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Abstract

Laboratory experiments in a straight flume were carried out to examine the evolution of
large-scale horizontal turbulent structures under flat-bed and deformed-bed conditions. In this
paper, the horizontal turbulence of flow under these conditions is analyzed and compared. The
conditioned quadrant method is applied to verify the occurrence of turbulent events. The dis-
tributions of horizontal Reynolds shear stress and turbulent kinetic energy are also presented
and discussed. Results show the occurrence of an “initial” sequence of horizontal vortices
whose average spatial length scales with the channel width. Under deformed-bed conditions,
this spatial length does not change.

Key words: open-channel flow, flow turbulence structure, burst cycle, bed forms, laboratory
experiments

1. Introduction

The understanding of the coupling between near-wall turbulence and sediment trans-
port has been a subject of great interest for many years. The dynamics of the near-wall
turbulence may cause the bed to deform. Bed deformation, in turn, perturbs the
main flow and affects the overall flow resistance and the sediment transport rate
(Sukhodolov et al 2011). Prediction of flow and sediment transport over bed forms
is still today a major obstacle to the solution of sedimentation problems in alluvial
channels (ASCE Committee 2002). Several studies have been conducted to examine
the dynamics of coherent structures in the wall region (among others, Nezu and Rodi
1986, Robinson 1991, Nezu and Nakagawa 1993, Shvidchenko and Pender 2001). But
the role played by coherent turbulent structures in sediment transport processes is still
a focus of scientific discussion (Adrian and Marusic 2012).

It is currently well known that the near-wall turbulence is dominated by intermit-
tent three-dimensional turbulent structures that evolve at different places and times,
maintaining a common coherent pattern (Pope 2000). During the evolution of a coher-
ent turbulent structure, a small-scale eddy develops into a large-scale eddy, following
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a life cycle which includes birth, development, and breakdown (burst). Large-scale
coherent vortices are generated by the amalgamation of smaller-scale structures that
grow in the outer layer, possibly interacting with pre-existing large-scale vortical mo-
tions (Nezu and Nakagawa 1993), until they disintegrate (burst) (Yalin 1992). Conse-
quently, turbulent events linked to bursting motions are not just restricted to the wall
region, but they may appear in the outer region as manifestation of large-scale eddies
(among others, Grass 1971, Kanani et al 2010). Thus, in this work, the term “burst
cycle” (or simply “burst”) indicates the evolution of a large-scale coherent structure
during its life cycle.

There is an ongoing debate on the regularity of macroturbulent fluctuations and
the interpretation of their evolution. In fact, information derived from a review of the
experimental literature provides contradictory evidence: some authors have derived
from laboratory and field studies a regular spatial scale in turbulent fluctuations (e.g.
see Nezu and Nakagawa 1993, Cellino and Graf 1999, Kanami et al 2010), whereas
other authors have not detected any regular period and have supposed that coher-
ent structures are randomly distributed in time and space (among others, Nikora and
Smart 1997, Nikora and Goring 1999).

A review of the advances in the study of wall turbulence over the past two decades
can be found in Adrian and Marusic (2012). From this review, it is clear that many
kinds of coherent structures have been identified, and different explanations of how
they are generated exist in the literature. Moreover, investigations of interactions
across the scales of turbulent motions are needed (Adrian and Marusic 2012).

Turbulent events can be vertical (i.e. determined by eddies whose axes of rotation
are perpendicular to the vertical plane — referred to hereafter as vertical vortices) or
horizontal (i.e. determined by eddies whose axes of rotation are perpendicular to the
vertical plane — referred to hereafter as horizontal vortices).

In the past decades, much effort has been made to analyze vertical vortices.
Most studies were conducted in laboratory channels with smooth beds and side-walls
(among others, Steffler et al 1985, Nezu and Rodi 1986). There is a general consensus
that the streamwise length of a vertical burst cycle scales with the outer variable £ (i.e.
the water depth) (Shvidchenko and Pender 2001). Thus, recently, a great deal of effort
has been made to investigate the role played by vertical large-scale coherent structures
in the development of bed forms (such as dunes) whose length scales with the water
depth (among others, Lyn 1993, Bennet and Best 1995, Bennet et al 1997, Holmes
and Garcia 2008, Mazumder et al 2009). On the other hand, from these studies it is
clear how the presence of localized topographic gradients affects the evolution of flow
turbulence structures.

