. Moreover, Adrian and Marusic
(2012) analyzed hairpin and packet-like structures to determine these structural properties.

Regarding the characteristic spatial scales (e.g., geometry) of turbulent structures, Meinhart
and Adrian (1995) first highlighted the existence of large and irregularly shaped regions of uniform
streamwise momentum zones (hereafter, UMZs), regions of relatively similar streamwise velocity
with coherence in the streamwise and wall-normal directions. It is observed that these UMZs
generally encapsulated the near-wall region. Accordingly, the boundary layer is divided into
several zonal structural arrangements and demarcated by thin interfacial layers of strong shear,
where most of the vorticity is clustered in the TBL (Adrian et al., 2000; Eisma et al., 2015). The
relationship of large-scale motions (LSMs) such as ejection and sweep events with the existence
of UMZs is debated. Based on these works, de Silva et al. (2016) provided insight into how



119
120

121
122
123
124
125

126
127
128
129
130
131
132
133
134
135
136

137
138
139
140
141
142

143
144

145
146

147
148
149
150
151
152

instantaneous phenomena such as a zonal-like structural arrangement can be separated by UMZ
edges.

de Silva et al. (2017) also provided a detection criterion that had previously been used to
locate UMZs and demonstrated the application of this criterion to estimate the spatial locations of
the edges that demarcate UMZs. They also demonstrated the regulation of the presence of ejection
(Q2) and sweep (Q4) events, which occur below and above the interface, respectively. Hence, the
LSMs’ spatial distribution is confirmed to be affected by the existence of UMZs.

Owing to advances in particle image velocimetry (PIV) and direct numerical simulation
(DNS), which researchers of turbulence structures in TBLs can draw from, the presence of a
pronounced zonal-like structure in instantaneous fields of streamwise velocity fluctuations has
been revealed. That is, the TBL includes several regions of roughly uniform streamwise velocity
magnitudes, called the UMZ. Meinhart and Adrian (1995) observed that a UMZ edge separates
the neighboring UMZs with a strong shear originating from concentrated patches of vortices. de
Silva et al. (2016) also demonstrated that sudden step-like jumps exist in the streamwise flow
velocity profile. Therefore, streamwise velocities within UMZs are bounded by distinct step
changes in streamwise momentum, which indicate that shear layers of intense vorticity separate
each zone. Specifically, these UMZs are demarcated by thin interfaces of strong shear that indicate
a large proportion of the vorticity is clustered in the turbulent boundary layer (TBL).

The organized vortical structures that contort UMZ interfaces are a manifestation of
ejection events and sweep events around the interface (Ganapathisubramani et al., 2003; Saxton-
Fox & McKeon, 2017; Tomkins & Adrian, 2002), demonstrating that UMZ edges and the spatial
distribution of LSMs affect each other. In this study, discrimination of the interfaces of UMZs is
an essential step in estimating the spatial-temporal characteristics of LSMs. Figure 1 illustrates
the potentially impacted region in TBL on sediment particles due to turbulent coherent structures.

-

UMZ edge

@ Affected particle
(O Unaffected Particle
Coherent structures

Figure 1. Conceptual vertical section with an ejection event

3. Description of DNS data

Lee and Moser (2014) used DNS to obtain channel flow data, which are available online
in the Johns Hopkins Turbulence Databases (JHTDB; http://turbulence.pha.jhu.edu). The
simulation we analyze here is DNS of incompressible turbulent flow between two parallel planes,
and no-slip condition/no-penetration boundary condition is applied on the wall. Details of the
experimental parameters of JHTDB are summarized in Table 1. It should be mentioned that the
time step we utilized is 0.05 sec, which is smaller than the time scale of experimental physical
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phenomena, i.e., the duration of coherent structures. Based on LeHew et al. (2013) regarding the
lifespan of coherent structures, the shortest duration they observed is about 0.1 sec. The time step
(0.05 sec) in this study is suitable for capturing the temporal distribution of coherent structures.

