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A B S T R A C T

A compression wave in a canal is an unsteady motion characterised by a rapid rise of water surface elevation,
resulting in an unsteady turbulent flow. In the present study, the hydrodynamics of unsteady compression wave
flows were experimentally investigated using an array of two profiling velocimeters, sampled simultaneously.
The two-dimensional cross-correlation data in the y-z plane, formed by the two sampling profiles, showed the
existence of large scale coherent structures underneath the free-surface, resembling the shape of hairpin vortex.
The length scales tended to increase during and after the compression wave passage compared to those during
the initially steady flows. Both strain rate and vorticity showed larger values at lower water column near the
channel bed, and during the rapid deceleration phase associated with immediate wave passage. The propagation
of the compression wave was a dynamically-active process, with large scale transient coherent motions, vortical
structures and intensive turbulent mixing occurring underneath.

1. Introduction

A transition from a rapid to fluvial motion in an open channel is
called a hydraulic jump. A related flow is a hydraulic jump in transla-
tion or compression wave. In nature, a hydraulic jump in translation
may occur in a small number of rivers and estuaries with large tidal
range, low freshwater level and a funnel-shaped river mouth [33,36,9].
Fig. 1 illustrates such a compression wave called tidal bore, in the
Qiantang River (China) at nearly 110 km upstream of the river mouth.
A related geophysical process is the in-river tsunami-induced bore
([31,1,11]. The propagation of a compression wave in a canal is an
unsteady turbulent process, with intense shear and mixing underneath.
The strength and shape of the bore is characterised by its Froude
number Fr1 defined as:
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where V1 is the initial flow velocity positive downstream, U is the
compression wave celerity positive upstream, g is the gravitational
acceleration, A1 and B1 are respectively the cross-sectional area and the
free-surface width. When 1 < Fr1 < 1.3–1.4, the bore is undular,
characterised by a smooth free-surface rise and a train of secondary,
quasi-periodic waves [35,20]. For 1.4 < Fr1, the bore is breaking with
a turbulent breaking roller and energetic white water splashes (Fig. 1)
[18,22]. The roller is characterised by an abrupt free-surface rise, a two-

phase flow region with air-water interactions, large-scale vortical
structures and intensive energy dissipation [21,8].

Experimental studies of compression wave in canal may be dated
back to Bazin [3], Favre [14], and Benet and Cunge [5], who performed
classical experiments with visual observations. More recent physical
studies used advanced velocity sampling equipment with high temporal
resolutions, such as a particle imaging velocimetry (PIV) and acoustic
Doppler velocimetry (ADV) [18,20,23].

Herein, new experiments were conducted to study the two-dimen-
sional unsteady turbulence characteristics of compression waves in a
systematic manner under controlled flow conditions. Two Vectrino II
Profilers were operated simultaneously, and turbulent time and length
scales of large transient coherent structures were computed, as well as
space-time correlations, in the transverse and vertical directions.
Unsteady measurements with an array of two Profilers provided new
insights into the turbulence underneath the hydraulic jump in transla-
tion.

2. Physical modelling

2.1. Experimental facility

New experiments were conducted in a 19m long, 0.7m wide tilting
flume, previous used by Leng and Chanson [22,23]. The flume was
rectangular prismatic, made of glass sidewalls and smooth PVC bed
with an adjustable bed slope. The water discharge was supplied by an
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upstream water tank through a smooth convergent intake into the test
section. A magneto flowmeter was used to measure the water discharge
down to an accuracy of 10−5m3/s, and checked against drink depth
data (Fig. 2A). A fast-closing Tainter gate was located near the down-
stream end at x=18.1m, where x is the longitudinal distance from the
upstream end (Fig. 2A). After rapidly closure in less than 0.2 s, the
Tainter gate generated a compression wave which propagated up-
stream. The definition sketch of the flume, experimental apertures and
mounting of instrumentations is shown in Fig. 2.

2.2. Instrumentation

In steady flows, the water elevation was recorded with pointer
gauges. Unsteady water elevations were measured with acoustic dis-
placement meters (ADMs). A Microsonic™ Mic+35/IU/TC unit was
located at x= 18.17m immediately downstream of the Tainter gate.
Nine Microsonic™ Mic+25/IU/TC ADMs were spaced along the
channel at x= 17.81m, 17.41m, 14.96m, 12.46m, 9.96m, 8.5 m,
6.96m, 3.96m and 1.96m, all locations being upstream of the Tainter
gate.