Horizontal vortices have not yet been the focus of directed and systematic re-
search. Only recently, research has been devoted to the development of a proper un-
derstanding of the dynamics of horizontal large-scale bursts and their consequences
in river morphodynamics.
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As indicated by previous studies carried out in natural rivers (e.g. see Yokosi 1967)
and in laboratory channels (e.g. see Utami and Ueno 1991), horizontal bursts scale
with the outer variable B (i.e. the channel width). Thus, Yalin (1992) argued that
the analogous of the vertical large-scale burst cycle could be valid for the horizontal
large-scale burst cycle. He supposed (see also da Silva 2006) that the horizontal vor-
tices originate near the banks and the free surface (where the horizontal shear stresses
are the largest). Then the vortices grow in size and are conveyed downstream and
away from the banks (towards the opposite banks) by the mean flow. After traveling
a distance equal to the length of a burst cycle (i.e. the distance between two consecu-
tive “birth places” of bursts), these vortices disintegrate into smaller ones and return
to the original banks. In particular, as indicated by Kanani et al (2010), an ejection
event should be related to low momentum fluid which travels towards the opposite
bank, whereas a sweep event should be related to high momentum fluid which travels
towards the original bank.

Thus, Yalin (1992) (see also da Silva 2006, Kanani et al 2010) suggested that
some morphological features (such as alternate bars and/or meanders), whose length
scales with the channel width (as shown, among others, by Colombini et al 1987,
Yalin 2002), initiate because of the large-scale horizontal bursts.

Certainly, the understanding of how these structures originate and create motions
that transport momentum can be expected to improve the ability to predict the afore-
mentioned behavior.

Because in completely uniform flow the probability of bursting processes (vertical
and/or horizontal) could be equal in any location and time interval, Yalin (1992) also
established that there must be a “location of preference” in the flow (i.e. local dis-
continuity on the bed and/or banks) that increases the occurrence frequency of burst
cycles.

Some researchers have focused their attention on large-scale horizontal vortices
that are generated in steady compound open-channel flows near the junction be-
tween the main channel and floodplains (among others, Tamai et al 1986, Nezu and
Nakayama 1997). These researchers have related the generation of these horizontal
vortices to the presence of an inflectional point (i.e. a shear instability) in the horizon-
tal distribution of the primary mean velocity. On the other hand, coherent horizontal
vortices resulting from shear instability have also been observed at the edge of a vege-
tated floodplain (Nezu and Onitsuka 2002) or at the interface of a porous layer (White
and Nepft 2007). Furthermore, studies conducted in this field have also highlighted
the existence of a strong interaction between coherent large-scale horizontal vortices
and secondary currents that are generated either by the anisotropy of turbulence in
straight channels (Nezu and Nakayama 1997, Albayrak 2008) or by curvature in me-
andering channels (e.g. see Sanjou and Nezu 2009). Numerical simulations have also
been conducted by applying 2-D LES (e.g. see Nadaoka and Yagi 1998) and /or 3-D
models (e.g. see Hosoda et al 1999) in order to examine the hydrodynamic effect of
the momentum exchanges of horizontal vortices and their relation with secondary cur-
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rents. However, the understanding of how secondary currents and turbulence depend
on each other is still unclear.

The point is that the lack of a proper understanding of the dynamics of coherent
large-scale horizontal structures makes it difficult to determine their role in morpho-
logical phenomena occurring in rivers.

The aforementioned considerations motivate the need to improve the existing
knowledge of the dynamics of horizontal turbulence structures and their action in
sediment transport processes.

The work presented in this paper is part of a broader research project aimed at
examining the dynamics of horizontal coherent structures (for different hydraulic and
wall roughness conditions) and, where possible, at verifying the role played by these
structures in bed deformation. In particular, the present paper complements previous
works conducted by Termini and Sammartano (2008, 2009). Specifically, the goal
of the present study is to compare the occurrence of ejection and sweep events in
the same channel under flat-bed (initial) and deformed-bed conditions. This makes it
possible to identify any changes in flow and turbulent events due to bed conditions,
and thus to gain some insight into the coupling between flow turbulence and bed
deformation.

2. Experimental Procedure and Methodologies

The experiments were carried out in a recirculating straight flume, 7 m long and 0.40
m wide, specially constructed for this purpose at the laboratory of the Dipartimento di
Ingegneria Civile, Ambientale, Aereospaziale, dei Materiali — University of Palermo
(Italy). The channel banks were rigid and made of Plexiglass strips. On the side walls,
a discontinuity at the junction of two different types of Plexiglass strips was inserted in
a section (called “initial section”) 1.0 m distant from the upstream end of the channel.
Two runs were conducted in a turbulent subcritical flow with flow discharge of 0.013
m?3/s and initial longitudinal bed slope of 0.45% (h = overall initial uniform water
depth = 0.0515 m; u* = shear flow velocity = (gR,S)"? = 0.0425 m/s — with g = grav-
itational acceleration and Rj, = hydraulic radius; Um = cross-sectional mean stream-
wise velocity =0.63 m/s, Fr = (Um/gh)l/2 = Froude number = 0.89, Re = Umh/v =
Reynolds number = 32538; Re* = u*ky/v = roughness Reynolds number = 110.5 —
with k; = bed roughness set equal to 2Dsq in accordance with Yalin 1992).