Table 1. Experimental parameters of JHTDB employed. L, and L,, correspond to the field of
view of the streamwise wall-normal plane, and h is the half channel height. It should be noted
that because U, # U,, in JHTDB, we assume the maximum of measured velocity equal to Uy,.

- : Domain . Friction | half channel
Friction velocity Viscosit Leneth Centerline velocit heicht
Reynolds N Y 8 velocity Y s
-1
number Re, L, XL, U.(ms™) w*(ms=1) 5 (m)
5186 8x107° 8m X 2 1.1 0.041 1.0

This database was selected because it includes data on wall-bounded turbulent flows with
high Reynolds numbers. Moreover, the DNS feature of this database can provide detailed
information about the generating role of LSMs that would not otherwise be available. Therefore,
the current study aimed at gaining further physical insight into the probabilistic spatial and
temporal scales and other characteristics of sweep and ejection coherent structures in turbulent
flows.

4. Detection of UMZs

Instantaneous UMZs were detected using the methodology of Adrian et al. (2000) and de
Silva et al. (2016, 2017). According to these studies, UMZs were detected from the local maxima
in the probability density functions (PDFs) of the streamwise velocity components. These distinct
local maxima, which are related to the streamwise momentum of each UMZ in the PDFs, represent
large regions of the flow that develop downstream at relatively constant velocity magnitudes or
modal velocities. The magnitude of the streamwise velocity that demarcates each detected UMZ
is approximated by the midpoint between modal velocities of neighboring UMZs. Figure 2
displays the detection criterion employed in this study. Figure 2(b)presents an instantaneous
velocity field obtained from JHTDB whose Re; = 5,200. The corresponding PDF of the
streamwise velocity is presented in Figure 2(a), where the peaks of this PDF are referred to as
modal velocities (indicated by o symbols). Notably, y* = 0 represents the location in the upmost
boundary layer, whereas y* = 5,500 indicates the location on the boundary.

In this study, the spatial location of the UMZ was determined using a streamwise velocity
magnitude (Figure 2). Notably, de Silva et al. (2016) estimated the location of the turbulent—non-
turbulent interface (TNTI) by using a constant streamwise velocity magnitude of 97%U,, to
minimize the influence of applying the various detection criteria used for the TNTI and the UMZ
edges. However, because the streamwise velocity magnitude of 97%U,, is insufficient for clearly
drawing the TNTI, the TNTI is not included in our discussion. Figure 2(a) displays three clear
peaks in the PDFs (modal velocities), whose corresponding UMZs are also detectable (Figure
2(b)). The detected UMZ edges are represented by the solid lines, which are overlaid on iso-
contours of streamwise velocity. Therefore, after the detection of UMZ edges, two UMZ edges
appear in this flow field. As indicated, the location of the upper UMZ edge appears at y* =~ 3,900,
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and the location of the lower UMZ edge appears at y* = 1,600. Srinath (2017) proposed a
threshold which is y* is larger than 0.15* = 500; then the region called the outer region. Thus,
compared with the general stratification of TBL, the UMZ edges exist in the outer region of TBL.

(a)

Edge of UMZ TNTI
The mid-point between modal velocities

O: Modal velocities
pdf The local maximum of U/U<e

0.4 0.5 0.6 0.7 0.8 0.9 1.0
U /Uu's
(b) Edge of UMZ determined by modal velocities
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Figure 2. Illustration of the detection of instantaneous UMZs. (a) The corresponding histogram

of U/U,,; vertical dashed lines represent the streamwise velocity of the detected UMZ edges. (b)

UMZ edges determined using modal velocities overlaid on iso-contours of streamwise velocity
(U). the color bar for the study area (0 < x/8 < 17,0 < y* < 5,500) is on the right.