Two profiling velocimeters were deployed herein. Both instruments
were NortekTM acoustic Doppler velocimeter (ADV) Vectrino II
Profilers. (Note that the profiler units were not re-calibrated following
the manufacturer's 2016 worldwide recall.) One was equipped with a
fixed downward looking head. The other one was equipped with a
flexible head, which was mounted side-looking in the present study.
The former is referred to as Profiler 1, while the side-looking Profiler is
called Profiler 2. The Vectrino II Profiler is a high-resolution acoustic
Doppler velocimeter used to measure three-dimensional water velocity
[30]. The measurement technology is based upon coherent Doppler
processing [38]. There are however known issues with the Vectrino II
Profiler, including inaccurate estimation of time-averaged velocity at
certain positions and wrong estimation of velocity variances at the
profile “weak spots” [12,38,23,13]. In the present study, both Profilers
were configured to quasi-simultaneously sample the velocity at 100 Hz
for 35 sampling points in a 35mm profile (Fig. 2B). The sampling vo-
lume (or profile) of Profiler 1 was in the vertical direction, located
40mm below the emitter, whereas the sampling volume of Profiler 2
was in the transverse direction, located 40mm beside the emitter.
Fig. 2A shows sketches of the two Profilers with the coordinate system
and Fig. 2C presents the array of sampling profiles. Profilers 1 and 2
were mounted at x= 8.5m and 8.425m, respectively. The velocity

range was±1.0m/s or± 1.5m/s. Both Profilers were sampled si-
multaneously with the ADMs at 100 Hz and synchronised within±1
ms. The vertical displacement of the Profilers was controlled by a fine-
adjustment screwdrive traverse and recorded using a MitutoyoTM di-
gimatic scale unit with an accuracy of less than 0.025mm. The distance
from the emitter to the channal bed was checked against the built-in
bottom check function of the Vectrino II Profiler [30].

The output data of the Profilers were saved as MATLAB files. Steady
flow data were post-processed by the MATLAB program VTMT version
1.1, designed and written by Jan Becker from Federal Waterways
Engineering and Research Institute [4]. In steady flows, the post-pro-
cessing included the removal of data with average correlation values
less than 60% and average signal to noise ratio less than 5 dB. In ad-
dition, the phase-space thresholding technique developed by Goring
and Nikora [16] was applied to remove spurious points in the data set.
In the unsteady flows, the above post-processing technique was not
applicable [29], Person. Comm., [7,8] and raw data was used directly
for analysis.

2.3. Experimental flow conditions

Preliminary experiments were undertaken with the Profiler 1 or
Profiler 2 alone. The detailed results are reported in Leng and Chanson
[24]. Herein the focus is on the unsteady flow experiments conducted
using simultaneously the two Profilers. The experimental flow condi-
tions were chosen based upon the preliminary results. Table 1 sum-
marises the flow conditions, where So is the bed slope, Q is the initially
steady water discharge, d1 is the initial water depth at x= 8.5m, and h
is the Tainter gate opening after closure (Fig. 2A). For each sampling
location, the experiments were repeated 25 times, and the results were
ensemble-averaged.

3. Probe array data processing

3.1. Cross-correlation and turbulent time scales

The cross-correlation functions Ryz,i were calculated between the
velocity signals of the two Profilers to examine the turbulent scales in
the plane formed by the two sampling profiles, with i denoting the
velocity component: i = x, y, z, (Fig. 3). Calculations were carried out
by cross-correlating the instantaneous velocity fluctuations vi between
signals of the two Profilers measured simultaneously. Herein the

Fig. 1. Photograph of the breaking tidal bore of the Qiantang River at Jiuxi, China on 20 September 2016 – Bore propagation from left to right.
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ensemble-averaged experiments were repeated 25 times, and the ve-
locity fluctuation vi was estimated as =v  V V̄i i i, where Vi and V̄i are
respectively the instantaneous and ensemble-averaged median velocity
of component i over the 25 repeats. Fig. 3 shows a schematic descrip-
tion of how the calculations were performed between signals of the two
sampling volume. For each point (y1n, z1n) in the sampling profile of
Profiler 1 with n ranging from 1 to 35, the velocity fluctuation data vi
were cross-correlated between (y1n, z1n) and a point (y2n, z2n) in the sam-
pling profile of Profiler 2 using:

=
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where the overbar denotes an ensemble-average process. In the fol-
lowing section, the approach is applied to all three velocity fluctuation
components, and to the tangential Reynolds stress components vxvy,
vxvz and vyvz.

The integral time scale Tin may be calculated from the space-time
cross-correlation functions between the velocity signals sampled by the
two Profilers. The integral time Tin is defined as the integral of the
cross-correlation functions with respect to the lag in time, between the

(A) Experimental channel

(B) Coordinated sketch of Profiler 1 (left) and Profiler 2 (right) 

(C) Detailed sketch of the sampling profiles, looking downstream
Fig. 2. Definition sketch of the experimental facility including the Profilers.
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optimum time lag Ti and the first zero of the function after Ti as:

=
=

=
T R ( )din (R R )

(R 0)
yz,i

yz,i max

yz,i

(3)

where Ryz,i(τ) is the cross-correlation coefficient of the velocity com-
ponent i (i = x, y, z) calculated between sampling points of Profiler 1
and 2 in a y-z plane. In Eq. (3), Tin is positive and the units are seconds,
and the first point of the sampling volume was counted as the point
located the closest to the ADV emitter. Basically Tin represents the
longest connection in the turbulent behaviour of the investigated ve-
locity or velocity fluctuation [15,17,10].