Water was supplied through a submersible pump installed in a downstream reser-
voir. A tailwater weir, positioned at the downstream end of the flume, made it possible
to adjust the water depth. The bed surface was made of quartz sand (Dsy = median
sediment diameter = 0.65 mm, o, = geometric standard deviation = 1.28).

The first run (referred to hereafter as “R1”) was conducted over the flat and rigid
bed surface. During R1, detailed measurements of flow velocity components were
carried out. Then, a mobile-bed run was conducted under the same hydraulic condi-
tions as those in R1 in order to obtain the deformed-bed configuration. Thus, R1 can
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Fig. 1. Scheme of measurement cross-sections and longitudinal measurement axes

be considered the pre-deformed-bed configuration. During the mobile-bed run, the
sand was recycled together with the stable discharge by the aforementioned recycling
pumping circuit. Furthermore, the bed topography was measured along five longitu-
dinal axes (see Figure 1a) with a profile indicator by Delft Hydraulics (accurate to
0.1 mm) mounted on a carriage running along slides parallel to the channel banks. At
the end of the experiment (lasting about 7 hours), the bed was covered by alternating
regions of scour holes and deposit fronts. The position of scour hole/deposit front
sequences was measured both by a graduated rule fixed to the Plexiglas side walls of
the channel and by the profile indicator (more details can be found in Termini 2005,
Termini and Lo Re 2006, Termini and Sammartano 2009). Then, the deformed bed
surface was impregnated with spray paint, and another run (referred to hereafter as
“R2” ) was conducted over the rigid and deformed bed (under the same hydraulic
conditions as those in R1) in order to measure the flow velocity field. The sketch
views of the bed configuration in R1 and R2 are shown in Figure 2. This figure shows
a photograph of the channel reach (between sections D and H) where the alternating
scour-deposit regions were clearly distinguishable. Both by direct observation and by
correlation analysis, it was determined that the distance between the maximum scour
and the deposit front was around 80 cm. This can also be seen in Figure 2 (note that the
sections are spaced 20 cm apart). The following analysis concerns the channel reach
between sections D and H (length Ls = 0.80 m — see Figure 1), where a sequence
scour hole/deposit front was particularly distinct.

During both runs (R1 and R2), the instantaneous flow velocity components were
measured along 5 verticals of 17 measurement cross-sections (sections A + S in Fig-
ure 1), so that 5 longitudinal measurement axes were considered (see Figure 1). In
the present work, attention is restricted to the longitudinal measurement axis near
the right bank (axis 1) and to the measurement axis coinciding with the channel axis
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a)

Fig. 2. Sketch of the channel bed configuration: a) flat bed; b) deformed bed

(axis 3). The first four sections (A, B, C and D) were spaced about 50 cm or so;
along the reach D — S the distance between two consecutive sections was about 20
cm. The streamwise and transverse velocity components were measured using a 2D
side-looking Acoustic Doppler Velocimeter (ADV) by SonTek Inc. at points spaced
3 mm apart (this interval was selected to obtain a fine measurement grid consistent
with the size of the sampling volume) along each measurement vertical. The sampling
volume was approximately 0.25 cm?, and the sampling frequency rate was Fs = 25
Hz. In accordance with Rodriguez and Garcia (2008), the record length for each point
was selected as an order of at least 600 times the cross-sectional macro timescale
of the flow in the streamwise direction, Ts = 0.77h4/Um = 0.07 s (see in Nezu and
Nakagawa 1993) which also served to verify that a constant local mean velocity was
obtained (see also Carollo et al 2005). Thus, the measurements consisted of approxi-
mately 80-second-long records. The data collected were characterized by an average
signal-noise ratio SNR of 45 dB and a minimum value of the data cross-correlation
coeflicient greater than 80%.

The measurement instrument was mounted on a carriage that moved in the trans-
verse direction with a step of 1 mm, controlled by a 1D-dimensional Motion Control
System (by MICOS s.r.l.). The movement of the motion control system and the ac-
quisition of data were synchronized by a code in the Labview environment.