5. Instantaneous Flow Velocity Decomposition

Before directly extracting the characteristics of coherent structures from the database, we
conducted velocity decomposition to quantify the mean velocity and corresponding velocity
fluctuation. Based on the magnitude of the mean fluid velocity and its fluctuations, coherent
structures can be extracted from the DNS data. Reynolds decomposition is widely used for
analyzing velocity fields. Accordingly, Reynolds decomposition, whose general form is presented
in Equation 1, is typically employed to evaluate the fluctuating component of velocity in the
analysis of velocity fields in a certain region of the TBL.

u=u+u (1)

where u is total flow velocity, & is mean flow velocity, and u’ is the velocity fluctuation. The
distribution of 4" is dependent on the properties of the flow field.

The statistical properties of flow velocities involve fluid particle movement information.
In the current study, such information was used to represent the flow structures in the wall-bounded



212
213
214
215
216

217
218
219
220
221
222
223
224

225
226
227
228
229
230
231

232
233

234

235
236
237

flow. However, the analyses were extended into the whole TBL region, where streamwise velocity
becomes lower nearer to the wall; therefore, the near-wall sweep event might be eliminated
because of the use of a conventional mean. That is, under the Reynolds decomposition, both
ejection and sweep events might be reduced to background fluctuation under the threshold of the
traditional mean.

The characterization of each flow region is independent of all other regions, which cannot
be isolated under the Reynolds decomposition. Thus, in the current study, the conditional mean
might be an appropriate method for decomposing the total velocity. The separation of turbulent
and non-turbulent regions using different mean velocities was first attempted by Antonia (1972)
and Hedleyt and Keffer (1974). Subsequently, Antonia et al. (1975), Fabris (1979), and Gutmark
and Wygnanski (1976) observed various zonal mean velocities in different respective regions and
defined the fluctuation of velocity regarding the zonal mean velocities for each respective region
instead of using Reynolds-averaged mean velocities.

Recently, Kwon et al. (2016) and Lee et al. (2017) proposed a new decomposition approach
in which the mean velocity is a function of not only the wall-normal distance but also the height
of the TNTI interface (i.e., it is the outermost UMZ edge in the TBL). In our application, we
followed their procedure and treated the mean velocity as a function of both the wall-normal
distance and the height of UMZ edges. Our results are presented in Figure 3(a), where the red line
represents the ensemble mean of the conditional mean velocity profiles, which satisfy the values
of the UMZ edges represented by the blue dotted lines.

(@) 35 Cond‘itional mean velocity profiles

30 ! o

25 i =

" p
/20

5 Edges of UMZ

0 1 1

1o EGERTP , 0GET» 5000
: y/u‘v

() [ IReynolds velocity decomposition ‘
s | Conditional velocity decomposition
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b

Figure 3. (a) Conditional mean velocity profiles. (b) Histograms of streamwise velocity
fluctuation.

m
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Figure 3(b) displays the comparison of the PDF of streamwise velocity fluctuations based
on the Reynolds and conditional decomposition. Here, the blue PDF represents the distribution
obtained from Reynolds velocity decomposition, whose range of fluctuations is wider than that of
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conditional velocity fluctuations (the red PDF), which were obtained by considering the spatial
variation of the mean velocity. Therefore, considering the spatial distribution of structures yields
a conditional velocity decomposition that is more suitable for capturing the coherent structures
than is Reynolds decomposition, in which the mean velocity is a single value. After obtaining the
conditional mean velocity profile, we further applied the identified criterion, which was used to
capture the physical properties of the coherent structures.

6. Identification of Coherent Structures

Identifying the coherent structures in a TBL depends on knowing the mechanics of
turbulence, which is provided by understanding the characteristics of a group of eddies that
sufficiently manifest the flow dynamics. Accordingly, this section examines the dynamics of the
TBL in terms of the temporal evolution of coherent structures. Coherent structures are organized
in space and persistent in time. However, the literature provides various criteria for identifying
coherent structures. Several well-known methods are revisited, and an integrated standard is
applied.