In practice, noise issues with Profiler measurements need to be
considered when interpreting the space-time cross-correlation data. In
the present study, the two sampling profiles of Vectrino II Profilers were
intersected about their respective “sweet spots”. The “sweet spots” were
locations where the signal quality was the best and corresponded to the
one third to one half of the sampling profile, usually the 10th to 20th
points [12,38,27,23,13]. While cross-correlation calculations were
performed for all points throughout the sampling volume, it is ac-
knowledged that the signals near the two ends of the sampling profiles
were of poor quality, and may yield low to zero correlation. Simply,
outside the “sweet spots”, the data might not be a true representation of
the flow physics.

3.2. Calculations of velocity gradient, strain rate and vorticity

For inhomogeneous turbulence in a spatially and temporally
varying turbulent flow, the instantaneous velocity gradient tensor
constitutes an important characteristics [26]. The nine simultaneous
components of the velocity gradient tensor field at a point in space (x, y,
z) at a time t can be expressed as:

=V
x

V x V y V z
V x V y V z
V x V y V z

/ / /
/ / /
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i

j

x x x

y y y

z z z (4)

where Vx is the instantaneous longitudinal velocity component, Vy is
the instantaneous transverse velocity component and Vz is the in-
stantaneous vertical velocity component; i and j denote the x, y and z
coordinate directions. The vorticity vector at this point and time can
thus be determined from the velocity gradient tensor since:
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where ωx, ωy and ωz stand for the vorticity component about the x, y
and z axes respectively [10]. The three shear components of the strain
rate tensor are hence:
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The enstrophy ωiωi, enstrophy production rate ωiSijωi, and the

Table 1
Experimental flow conditions for ensemble-averaged velocity measurements in a breaking surge using an array of two Profilers (Present study).

Ref. So Q d1 h z/d1 z/d1 y/B y/B U Fr1 X location
(m3/s) (m) (m) Prof. 1 Prof. 2 Prof. 1 Prof. 2 (m/s)

1a 0 0.101 0.174 0 0.01–0.20 0.17 0.5 0.46–0.51 1.15 1.52 z/d1= 0.17
y/B=0.50

1b 0.176 0.09–0.28 0.26 1.11 1.50 z/d1= 0.26
y/B=0.50

1c 0.176 0.23–0.43 0.40 1.18 1.55 z/d1= 0.40
y/B=0.50

Notes: B: channel width; d1: initial water depth recorded at x=8.5m; Fr1: compression wave Froude number at x= 8.5m; h: gate opening after closure; Q: initially-
steady water discharge; U: compression surge celerity positive upstream at x=8.5m; X: point of intersection of two Profilers' sampling volumes in the y-z plane; y:
transverse distance from the right sidewall; z: vertical elevation measured above the bed.

Fig. 3. Cross-correlation calculation between the two sampling profiles of Profiler 1 and 2: a graphical description looking downstream (refer also to Fig. 2C).
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kinetic-energy dissipation rate 2νSijSij may thus be calculated from the
above quantities, and used to characterise the small scale turbulence in
the open channel shear flows.

In the present study, the velocity gradient tensor ∂Vy/∂z and ∂Vz/∂y
and its ensemble-averaged time-variations were derived from the
Profiler 1 and 2 measurements. The two sampling profiles had one in-
tersection point X for each of the three vertical elevations (Fig. 3). At
the point of intersection X, the velocity gradient tensor components
∂Vy/∂z and ∂Vz/∂y were both known, and the vorticity about the x-axis
ωx and the shear component of the strain rate tensor Syz were calcu-
lated. Table 1 (last column) summarises the y and z coordinates of the
point of intersection X.

4. Basic flow observations

Both visual observations, and free-surface elevation and velocity
data, showed that the passage of the hydraulic jump in translation was
linked to an abrupt rise in water level and longitudinal deceleration
(Figs. 4 and 5). Fig. 4 presents a photograph of the breaking bore. Fig. 5
shows dimensionless time-variations of the water depth, longitudinal
velocity median Vmedian and longitudinal velocity fluctuations V75-V25,
where V75 and V25 are respectively the instantaneous third and first
quartiles. Herein the instantaneous velocity fluctuations were calcu-
lated as the interquartile range of the ensemble.

The compression wave had a marked roller with some air bubble
entrainment, as seen in Fig. 4. The roller was a highly turbulent region
with large-scale coherent structures. Most entrained bubbles were
contained in the upper roller region, i.e. above the initial water ele-
vation. The velocity measurements showed a rapid flow deceleration
with the arrival of the roller. Next to the bed, negative longitudinal
velocity was observed at the end of the deceleration (Fig. 5). Such a
transient recirculation was recorded for vertical elevations z/
d1 < 0.3–0.5. The velocity measurements showed further a large in-
crease in velocity fluctuations during the surge passage, for all velocity
components, throughout the entire water column.