3. Horizontal Flow Velocity Field
3.1. Distributions of Time-averaged Velocities

The time series of the flow velocity components, u,(i = 1 in streamwise direction and
i = 2 in transverse direction) were used to compute the corresponding time-averaged
components U,. It should be clear that, according to the orientation of the measure-
ment instrument, the positive directions of the velocity vectors are concordant with
the reference system of Figure 1. Figure 3 (a and b) shows the contour lines of U,
(with i = 1, 2) near the bed (i.e. at levels z = z;, where z, = 1 cm in R1 and z;, = 0.7
cm in R2, which were consistent with the experimental and measurement conditions)
normalized by the mean velocity Um. Furthermore, the horizontal distributions of
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the longitudinal component Uy, estimated under the flat-bed conditions (R1), are also
reported in Figure 3. This figure shows that there is a notable horizontal velocity gra-
dient 0U /0y and the distribution of U, varies along the channel reach examined. In
sections D and H the distributions of U; have a reduced axial velocity (i.e. two peak
values) and, thus, two inflection points. Along the reach between sections E and G,
the peak values move towards the channel axis. The presence of the inflection points
suggests strongly that twin horizontal vortices are generated, in accordance with pre-
vious works (Nezu et al 1999 — see also Nezu et al 2003 and Sonjou and Nezu 2009).

It should be noted that the two inflection points occur in sections spaced about 80 cm
apart.
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Fig. 3. Contour lines of the normalized time-averaged streamwise and transverse velocity
components: a) flat bed; b) deformed bed

Figure 3a also shows that there is a positive region of the transverse component,
U,, in section G and at the channel axis in section E, whereas negative regions of U,
are found near the banks in sections D, E, and F, as well as near the right bank in
section H. In R2 (Figure 3b), the patterns of U; and U, are similar to those observed
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in R1, but more accentuated and slightly shifted downstream. Thus, it seems that bed
deformation enhances the initial pattern of the horizontal flow velocity field along
the channel reach examined. On the basis of this result, it could be supposed that the
initial horizontal velocity pattern (Figure 3a) is maintained over time.

3.2. Power Spectrum

Power spectrum is commonly used to define the distribution of energy in the signal
across frequencies. In this work, power spectra were obtained by the Fast Fourier
Transform (FFT) technique (Pope 2000) with the help of the Matlab (v. 8.1) code.
The algorithm determines the power spectral density by first forming a periodogram;
the FFT length (rectangular window) is set to the next power of 2 greater than the
input signal length, and the output is set to the magnitude squared (which gives the
total energy contribution among various frequencies).

Figure 4 reports the power spectra of the time series u, (at z = ;) against the
normalized frequency for both runs (sections D, E, F, G, and H — axis 3). The fre-
quency axis is normalized by the ratio of the characteristic length scale B and the
mean flow velocity Um. The frequency axis should thus be read as the Strouhal num-
ber, St. Power spectra are plotted on log-log scales to facilitate the appreciation of the
entire spectrum. (It should be noted that the unit of the velocity spectrum is quantity
squared/frequency, i.e. m?/s).

Figure 4 shows that higher peaks occur at lower frequencies. Furthermore, all pro-
files are similar. It can be seen that the peak value of the profile decays as one passes
from section D to section F, and then the peak value increases again until section G is
reached. Under deformed-bed conditions (R2), the higher peak occurs downstream of
the front of deposit (section H). Thus, it seems that the front of deposit is the “loca-
tion of preference” for low-frequency high-spectrum motions. In Figure 4, it can also
be observed that under undeformed-bed conditions (R1) the dominant dimensionless
frequency is = 0.13, which gives a dimensional frequency of the order of 0.19 Hz,
whereas under deformed-bed conditions, the dominant dimensionless frequency is
= (.10, which gives a dimensional frequency of around 0.16 Hz. Estimating the pe-
riod as the inverse of the dominant frequency, one obtains a corresponding value of
around 5s for undeformed-bed conditions and around 6s for deformed-bed conditions.

Furthermore, the analysis suggests that in R2 (i.e. when the bed is deformed) the
“location of preference” for low-frequency high-spectrum motions is found down-
stream of the front of deposit. This behavior supports Yalin’s (1992 — page 78) view
that bed forms lead to the “regularization” of horizontal turbulence.

It should be noted, however, that although the estimated power spectrum allows
us to extract events associated with the peaks, it is not always an appropriate tool for
capturing the periodicity of coherent structures. In fact, according to Lewalle et al
(2000), if the turbulent field is determined by the coexistence of different types of
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Fig. 4. Power spectra of u,: a) flat bed; b) deformed bed

turbulent structures, it is possible that the coherent signal could be partially obscured
(Balakumar and Adrian 2007).

For this reason, in the present work, other techniques have also been applied to
detect the coherent motion.

4. Horizontal Turbulence Structures
4.1. Occurrence Frequency of Turbulent Events

The qualitative description of turbulence events is performed by applying the quadrant
analysis (Lu and Willmarth 1973, Nezu and Nakagawa 1993), whereby events can be
classified according to the sign of the components of the turbulent fluctuations. In an
attempt to investigate the complicated dynamics of the 3-D horizontal structure, the
analysis is extended over the whole water depth. Particular attention is paid to ejection
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and sweep events which — as it should be clear from the Introduction — play the most
important role in sediment transport processes.