6.1 Criteria for Identifying Coherent Structures: Q Criterion

Although no consensus has been reached on the mathematical definition, coherent
structures are intuitively accepted by the fluid dynamics community as three-dimensional (3D)
tube-shaped structures with spatially limited distributions of concentrated vorticity (Jeong et al.,
1997; Kaftori et al., 1994; Robinson, 1991). The vorticity magnitude was first used to identify the
vortex tube (She et al., 1990). However, because the vorticity method was insufficient for
distinguishing between vortex cores and shear motions, the method was later replaced by more
robust criteria based on the local velocity gradient tensor, which was used to identify the vortex
tube in 3D velocity fields (Hunt et al., 1988; Jeong & Hussain, 1995; Nagaosa, 1999).

Hunt et al. (1988) developed the Q criterion for a full velocity gradient tensor in
incompressible flows; the second invariant Q can be written as

Q= (ol - lIsI1?) )

where ( is the rate-of-rotation tensor corresponding to pure rotational motion and S is the rate-of-
strain tensor corresponding to pure irrotational motion.

Q=2[VU - (V)] 3)
S == [VU + (VU)"] (4)

Hence, the second invariant is a local measure of the excess rotation rate relative to the strain rate.
For a two-dimensional (2D) velocity gradient tensor, Equation 1 can be simplified to

_ ou dv 1 fou\2 1 .0v.y
0=-55-3) -6 )

where connected regions of positive Q are defined as vortices, and Q > 0.

6.2 Criteria for Identifying Coherent Structures: A.; criterion

The use of vorticity and kinematics implied by the velocity gradient tensor has been
reported. Zhou et al. (1999) proposed the use of the imaginary part of the complex eigenvalue of
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the local velocity gradient tensor as an unambiguous measure of rotation and the commonly named
swirling strength. Unlike vorticity, swirling strength, A.;, (i is not an index in this definition but
an abbreviation for the word "imaginary") does not highlight regions of intense shear. The swirling

strength criterion has been demonstrated to be an adequate identifier of vortex cores (Adrian et al.,
2000).

Similar to the 3D form, the 2D form of the A.; criterion is based directly on the A criterion.
On the basis of the 2D velocity gradient tensor, the 4.; indicator can be computed as

1 du dv du  av\?
Aci —5\/—455—(5‘5) ©)

6.3 Criteria for Identifying Coherent Structures: A, criterion

Nagaosa (1999) revealed that a layer-like coherent structure is frequently misidentified as
a vortex tube, particularly in the near-wall region, when vorticity is used as an indicator. To avoid
such mistakes, the researchers applied the indicator developed by Jeong and Hussain (1995). The
aforementioned indicator is based on the observation that a local pressure minimum corresponds
well with the vortex center, except in the presence of strong, unsteady, and viscous effects.
Moreover, on the basis of the 2D velocity gradient tensor, 4, can be computed as

(G-2) + (2] o

where the region satisfying 4, < 0 can be identified as vortices.

au av

Oy 6x

617
2

"o

l( )2+(

Coherent structures such as well-organized quasi-streamwise vortex tubes or bursting
events are intermittently generated by near-wall turbulence. Therefore, a spatial illustration after
the Q criterion, A.; criterion, or 4, criterion is applied as an overview of vortices. If structures such
as sweep and ejection events must be distinguished, then relevant criteria should be integrated to
provide a more rigorous definition of coherent structures.