5. Two-dimensional turbulent time and length scales

5.1. Space-time cross-correlations in a two-dimensional plane

The cross-correlation functions Ryz showed bell-shapes at different
flow phases of the compression wave. The data sets recorded during the
compression wave propagation was divided into three flow phases: (1)
the initially steady flow phase, (2) the rapid deceleration phase during
which the free-surface rises abruptly, and (3) the early conjugate flow
phase where the free-surface changes more gradually with large fluc-
tuations (Fig. 5). The initially steady flow phase was defined as the time
from the start of the data collection until the time at which the bore
reached the data collection point (x= 8.5m). The rapid decceleration
phase took place between the time at which the bore reached the data
collection point and the first local minimum reached at the end of the
rapid deccelration of longitudinal velocity. The early conjugate flow
phase followed immediately after the end of the previous phase i.e.
rapid deceleration and ended with the end of the data collection.

For the steady flow period, cross-correlation calculations were
performed for 60 s. During the rapid deceleration, the calculations were
performed for 1–3 s. The calculation of the conjugate flow phase was
performed for 10 s of data, starting from the end of the rapid decel-
eration phase.

The majority of the data were associated with a maximum cross-
correlation coefficient Ryz,max at a negative time lag in the initially
steady flow (Fig. 6A). Fig. 6 presents typical ensemble-averaged results
of the cross-correlation functions Ryz,i for the longitudinal velocity. In
steady flow, the largest values of Ryz,max were observed between the
vertical elevations z/d1= 0.10–0.15 and transverse locations y/
B=0.47–0.48, which was approximately at the first one third of the
two sampling volumes (the first one third represents the 10th–12th
points out of the total 35 points in the sampling profile), corresponding
to the “sweet spots” of the sampling profiles. The position of the max-
imum value of Ryz,max was not at the point X where the two sampling
volumes intersected, i.e. z/d1= 0.172, y/B=0.5, but slightly lower in
terms of vertical elevation, and more towards the right sidewall. The
maxima in cross-correlation functions increased first as the y- and z-
coordinates increased, then decreased with increasing y- and z-co-
ordinate, after the peak value was reached at z/d1= 0.10–0.15 and y/
B=0.47–0.48. Away from both emitters (z/d1 < 0.06 and y/
B > 0.50), the correlations between the two Profiler signals were weak
and barely showed any marked peaks. Compared to single Profiler
measurements, the cross-correlations between the two probes were in

Fig. 4. Breaking bore roller propagation, from right to left, past the Profiler 2 –
Shutter speed 1/2000 s with backlighting.

Fig. 5. Ensemble-averaged time-variations of the longitudinal velocity com-
ponent of a breaking bore, measured by Profiler 2 at z/d1=0.17 and y/
B=0.48–0.53 – Velocity data offset by +0.5 for each further transverse lo-
cation with t= 0 at Tainter gate closure.
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general weaker, with the peak coefficient being an order of magnitude
smaller.

During the rapid deceleration and conjugate flow phases, all cross-
correlation functions showed a double-peak pattern, marked by the red
dashed line and by the black dashed line in Fig. 6B and C. One peak
corresponded to a positive peak in cross-correlation, while the other
often presented a negative cross-correlation. The two peaks were as-
sociated with a negative and positive time lag for the rapidly-varied
flow phase, while both peaks were linked to positive time lags for the
conjugate flow phase. During the rapid deceleration, the peaks showed
comparable magnitudes, although one peak was always negative.
During the conjugate flow phase, the positive peaks were mostly asso-
ciated with larger magnitudes, compared to the negative peaks. For all
three phases, maximum values of peak coefficient Ryz,max were found at
z/d1= 0.10–0.15 and y/B=0.47–0.48, i.e. at the first third of the two
sampling profiles. For higher vertical elevations (0.20 < z/
d1 < 0.43), the positions of the maximum peak cross-correlation were
consistent with observations at lower vertical elevations (at the first

third of the two sampling profiles).
The contours of maximum cross-correlation coefficients Rmax were

calculated, where Rmax is the maximum of Ryz,i at an optimum time lag
Ti on the plane formed by the two orthogonal velocity profiles. Typical
results were shown in Fig. 7 for the longitudinal velocity component
during three different flow phases of compression wave propagation.
The horizontal and vertical axes are respectively the absolute transverse
and vertical coordinates, with the transverse coordinate y= 0 at the
right sidewall and the vertical coordinate z= 0 at the channel bed.
During the steady flow phase, the results highlighted two large coherent
structures formed towards the upper left corner of the sampling plane.
The approximate transverse and vertical length scales of each structure,
denoted respectively ye and ze, are defined in Fig. 7A (A.1). The size of
the coherent structures corresponded to a maximum transverse length
scale of ye/B=0.015 (ye/d1= 0.06) and maximum vertical length
scale of ze/B= 0.035 (ze/d1= 0.14), where B is the channel width
(B=0.7m) and d1 is the initially steady flow depth (d1= 0.174m). A
similar pair of coherent structures was found in the iso-correlation

Fig. 6. Cross-correlation functions between velocity signals of two Profilers in the longitudinal direction during the steady flow, rapid deceleration and conjugate
flow phases for a compression wave – Flow conditions: Q= 0.101m3/s, d1= 0.174m, Fr1= 1.52, x= 8.5m, y/B= 0.46–0.51, z/d1= 0.00–0.20.
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contours, calculated from the transverse and vertical velocity compo-
nents, suggesting that the structures were three dimensional. The co-
herent structures, highlighted by iso-correlation contours of transverse
velocity components, showed more elongation in the transverse direc-
tion whereas the structures from the vertical velocity correlations
showed more elongation in the vertical direction. The flow coherence
could be linked to some “hairpin” vortex, formed in turbulent boundary
flow near the bottom boundary [34,28,37]. Direct numerical simulation
of steady flows at low Reynolds number showed the y-z cross-sectional
view of the hairpin vortex being very similar to the shape highlighted in

Fig. 7 [39]. The coherent turbulent structures observed in the present
study showed similar dimensionless size compared to previous nu-
merical studies [2,37].