At each measurement point, the instantaneous turbulent fluctuation components,
u:(i = 1,2), were determined as deviations of the instantaneous measured flow veloc-
ity components from the corresponding time-averaged values: u; = u; — U;.

As should be clear from the Introduction, in accordance with Kanani et al (2010),
in this work an ejection event is related to low momentum fluid that travels towards
the opposite bank, whereas a sweep event should be related to high momentum fluid
traveling towards the original bank. Thus, it is assumed that an ejection event is
characterized by low-speed fluid movement (instantaneous local velocity lower than
the time-averaged local velocity, i.e. u] < 0) away from the side-wall (&} > 0), and
a sweep event is due to high-speed fluid movement (u] > 0) towards the side-wall
(1}, < 0). Inward interactions are determined by low-speed fluid movement (u] < 0)
towards the side-wall (u; < 0) and outward interactions by high-speed fluid (u] > 0)
arising far from the side-wall (1, > 0). Consequently, negative values of the instan-
taneous products [u]u}] correspond to ejection and sweep events, whereas positive
values of the instantaneous products [u}u}] correspond to inward and outward inter-
actions.

From the aforementioned, it is clear that ejection and sweep events, which con-
tribute to the production of turbulence and Reynolds stress (Cantwell 1981, Nezu and
Nakagawa 1993, Nelson et al 1995), play the most important role in erosion, entrain-
ment, and transport of sediment particles (Garcia et al 1996).

The instantaneous [u}, u}] plane is composed of four quadrants, each of which rep-
resents a turbulent event (Lu and Willmarth 1973). In order to isolate the contribution
of extreme events within each quadrant, a conditional averaging procedure (Nezu and
Nakagawa 1993, Cellino and Lemmin 2004) was applied and an exclusion hole was
identified on the [u], u}] plane. Such an exclusion hole is bounded by the hyperbolic

curves:
—2 |52
=q\u; yu, , (D

where g represents the threshold level, and the over-bar indicates the time-averaged
value. Very small values of ¢ permit one to select strong and weak events; whereas
large values of g are used to select the strongest events.

Thus, a discriminating function /; , (the index k = I, II, IIL, IV indicates the quad-
rant in which the generic event falls) has been introduced to filter the instantaneous
data set [u}, u}]. The function Iy 4 is defined as follows:

[ 1, if the couple [u’l, u’z] falls in the k—th quadrant
k4 = 0, otherwise

7 . ’
up - u,

2)

Thus, the contribution from each quadrant has been determined by the discrimi-
nating function (2). The determination of ¢ is more or less arbitrary, and, in fact, dif-
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ferent values of g are used in the literature. For example, Nakagawa and Nezu (1981)
used two different values of g to detect ejection (¢ = 2) and sweep events (g = 1.1).
Other authors (e.g. see Cellino and Lemmin 2004, Mazumder et al 2009) suggested
using a unique value of ¢ to define the exclusion region in each quadrant. Cellino
and Lemmin (2004) compared the occurrence of turbulent events computed for four
values of ¢ (¢ =0, 1,2,3) and obtained the best representation for ejection events
by setting the value of the threshold level at ¢ = 3. More recently, Mazumder et al
(2009) compared the occurrence of turbulent events for three values of the threshold
level g (g = 0,2,6) and determined how the relative intensity of each event for g >0
significantly increases as g increases.

Termini and Sammartano (2007, 2009) used velocity data collected under the
same hydraulic conditions as those of R1 and compared the occurrence of turbulent
events obtained for values of the threshold levels g (¢ = 0,0.3,0.7, 1.0, 1.5) lower than
those suggested by Mazumder et al (2009). Termini and Sammartano (2007, 2009)
observed that when g =0 (no exclusion hole) the occurrence of each event is not clearly
distinguishable. Furthermore, they found that although high values of the threshold
level g allowed them to select the strongest events, the total number of couples [u], )]
decreased so much that the contribution region from each quadrant became meaning-
less. On the basis of this result, Termini and Sammartano (2007, 2009) suggested that
the threshold level g = 1 be used for the same data set to reach a good compromise
between the clear identification of the events and the preservation of a number of
couples [u}, u}] significant for the analysis.

Thus, by assuming the aforementioned value of the threshold level g, the filtered
time series [u’l" /- ”’2, f] were obtained as:

— [
’ N ’ ’ ’
Uy pslly p = |u1 -u2| Ay > Uy Ay 3)

The filtered time series [u] 7 u, f] were used to estimate the normalized occur-
rence frequency, f, for the event types related to different quadrants:

Zolk,l

1=

fe=7 T T 7 ;o k=L 1L 10, 1V, 4)
D Ly + )y Ing + > Iy + > Ly
=0 1=0 =0 =0

where T is the measurement time length.