6.4 Criteria for Identifying Coherent Structures: H Criterion

Ferreira et al. (2002) and Lu and Willmarth (1973) defined a threshold that allows the
commonly named hole-size H to be used for detecting ejection and sweep events. Yoon et al.
(2020) then defined the coherent structures of u as groups of connected points where u >
H X u,s and u < —H X u,.,s in instantaneous flow fields, where H is identified. However,
different recommendations for the value of H have been proposed, affecting the result of structure
detection. For example, H = 1.2, 1.5,1.7, 1.75, 2.5, and 3 have all been proposed (Franca et al.,
2014; Liu et al., 2016; Lozano-Duran et al., 2012; Nezu et al., 1994; Séchet & le Guennec, 1999;
Yoon et al., 2020). In particular, Lozano-Duran et al. (2012) noted that the threshold depends on
the wall distance. Therefore, the authors introduced the percolation theory to generate the statistics
of connected components on a random graph. This theory can also be applied to extract the volume
of connected eddies. del ALamo et al. (2006), Moisy and Jiménez (2004), and Yoon et al. (2020)
first attempted to identify the vorticity and dissipation structures in isotropic turbulence, channels,
and zero pressure gradient TBLs, respectively.
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The percolation diagram of the identified coherent structures (Figure 4) was used to select
H. The blue line is the ratio of the volume of the largest identified eddies, V4, to the total volume
V, satisfying the value of H from 0.1 to 3, whereas the red line indicates the total number of
identified objects (N) normalized by its maximum (N,,,, ), whose peak appears at H = 1.5. This

behavior is consistent with the result of Yoon et al. (2020). The normalized volume (V/V )
max

increases as H decreases. As H decreases, new structures arise, or some of the previously detected
objects gather. The balance between the two effects yields the peak in the variation of N / N -

max
However, the value of H is a function of wall distance, as previously mentioned. Although the

whole TBL is considered here, other studies have considered only a particular region in the TBL;
therefore, our results do not reveal the peak clearly. In the present study, despite the unclear peak,
H =~ 1.5 was selected on the basis of the percolation transition.

Percolation diagram for the detected coherent structures

1.0 . V: total volume of detecting structures
0.9 Vinax: the largest detected structure
0.8 V/Vmax N': total identified points in total volume
0.7 Npax: the identified points in largest detected
structure ——
‘ 0.6 N/N
Ratio 0.5 max | s 0 W
0.4 v -
0.3 SN,
0.1
0 A
0.5 1.0 1.5 2.0 2.5 3.0
H

Figure 4. Percolation diagram for the detected coherent structures. The variations within the total
volume (V) and the total number (N) of objects are displayed.

6.5 Criterion Comparison and Selection

Comparing Equations 5-7, Q, 4.;, and A, satisfy the following condition:

ou ov

To explore the similarities and differences among these equations, Chen et al. (2015)
compared the aforementioned criteria using planar velocity fields extracted from both DNS and
PIV datasets. Moreover, the researchers revealed that a mathematical relationship between these
criteria could interpret the disparity among the identification of coherent structures. According to
Equation 5-7, Q > 0 is a subgroup of A.; > 0, and A, < 0 is a subgroup of Q > 0. Therefore, 4,
tends to eliminate the relatively weak vortices and make visible a snapshot of the structure
identification, so we have used it herein. As mentioned, the structures discussed here are the
commonly named Qs events, which are detected using quadrant analysis. However, Ferreira et al.
(2002) first revealed that quadrant analysis might lead to inadequate features. An individual
turbulent event may be detected as a series of separate smaller events. Section 5.4 presented the
modification of the quadrant threshold method. Comprehensively, the applied threshold criteria
are as follows:

10
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Ejection:
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Figure 5 illustrates the extracted coherent structures in the flow field based on the
integrated criterion.

,> A J ¥ e
. 8 - ¢ .
0 .J‘.l é .nh .zﬁitx "J‘u; 51
0 2 4 6 12 14 16 18
X
/5

Figure 5. Coherent structures are identified in a snapshot from the JHTDB. The blue points
represent the structures classified as sweep events, and the red points represent the structures
classified as ejection events. The black lines represent the UMZ edges.

6.6 Tracking the Duration of Sweep and Ejection Events

Time-resolved data were used to track the events over time, enabling the production and
dissipation of each event to be identified and the duration of each event to be determined. This
section describes the method used for tracking the sweep and ejection events over time. On the
basis of the assumption used by Fiscaletti and Ganapathisubramani (2018), if two events ev; and
ev, are detected consecutively, and the following condition holds, we treat them as the same event:

dcent < Dbox (9)

where d ., 1s the distance between the centroids of ev; and ev,, and D, is the diagonal of the
smallest rectangle, including all points of ev;, as depicted in Figure 3(a) (Yoon et al., 2020).
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7. Characterization of LSMs in the TBL

Here, ejection and sweep events are referred to as LSMs. This section analyzes the results
of the JHTDB application of the detection criterion described in section 6.1 to determine the
spatial-temporal distribution of LSMs.