The optimum time lags Ti corresponding to the iso-correlation
contours of the maximum space-time correlation coefficients are pre-
sented in Fig. 7(A.2, B.2, C.2). Viewed in three-dimensions, the op-
timum time lag Ti in the initially steady flow showed an increase from
negative to positive lags with increasing transverse and vertical direc-
tions. It was noted that, near the bottom and right boundary of the
sampling plane (z/B < 0.015 and y/B > 0.51), the maximum cross-

(A.1) Steady flow: maximum cross-correlation coefficients Rmax

(A.2) Steady flow: optimum time lag Ti

ze

ye

Fig. 7. Contours of maximum cross-correlation coefficients Rmax and optimum time lag Ti between the longitudinal velocity components sampled by the two Profilers
during the three flow phases of bore propagation; black solid lines denote location of the two sampling profiles - Flow conditions: Q= 0.101m3/s, d1= 0.174m,
Fr1= 1.52, z/d1= 0.00–0.20, y/B=0.46–0.51.
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correlation coefficients Rmax were smaller than 0.02, and the optimum
time lag might not be physically meaningful. Nevertheless, the op-
timum time lags highlighted organised motions of turbulence next to
the channel bed in the steady open channel flows. Within the sampled
y-z plane and during the initially steady flow, coherent structures were
formed near the right side wall, and moved up in the vertical direction
towards the channel centreline.

During the rapid deceleration phase corresponding to the com-
pression wave passage, the magnitudes of Rmax decreased throughout
the sampled plane. The iso-correlation contour lines expanded and
seemingly merged into one large scale coherent structure. The max-
imum width of the structure was ye/B∼0.05 (ye/d1∼ 0.20) and the
maximum height was ze/B∼0.046 (ze/d1∼ 0.19) (Fig. 7A.1). The
optimum time lags, on the other hand, showed an overall increase in

positive values during the two highly unsteady flow phases (Fig. 7B.2 &
C.2). Compared to the initially steady flow phase, the optimum time
lags during the rapid deceleration phase showed quasi-homogeneity in
the vertical direction. It consistently increased with increasing trans-
verse coordinates for all vertical elevations. The time lags decreased
from positive to negative with distance away from the channel cen-
treline, indicating organised turbulent motions from the right side wall
towards the channel centreline during the rapid deceleration phase,
encompassing the entire vertical sampling frame.

During the conjugate flow phase following the rapid deceleration
phase, the single large-scale structure broke up into two coherent
structures, the dimensions of which were much larger compared the
steady flow phase. The boundary of the iso-correlation lines at the edge
of these coherent structures was out of the sampling frame (Fig. 7C.1).

(B.1) Rapid deceleration: maximum cross-correlation coefficients Rmax

(B.2) Rapid deceleration: optimum time lag Ti

Fig. 7. (continued)
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The vertical size of the coherent structures was ze/B∼ 0.05 (ze/
d1∼ 0.20) and the maximum width of each pocket was at least ye/
B∼ 0.02 (ye/d1≥ 0.080). During the conjugate flow phase, the op-
timum time lags showed positive values near the left and right edges of
the sampling plane (y/B∼ 0.46 and y/B∼ 0.51), and slightly negative
values in the middle of the sampled plane. The results highlighted
turbulent motions initiated in the middle of the sampling frame and
moving in the two opposite directions of the transverse axis.

Table 2 summarises the transverse and vertical length scales of the
coherent structures, for the three velocity components Vx, Vy and Vz
during each different flow phase. During the rapid deceleration flow
phase, the coherent structures found in the transverse and vertical ve-
locity components broke up and were associated with no clear bound-
aries, hence the “N/A” input. During the conjugate flow phase, the

structure in the vertical velocity direction was not well defined either.
Despite being indefinite in some flow phases, the coherent structure
projected in the y-z plane expanded in the longitudinal velocity com-
ponent as the bore passed. For the transverse velocity component, the
structure was transversely stretched after the bore passage in the con-
jugate flow phase.