Figures 5-6 (for R1 and R2, respectively) show the vertical profiles of the nor-
malized occurrence frequency, fi, determined in each section near the bank (axis 1)
and at the channel axis (axis 3), against the relative water depth z/A.

Figure 5 (R1) shows that, for all the sections examined, ejection and sweep events
are dominant near the bank (Figure 5a). The occurrence frequency of ejection and
sweep events decreases as one moves from the free surface towards the bed. Further-
more, it can be observed in Figure 5a that near the bed — approximately at z/A = 0.2 —
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the values of f; are higher for ejection (k = II) and/or sweep (k = IV) events in sections
E, G and H, as well as for inward (k = I) and outward (k = III) interaction events in
sections D and F. At the channel axis (Figure 5b), the occurrence frequency of each
event is rather constant all along the depth. Ejection and sweep events are slightly
dominant in sections D and F, whereas inward (k = I) and outward (k = III) inter-
action events are prevalent in sections E and G. Thus, Figure 5 suggests that events
falling in quadrants II and/or IV occur in sections spaced approximately 40 cm apart.
It should also be noted that events in quadrants II and IV occur along the channel
reach examined (and along the depth) as indicated by previous literature works (Yalin
1992, Kanani et al 2010).

In R2, it can be observed that (with the exception of section D) ejection and sweep
events near the bank (Figure 6a) occur more frequently above 0.24. Moreover, the
occurrence frequency seems rather constant all along the water depth. For z/h < 0.2,
ejection and/or sweep events occur more frequently in sections D and F, whereas in
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sections E, G, and H the values of the occurrence frequency are higher for inward
and/or outward interaction events. At the channel axis (Figure 6b) ejection events
are prevalent for z/h > 0.2 (in almost all sections). Near the bed (z/h < 0.2), ejection
events are more frequent in sections D and G, whereas in sections E, F, and H higher
occurrence frequency values correspond to inward and/or outward interaction events.
Thus, Figure 6 suggests that in R2 the events occur with the same spatial length as
that observed in R1. As a result of the presence of the front of deposit, the sequence
of events seems to be slightly shifted downstream.

These figures suggest that the average horizontal burst length is 4, = 0.80 m = 2B,
which is equal to the distance Ls between maximum scour and the front of deposit.
The mean time interval for the occurrence of consecutive ejection/sweep events at
each point can be obtained as the inverse of the occurrence frequency. This implies
that the mean time interval between ejection and sweep events is larger near the bed.

!
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Fig. 7. Vertical profiles of the ratio R;y: a) axis 1; b) axis 3

Near the free surface, especially in R1, the occurrence frequency of ejection events
is greater than that of sweep events, but, as one moves towards the bed, the occurrence
frequency of sweep events increases so that near the bed it is often comparable with
that of ejection events. Such behaviour can be better observed in Figure 7, where the
ratios between the sweep and ejection occurrence frequencies, i.e. R;y = fjv/fi, for
both axes (1 and 3) are plotted against the relative water depth z/h. Figure 7 shows
that the values of R,y obtained in R1 are generally lower than those obtained in R2.
This suggests that the occurrence frequency of sweep events increases as the bed
roughness increases. Furthermore, in R2, R,y is greater than 1 almost all along the
depth, especially in sections D and E along axis 1 and in sections D, E, and H along
axis 3.
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4.2. Joint Probability Density Distribution

In order to distinguish between events of different magnitudes within each kind, the
joint probability density function, P13, of couples [u] ; 74 f], was estimated as fol-
lows (Pope 2000):

Py = A -exp[Bi2 - Ci2];

with
[ — -0.5 -0.5
_ 2.2 2 2 . _ .
A = »47T . wl,f . w2,f . (] _p12)] ; B = (1 _pz ),
12
2 2 7 5
Cip = _ull’f _1. pro-uiy W@y ;P2 = - ”/z,f ”
- _ 0.5 ’ T 0.5°
u’%f u )2 L2 u'? 2L 2
, Lf Wi, 2.f Wir  Way

where the over-bar indicates time-averaged values.

On the plane [ o u;, f], P, is represented by an ellipse with the long axis rotated
according to the more frequent event. In Figures 8-9, the contour lines of Py, ;;, (atz =
7p) estimated near the bed along axes 1 and 3 are shown for R1 and R2, respectively.
In these figures, m represents the angular coefficient of the long axis of the ellipse.
Thus, it is possible to identify the couples of quadrants characterized by the same sign
of the products [u’l fué’ f]. The peak of the distribution of P, indicates the most
probable event occurring at the corresponding measurement point. Because such a
peak is not always easily distinguishable, the values of the ratio R;; = f;;/f;v (or of
the ratio R;;; = fi1/f7) are also reported in Figures 8-9. In Figure 8 (R1) it can be
seen that near the bank (axis 1) and in sections D and F the long axis of the ellipse
falls in quadrants I and III (m > 0), and R;;; < 1. This means that events of outward
interaction occur.