7.1 Spatial Distribution of Events

Regarding the spatial distribution of ejection and sweep events, Dennis and Nickels (2011)
conducted their analysis on the quasi-instantaneous 3D velocity fields of a TBL and observed that
strong vertical velocity fluctuations are adjacent to the large flow structures. Their results imply
that ejection and sweep events occur around structures with low and high streamwise velocities,
respectively. Tsai and Huang (2019) treated the histogram of the maximum heights reached by
structures with low and high streamwise velocities as representing the probabilities of ejection and
sweep events at various flow elevations. Dennis and Nickels (2011) suggested that the gamma
distribution can provide the best fit to the histogram of the maximum height.

In the current study, the structural properties, such as maximum height, streamwise and
wall-normal length, and duration, were extracted from the JHTDB. The flow condition under
which the JHTDB data were obtained differs from that of Dennis and Nickels (2011), causing the
structures to characterize somewhat differently.

Figure 6 presents the probability density function of the maximum height of (a) ejection
and (b) sweep events. As presented in the figure, a low point at y* exists between 1,100 and 2,200,
where the upper UMZ edge is located. Moreover, the maximum height in the region between 1100
and 2200 in (a) and above 4,400 in (b) is similar to that described by de Silva et al. (2017), who
observed that sweep events are generally located above the UMZ edges, and ejection events are
generally located under the UMZ edges. In the current study, the two UMZ edges are located at
y* = 1,540 and y* = 3,850. After the sweep and ejection events occurred above the upper UMZ
edge and below the lower UMZ edge, respectively, they populated the entire UMZ region. This
phenomenon is consistent with Lozano-Durdn and Jiménez (2014), who claimed that ejection
events appear in the near-wall region and rise, whereas sweep events appear away from the wall
and drop.

If an event occurs, its maximum height must be determined to be its upper boundary,
depending on the distribution presented in Figure 6(a & b). However, its lower limit is determined
in one of two manners, one of which was made evident by de Silva et al. (2017), who presented a
scenario in which the ejection and sweep events are likely to appear below and above the interface,
respectively. Figure 6(c & d) displays the distribution of the vertical lengths of LSMs. Because
the whole flow field is divided into three parts in the wall-normal direction after consideration of
the UMZ edges, the scale of wall-normal length (L,) in this analysis is consistent with the results

of Yoon et al. (2020), who found that most L,, values range from 0.46 to 0.68.

Tsai and Huang (2019) postulated that the flow region below the sampled maximum height
is affected by LSMs. This work established that the LSM length scales in the vertical direction are
also affected by the UMZ edges.

Regarding the streamwise LSM length, the properties of each event were extracted directly
from the dataset. The histogram of streamwise length represents the probability that the range in
the streamwise direction is influenced by ejection and sweep events (Figure 6(e & f)). Because of
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the application of the criterion proposed by Fiscaletti and Ganapathisubramani (2018) into the
spatial resolution of the identification of coherent structures, two consecutive events could be
merging into a larger event. Although Dennis and Nickels (2011) used an exponential distribution
to represent the streamwise LSM lengths, the distribution of both ejection and sweep events
favored the more extended event.
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Figure 6. Probability density functions of the maximum height of (a) ejection and (b) sweep
events.; Probability density function of the wall-normal lengths of (¢) ejection and (d) sweep
events.; Probability density function of the streamwise lengths of (e) ejection and (f) sweep
events.