At the highest range of vertical elevations (z/d1= 0.23–0.43), the
results showed some notable difference compared to the lowest range of
vertical elevations. Fig. 8 shows iso-correlation contours of Rmax mea-
sured in a y-z plane with y/B= 0.46–0.51 and z/d1=0.23–0.43 during
the initially steady flow. For all velocity components, the results
highlighted two seemingly isolated coherent structures, one spanned a
lower vertical range (z/d1= 0.26–0.40) and one, apparently initiated
and detached from the lower structure, spanning a higher vertical range

(C.1) Conjugate flow: maximum cross-correlation coefficients Rmax

(C.2) Conjugate flow: optimum time lag Ti

Fig. 7. (continued)
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(z/d1= 0.4–0.425). The lower structure (z/d1 < 0.25), as shown in
Fig. 8B, could correspond to some structure observed at lower vertical
elevations (as in Fig. 7). The upper structure showed various shapes and
sizes for different velocity components, and differed slightly from the
structure observed at lower vertical elevations. Overall, the upper co-
herent structure appeared to be vertically elongated with space-time
cross-correlations of the transverse velocity component, and transver-
sely elongated with space-time cross correlations of the vertical velocity
component. The results suggested that, at a higher vertical elevation,
turbulent structures were formed probably by detachment from co-
herent structures generated near the bed, then evolving in a three-di-
mensional manner. The length scale of the width and height of the
detached turbulent structure were comparable to the one formed near
the bed. The difference in terms of transverse and vertical dimensions
from different velocity components could be linked to the shearing of
the fluid at such locations, resulting in the structure to distort and rotate
in response to the shear stresses.

The space-time cross-correlations of the instantaneous tangential
Reynolds stress components vxvy, vxvz and vyvz were further calculated.
Full details are reported in Leng and Chanson [24]. The maximum
cross-correlation coefficients of ensemble-median cross-correlation
functions throughout the plane were drastically smaller, compared to
results from the velocity fluctuations. Out of the three tangential
stresses, only the vyvz component exhibited a distinctively marked peak
in terms of the cross-correlation functions, with a maximum about one
order of magnitude lower than velocity component results. Such a
finding was deemed reasonable considering that the cross-correlation
calculations were performed across the y-z plane, and hence the shear
stress component vyvz would be expected to play a predominant role.
Typical iso-correlation contours of the maximum cross-correlation
coefficients calculated from the instantaneous stress component vyvz
are presented in Fig. 9, for the highest range of vertical elevations
within the experimental flow conditions. The iso-correlation contours
of vyvz showed two crests in Rmax (highlighted by dashed circles),
corresponding to the two positions where the centre of coherent
structures were observed in Fig. 8B and C. These crests were associated
with large values of Rmax, which could represent two peaks of localised
shear stress. This could explain the shape of the iso-correlation contours
of the transverse and vertical velocity components, where the effect of
localised tangential stress vyvz resulted in stretches of coherent struc-
tures in the respective transverse and vertical directions.

5.2. Integral and turbulent scales in the two-dimensional y-z plane

The integral time Tin may be calculated from the space-time cross-
correlation functions between the velocity signals sampled by the two
Profilers (Eq. (3)). Tin represents the longest connection in the turbulent
behaviour of the investigated velocity or velocity fluctuation, also re-
ferred to as the “memory time” of the turbulent flow [15,17,10]. Ty-
pical results in the initially steady flow are shown in Fig. 10 for all
velocity components. In Fig. 10, the contour values stand for the
magnitudes of Tin in seconds throughout the investigated y-z plane.
Note that the Tin data were post-processed to remove spurious data

when the associated Rmax was small and not meaningful (e.g.
Rmax < 0.1) or the optimum time lag was too large (e.g. Ti > 0.1 s).
Overall the “memory time” Tin ranged from 0 to 0.05 s for all flow
phases. Similarities may be found with the iso-correlation contours of
the respective velocity components (Fig. 7), where areas of significant
Tin values coincided with areas of large cross-correlation coefficients of
velocity fluctuations. The magnitudes of Tin were overall higher for the
longitudinal velocity component, i.e. maximum Tin < 0.05 s, and
lower for the transverse velocity component, i.e. maximum
Tin < 0.03 s. The results indicated that the flow before the compression
wave was three-dimensional, anisotropic, and possibly associated with
a longer coherence in the longitudinal direction compared to the other
two flow directions.

During the following two flow phases. i.e. the rapid deceleration
flow phase and the conjugate flow phase, the integral time Tin showed
some drastic changes. Fig. 11 illustrates typical results for the long-
itudinal velocity component. The results were very consistent for the
other two velocity components. During the rapid deceleration, the
magnitudes and total area for Tin > 0.01 s remained similar to those
for the steady flow phase, but the position of the contour line
Tin= 0.01 s shifted slightly towards the channel centreline. During the
conjugate flow phase, the values of Tin were overall one order of
magnitude higher, i.e. from 10−2 s to 10−1 s. The area of regions with
high Tin (Tin > 0.01 s) also expanded significantly in terms of both
transverse and vertical dimensions. The changes in “memory time” Tin
during different flow phases of a bore propagation followed the same
trend with the evolution of the coherent structures, as found in iso-
correlation contours of maximum cross-correlations of velocity fluc-
tuations.

Altogether, the Rmax, Ti and Tin data seemed to suggest that (1) some
large coherent coherent structures were formed within the sampled y-z
plane; (2) these structures were three-dimensional and anisotropic; (3)
the size of these coherent structures expanded during and after the bore
passage; and (4) the motion of the bore passage focalised the structures
towards the channel centreline within the sampled y-z plane.