In sections E, G, and H, the long axis of the ellipse is rotated so as to fall in
quadrants II and IV (m < 0): in sections E and G, R;; > 1 and thus the peak of the
distribution falls in quadrant II, and ejection events develop; in section H, R;; < 1,
so sweep events occur. At the channel axis (axis 3), it can be observed that, for each
section examined, the long axis of the ellipse assumes the direction opposite to that
observed near the bank: in sections D and F the long axis is rotated so as to fall in
quadrants II and IV (m<0); in sections E, G, and H the long axis falls in quadrants I
and III (m > 0). In section D, the peak of the distribution is not clearly distinguishable,
but R;; > 1 and ejection events occur; in section F, R;; < 1 and sweep events occur.
Events of outward interaction develop in sections E and H (R;;; < 1) and events of
inward interaction occur in section G (R;;; > 1).

The contour lines of Py, reported in Figure 9 (R2 run) show that, near the bank
(axis 1), the angular coefficient of the long axis of the ellipse, m, is negative in sections
D and F, and positive in sections E, G, and H. In almost all sections, the peak of the
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distribution of Py, is not clearly distinguishable, but R;; < 1in section D and R;; > 1
in section F, so sweep events occur in section D, and ejection events occur in section
F. In sections G and H, events of inward interaction develop (R;;; > 1). Events of
outward interaction can be observed in section E (R;;; < 1).

Thus, Figures 8-9 confirm that, under the (initial) flat-bed conditions (R1), events
in quadrants II and/or IV occur with a spatial length of 40 cm, and the entire horizontal
burst cycle has a length of about 80 cm (= 2B). The entire burst cycle develops alter-
natively near the bank (axis 1) and at the channel axis (axis 3). Under deformed-bed
conditions (R2), the spatial length of the entire burst cycle is the same as thatin R1 (i.e.
the same as the “initial bursting spatial length”). However, the burst cycle is slightly
shifted in the streamwise direction, downstream of the front of deposit.

4.3. Kinetic Energy of the Mean Flow and Turbulent Kinetic Energy

A further important element in the analysis of the evolution of bursting events is the
distribution of the turbulent energy budget.

As it should be clear from the Introduction, the bursting motions associated with
events of quadrants II and IV (i.e. ejections and sweeps) are closely connected to
turbulent kinetic energy production (Lu and Willmarth 1973, Pope 2000). Thus, for
each run, the horizontal kinetic energy of the mean flow, K, and turbulent kinetic
energy, K’, were estimated as:

2 2
1 2 / 1 72
KZEZ_IUi’f’ K :EZ[ ui,f]’ (6)

where U,  is the time-averaged velocity component of the filtered time series.
Figures 10-11 show the contour lines of K and K’ estimated in each section for
R1 and R2, respectively. These figures show the classical distributions of K and K’:
the maximum of K nearly coincides with the minimum of K’, and positive/negative
gradients of K correspond to negative/positive gradients of K’. In R1 (Figure 10), K
(Figure 10a) assumes high values near the free surface between axes 2 and 3 in sec-
tions D and F, as well as between axes 2 and 4 in sections E and H. Thus, higher values
of K occur in sections spaced 40 cm apart. The turbulent kinetic energy, K’, (Figure
10b) assumes low values near the free surface and increases in value as one progresses
towards the bed. Higher values of K’ are found especially in the central area of sections
E, G, and H, as well as near the banks in sections D and F. Thus, the behaviour of the
turbulent kinetic energy is symmetrical with respect to the channel axis. The pattern
observed suggests that two eddies form near the banks and near section D. They grow
moving downstream and towards the bed, and a new eddy forms at the channel axis
(between sections F and H) when they reach their maximum dimension. When the
eddy explodes, it releases its own energy to particles placed over the bed. This further
supports the theory (Yalin 1992 — see also Kanami et al 2010) that the perpetual action
of the aforementioned turbulence sequence enhances the entrainment and movement
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of sediment so that the bed tends to sustain a corresponding “periodic” deformation.
In R2 (Figure 11), both K and K’ show a trend similar to that observed in R1, but
slightly shifted in the streamwise direction. In particular, higher values of K (Figure
11a) are found at the free surface, near the banks in sections E, F, and G, whereas in
sections D and H they are found near the channel axis.