The spatial features of the 2D LSMs were examined relative to the proposed formulas. The
structures can be classified into attached and detached structures relative to the minimum y-
position of structure y,,i,, where y,,;, = 0 refers to wall-attached structures, whereas y,,in, > 0
refers to detached structures. That is, attached structures signify that the structure attaches to the
wall, whereas detached structures suspend in the flow field. Herein, these identified structures were
further classified into wall-attached and wall-detached structures, and the relationship between
their characteristic lengths in streamwise and wall-normal directions is discussed.
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Figure 8. Joint PDFs of L, and L,, of (a) attached sweep, (b) attached ejection, (¢) detached
sweep, and (d) detached ejection events.

Figure 7 presents the joint PDFs of L, and L, of sweep and ejection events. The slope of
the joint PDF of ejection events is more tilted than that of sweep events, revealing that the vertical
variation of sweep events is more extensive than that of ejection events. However, ejection events
tend to exhibit more extended variation than do sweep events in the streamwise direction. That is,
as a sweep event occurs, its streamwise length will generally exceed that of an ejection event,
which is consistent with the findings of Dennis and Nickels (2011).

The results presented in Figure 8(a) and (c) indicate that despite the almost complete lack
of distinction between the distributions of attached or detached sweep events, the distribution of
detached sweep events is more similar to the distribution of entire sweep events. This phenomenon
indirectly confirms the finding that sweep events appear away from the wall and drop to dissipate.
Accordingly, sweep events are commonly named detached structures. By contrast, attached and
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detached ejection events exhibit different distribution trends, as displayed in Figure 8(b) and (d).
As presented in Figure 8(b), while the attached ejection event occurs, its spatial distribution tends
to become more significant in both directions, which is consistent with the tall wall-attached
structures observed by Yoon et al. (2020). The distributions of sweep and ejection events are
similar to the distributions of detached sweep and ejection events, respectively.

7.2 Duration of LSMs and the Occurrence Ratio of Sweep Events to Ejection Events

Although ejection and sweep event durations can be determined using quadrant analysis or
other criteria as each event passes through a single measurement point, the duration of the
persistence of such events is difficult to be obtained using a point-wise measurement because an
event may continue after a single measurement point passes.

Laskari et al. (2018) studied the time evolution of UMZs in the TBL and provided a
residence time for LSMs. The concept of residence time differs considerably from the concepts of
duration and lifespan. Liu et al. (2016) provided a sketch of duration, maximum shear stress,
transport momentum, and period. Residence time is not identical to a period, which is the interval
between two events. Herein, the duration of every event is directly tracked using the JHTDB,
which yields the result presented in Figure 9.

Both events exhibit similar residence time distributions. Noguchi and Nezu (2009) also
observed that both events exhibit similar duration distributions. In the current analysis, the duration
distributions of ejection and sweep events are nearly identical. Consistent with the observation of
Noguchi and Nezu (2009), the lifespan of coherent structures is a lognormal distribution.

(a) Duration of ejection events (b) Duration of sweep events
18r M

Duration of sweep events
Lognormal distribution

Duration of ejection events | |
Lognormal distribution

L ' s ] ] 0 L = F=1 e
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
Duration(sec) Duration

Figure 9. The probability density function of the duration (lifespan) of (a) ejection and (b)
sweep events.

Regarding the occurrence ratio of ejection and sweep events along the normal-wall
direction, Sun et al. (2019) observed that both the ratio of the ejection number to the total number
of ejection and sweep events and that of the sweep number to the total number of ejection and
sweep events declined with the increase of the wall-normal position in clear water condition. The
number of ejection events was lower than that of sweep events; that is, the occurrence ratio of
sweep events was higher than that of ejection events, which is consistent with the information we
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extracted from the JHTDB (the occurrence ratio of sweep events was approximately 55-60%). In
UMZs, an ejection event is not guaranteed to occur when a sweep event occurs. Moreover, we also
determined an occurrence ratio of sweep events of 55%—60% under the condition that both ejection
and sweep events have already occurred in each UMZ edge. Table 2 summarizes the observations
on the sweep and ejection events from the DNS data in this study.