The turbulent integral area of a large scale coherent structure in the
y-z plane may be deduced from the maximum cross-correlation coeffi-
cient Rmax as:

=A R dz dy
z y

0 0 max
max max

(7)

where Δzmax and Δymax are respectively the maximum vertical and
transverse separation distance equal to 0.034m herein for both direc-
tions. The maximum cross-correlation coefficient Rmax is a surface
function in the y-z plane. A threshold Rmax > 0.1 was applied herein to
filter out signals with negligible correlations. Further, the associated
turbulent time scale of such structure was estimated as:

=T 1
A

R T dz dy
0

z

0

y
max in

max max

(8)

where Tin is the optimum time lag associated with Rmax where it sa-
tisfies Rmax > 0.1, and A is the area scale. Appendix I summarises the
results of the present study. The area scale Ayz,i and time scale Tyz,i in
the y-z plane are calculated respective for the three velocity

Table 2
Transverse and vertical length scales ye and ze of coherent structures highlighted by iso-correlation contours of the maximum cross-correlation coefficient Rmax for
three velocity components during different flow phases.

So Q (m3/s) d1 (m) h (m) Fr1 X location Velocity component Steady Rapid deceleration Conjugate flow

ye/B ze/B ye/B ze/B ye/B ze/B

0 0.101 0.174 0 1.52 z/d1= 0.17
y/B=0.50

Longitudinal (Vx) 0.02 0.04 0.05 0.05 0.02 0.05
Transverse (Vy) 0.02 0.02 N/A N/A 0.02 0.01
Vertical (Vz) 0.01 0.03 N/A N/A N/A N/A

Notes: X is the point of intersection of two Profilers' sampling volumes in the y-z plane; The two sampling volumes were separated by a longitudinal distance of
0.075m; N/A denotes the absence of detectable large-scale coherent structure in the y-z plane.
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components Vi with i= x, y, z and for the three flow phases associated
with compression wave propagations.

The turbulent area scale of a coherent turbulent structure in the y-z
plane showed a variety of magnitudes for the longitudinal, transverse
and vertical velocity components during the initially steady flow, ran-
ging from 4mm2 to 230mm2. The area scale for the transverse velocity
component seemed to be consistently larger than the area scales for the
other two velocity components in the steady flow phase, with Ayz,y/
Ayz,x∼ 2–28 and Ayz,y/Ayz,z ∼ 2–4. The surface area time scale in the
steady flow ranged from 0.007 s to 0.210 s for all velocity components.
At different vertical elevations, the integral area and time scales showed
some variation. The area scale for the longitudinal velocity component
decreased with increasing vertical elevations. The integral area scales in
the y and z-velocity components only fluctuated± 10–20%, as the
vertical elevation increased. The time scale for the longitudinal and
transverse velocity components showed a common trend, decreasing
with increasing vertical elevation, whereas for the vertical velocity
component, it varied with no obvious trend. During the rapidly-varied
flow phase, the maximum cross-correlation coefficient Rmax throughout
the y-z sampling plane decreased generally, with the integral area scale
in some velocity component decreasing down to zero, when the Rmax
data were all less than 0.1, e.g. Ayz,z and Tyz,z= 0 in Appendix I. For
data with large correlation, the area scale increased as the flow phase
changed from steady to rapidly-varied, e.g. Ayz,x in rapid deceleration/
Ayz,x in steady flow=1.1–14. The surface area time scale data showed
little difference between the rapid deceleration and steady flow phases.

During the conjugate flow phase, both the area and time scale were
associated with drastic increases for all velocity components at all
vertical elevations, despite a few suspicious data highlighted in italic
font (Appendix I). For the longitudinal velocity component, the integral
area scale was 27 times larger than during the steady flow, whereas the
integral time scale was 10 times longer that in the steady flow, for the
transverse velocity component. The results showed some qualitative
similarity to the one-dimensional (1D) turbulent time and length scales,
calculated respectively for the y and z coordinates (Fig. 12). Fig. 12
presents a comparison between the dimensionless turbulent scales cal-
culated in the 1D and 2D data, where Lyy,i is the turbulent integral
length scale representing a characteristic transverse size of large co-
herent structure found in the velocity component i (with i= x, y or z),
Lzz,i is the turbulent integral length scale representing a characteristic
vertical size of large coherent structure found in the velocity direction i,
Tyy,i, is the turbulent integral time scale characterising the time scale or

(A) Longitudinal velocity component

(B) Transverse velocity component

(C) Vertical velocity component
Fig. 8. Contours of maximum cross-correlation coefficients Rmax calculated
from the longitudinal, transverse and vertical velocity components sampled by
the two Profilers during the initially steady flow; black solid lines denote lo-
cation of the two sampling profiles – Flow conditions: Q= 0.101m3/s,
d1= 0.176m, Fr1= 1.52, z/d1= 0.23–0.43, y/B= 0.46–0.51.