Figure 11b shows that high values of the turbulent kinetic energy, K’, are found
not only near the bed, as well as in R1 but also near the free surface and near the banks
in sections F and G. This could be due to the influence of the front of deposit to the
eddy growing. Furthermore, it would suggest that an eddy forms downstream of the
front of deposit.

4.4. Reynolds Shear Stress

Figure 12 (a-b) reports, for both runs, the plane distribution of the horizontal Reynolds
shear stress, 72, determined near the bed (at z = z,) as follows:

T12,Zb =-p- [ul,f . uz,fL:Zh . (7)

where p is the fluid density.

Fig. 12. Distribution of the Reynolds stress 75, : a) flat bed; b) deformed bed

It can be observed that the sign of the Reynolds stress changes along the channel
reach. In particular, in R1 (Figure 12a) high positive values of 7, are found in
sections D and F near the right bank, whereas high negative values of 71, ;, are found
in section G near the left bank. In R2 (Figure 12b), two negative peak values of 71,
are found near the banks between sections D and E, as well as between sections G and
H (i.e. negative values of 7}, , are found in correspondence of the pools).

The pattern observed suggests that the Reynolds shear stress deviates from its
standard linear distribution because of flow acceleration.

High positive values of 75, are observed near the right bank in section E and
near the channel axis in section G. In particular, along the channel axis, as one passes
from section D to section H, 71, assumes a negative peak value in section E; then,
it decreases in value and changes the sign approximately in section F (a positive peak
value is found in section G); and in section H, 71, , is again negative. This behavior
suggests that high values of the Reynolds shear stress are found downstream of the
front of deposit where the burst cycle initiation is enhanced.
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5. Conclusions

In this study the occurrence of horizontal turbulent events was experimentally ex-
plored over flat (initial or pre-deformed) and deformed beds.

The turbulent events were qualitatively described by the conditioned quadrant
analysis. The principal conclusions arising from the analysis are the following:

— In R1 (pre-deformed-bed conditions), ejection events are more frequent than
sweep events near the free surface. As one progresses towards the bed, the oc-
currence frequency of sweep events increases so that near the bed the occurrence
frequency of both types of events is comparable. In R2 (deformed-bed conditions),
sweep events are more frequent than ejection events almost all along the depth.

— InRI, ejection and/or sweep events occur with a spatial length of 40 cm, and the
spatial length of an entire horizontal burst cycle scales with the channel width
(4, = 80 cm ~2B). Furthermore, the burst cycle develops alternatively near the
bank and at the channel axis. Thus, the spatial length obtained in R1 could be as-
sumed as the “initial bursting spatial length.” This spatial length of the burst cycle
compares well with the length (Ls) of the sequence of scour holes/deposit fronts
found on the bed in R2 (deformed-bed conditions). As a result of the presence of
the deposit front, the burst cycle seems to shift slightly in the streamwise direction,
downstream of the front of deposit.

— The patterns of the mean flow kinetic energy (K) and turbulent kinetic energy (K”)
suggest that in R1 (pre-deformed-bed conditions), K assumes high values near
the free surface in sections spaced 40 cm apart. The turbulent kinetic energy, K’,
assumes low values near the free surface, but increases as one progresses towards
the bed. Thus, the conversion of kinetic energy into turbulent kinetic energy occurs
as one approaches the bed, where the turbulent energy assumes higher values. In
R2 (deformed-bed conditions), both K and K’ show a trend similar to that in R1,
but slightly shifted downstream. The patterns of K and K’ suggest that, in R2, an
eddy forms downstream of the front of deposit.

The aforementioned behavior is also confirmed by the distribution of the horizon-
tal Reynolds shear stress. High values of the Reynolds shear stress are found down-
stream of the front of deposit.

In summary, the experimental results presented here show that, under deformed-bed
conditions, the length of the burst cycle is the same as that observed under pre-deformed
bed condition (“initial bursting spatial length””). However, as a result of bed deforma-
tion, the burst cycle is slightly shifted in the streamwise direction. Furthermore, the
analysis demonstrates that, under deformed-bed conditions, the front of deposit be-
comes the “location of preference” for low-frequency high-spectrum motions. This
behavior supports Yalin’s (1992) claim that bed forms lead to the “regularization”
of horizontal turbulence and the presence of their “holes” enhances the roll-up of
horizontal vortices above them.
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Thus, the present results confirm that bed deformation could be a kind of imprint-
ing of the aforementioned complicated flow turbulent pattern. This is consistent with
Yalin’s (1992) findings.

It should be noted that the results obtained are restricted to the experimental con-
ditions examined. Further analyses have to be conducted for different hydraulic con-
ditions, and thus for different B/h and h/k ratios, to investigate different aspects of
horizontal bursts and their morphological consequences.
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