Table 2. Characteristics of Q, and Q, events

Characterization Observations
of Q, and Q, events Q (Ejection event) Q4 (Sweep event)
. y* between 1100 and 2200 y* above 4,400
Location of event occurrences
below the UMZ edges above the UMZ edges
Attached and detached events Prlmanl}'/ attached events Primarily detached events
(appear in the near-wall) (appear away from the wall)
Joint PDFs of L, and L,, ) more.: extens‘w§ longer streamwise length
in vertical variation
PDF of event durations lognormal distribution lognormal distribution
Occurrence Ratio 40%~45% 55%~60%

8. Conclusions

The existence of UMZs has been demonstrated to be crucial when determining the spatial
distribution of coherent structures of LSMs in wall-bounded turbulence. Most studies have
emphasized that LSMs such as ejection and sweep events in turbulence contribute to the
probabilistic behaviors of turbulence, and subsequently, transport of sediment particles. Therefore,
in the current study, conditional velocity decomposition in which the mean velocity is a function
of wall-normal distance and UMZ edge height was used to capture coherent structures in the flow
field. The structure of the wall-bounded turbulent flow based on the DNS data established by Lee
and Moser (2014) was analyzed in this study.

In the current study, several criteria for identifying the turbulent coherent structures are
revisited. A standard procedure that focuses on the spatial-temporal distribution of ejection and
sweep events in wall-bounded flow is established. Fiscaletti and Ganapathisubramani (2018)
proposed a criterion for distinguishing two arbitrary structures at two consecutive time steps,
which we used to track the duration of each structure. This criterion was also used to discriminate
and extract structures throughout the flow field in a single timestep. LSMs were then reliably
extracted from wall-bounded turbulent flow and tracked by applying the integrated criteria as
proposed in this study. Sweep and ejection event characterization, such as the probability
distributions of event durations and streamwise length and wall-normal length, as well as the
occurrence ratio, were quantified and then further compared with those reported in other studies.

Regarding the spatial properties of LSMs, the effect of the UMZ edges, which constrain
the vertical development of LSMs, was considered. The scale of the wall-normal length (L,) was
consistent with that of observations of other wall-bounded flow. Yoon et al. (2020) revealed that
most L,, ranges from 0.46 to 0.66. However, some disparity was observed between our analysis
and that of Dennis and Nickels (2011), which might be attributed to the essential difference in their
flow conditions. The probability distributions of the maximum height, wall-normal length and
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streamwise length of the coherent structures can be determined. Moreover, the joint probability
distributions of the wall-normal and streamwise length of the sweep and ejection events
respectively can be further established.

It is discovered that the distribution of detached sweep events is more similar to the
distribution of entire sweep events. This phenomenon confirms the finding that sweep events
appear away from the wall and drop to dissipate. Accordingly, sweep events are commonly named
detached structures. By contrast, attached and detached ejection events exhibit different
distribution trends. While the attached ejection event occurs, its spatial distribution tends to
become larger in both directions. However, despite the spatial-resolution of LSMs being
insufficient for capturing the real distribution of the streamwise length of structures because of its
tendency to merge two structures in the streamwise direction, our observation confirms that
VLSMs consist of LSMs. This result further reveals that LSM duration follows a lognormal
distribution based on best fit, which is consistent with Noguchi and Nezu’s (2009) findings. It is
also found that an occurrence ratio of sweep events of 55%—60% under the condition that both
ejection and sweep events can be observed occurred in each UMZ edge.

The organized vortical structures that contort UMZ interfaces are a manifestation of
ejection events and sweep events around the interface, demonstrating that UMZ edges and the
spatial distribution of LSMs affect each other. In this study, discrimination of the interfaces of
UMZs is viewed as an essential step in estimating the spatial and temporal scales and other
properties of LSMs. It is expected that our understanding of probabilistic characteristics of sweep
and ejection coherent structures can be enhanced. With the better characterization of the random
and intermittent behaviors of turbulent coherent structures, a complete description of sediment
particle movement in turbulent flows can then be made available.
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