Fig. 9. Contours of maximum cross-correlation coefficients Rmax calculated
from the instantaneous tangential Reynolds stress component vyvz sampled by
the two Profilers during the initially steady flow; black solid lines denote lo-
cation of the two sampling profiles – Flow conditions: Q=0.101m3/s,
d1= 0.176m, Fr1= 1.52, z/d1=0.23–0.43, y/B= 0.46–0.51.
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lifespan of large coherent structure found in the velocity direction i in
the transverse direction, and Tzz,i is the turbulent integral time scale
characterising the time scale of large vortices found in the velocity
direction i in the vertical direction. The 2D dimensionless area scales
were of the same order of magnitudes as the product of the 1D di-
mensionless length scales in the respective y and z directions. During
the steady flow phase (Fig. 12A), the length and area scales showed
consistent trends, decreasing with increasing vertical elevation. As the
compression wave propagated, the length and area scales became larger
during the rapidly varied flow phase, becoming the largest during the
conjugate flow phase. The time scales, on the other hand, showed si-
milar and consistent dimensionless values regardless of the 1D or 2D
nature. The time scales, both 1D and 2D, were larger during the con-
jugate flow phase, and lower during rapidly varied flow phase, with the
steady flow phase showing medium values. Overall, the 2D turbulent
area and time scales confirmed that the propagation of compression
waves is a highly unsteady turbulent process, with large coherent ani-
sotropic turbulent structures formed beneath and behind the bore front.

(A) Longitudinal velocity component

(B) Transverse velocity component

(C) Vertical velocity component
Fig. 10. Contours of the integral time Tin (s) of the space time cross-correlation
functions of the longitudinal, transverse and vertical velocity components
sampled by the two Profilers during the initially steady flow - Flow conditions:
Q=0.101m3/s, d1= 0.174m, Fr1= 1.52, z/d1=0.00–0.20, y/
B= 0.46–0.51.

(A) Rapid deceleration

(B) Conjugate flow
Fig. 11. Contours of the integral time Tin (s) of the space time cross-correlation
functions of the longitudinal velocity component sampled by the two Profilers
during the rapidly-varied flow and conjugate flow phases; flow conditions:
Q=0.101m3/s, d1= 0.174m, Fr1= 1.52, z/d1= 0.00–0.20, y/
B=0.46–0.51.
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6. Velocity gradient tensor, strain rate tensor and vorticity

6.1. Ensemble-averaged velocity gradient and fluctuations

Studies of direct numerical simulations in incompressible,

homogeneous and inhomogeneous turbulence indicate that, in regions
of high kinetic energy dissipation rate, the geometry of the local velo-
city gradient field has a universal character [6].

The ensemble-averaged variations of velocity gradient tensor ∂Vy/
∂z with respect of time and vertical elevation z are presented in Fig. 13.
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Fig. 12. Comparison of the dimensionless turbulent length (area) and time scales measured in the one-dimensional transverse y, vertical z directions and the two-
dimensional y-z plane – Data calculated from the longitudinal velocity component for different flow phases.
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The dimensionless time t(g/d1)1/2= 0 corresponds to the Tainter gate
closure, and the bore arrival time at the velocity sampling location is
highlighted by the arrow and thick black line. The initially steady flow
was observed from t(g/d1)1/2= 0 to the bore arrival time. The velocity
gradient tensor ∂Vy/∂z showed a meandering pattern throughout time
and space i.e. the vertical dimension z, with one band corresponding to
a negative gradient (dark blue colour) and one band corresponding to a
positive gradient (light green colour) (Fig. 13A). The two bands ap-
peared alternatively in the vertical dimension and were associated with
rapid fluctuations in the dimension of time. The dimensionless period of
these large fluctuations was roughly T(g/d1)1/2∼ 10, corresponding to
a period of T∼1 s in dimensional form.

With the arrival of the bore, the free-surface rose up abruptly and
the flow decelerated rapidly at all vertical elevations on the sampling
profile. The rapid deceleration phase took approximately 1.3 s, corre-
sponding to a dimensionless duration Δt(g/d1)1/2∼ 10. During the

rapid deceleration, the velocity gradient tensor ∂Vy/∂z showed some
drastic fluctuations in both time and space. Immediately after the rapid
deceleration, the flow was unsteady and relatively gradually-varied,
and the velocity gradient magnitudes were significantly smaller, com-
pared to the initial steady flow phase. A large portion of the vertical
profile was associated with zero velocity gradient as highlighted by the
light blue colour (Fig. 13A). In Fig. 13A, the darker blue bands, in-
dicating slightly negative velocity gradient, appeared alternatively with
the bands of zero velocity gradient, albeit with lesser strength. Some
large oscillation period T(g/d1)1/2∼ 20 (T∼2 s) was observed for
bands of negative velocity gradient during the unsteady gradually-
varied flow phase.

The space-time variations of the fluctuations of velocity gradient
tensor ∂Vy/∂z are shown in Fig. 13B. The velocity gradient fluctuations
were calculated at each vertical elevation z at an instant t by taking the
difference between the third and first quartiles (75–25% of the data

(A) Space-time contour of the ensemble-averaged velocity gradient tensor ∂Vy/∂z (s-1) 

Bore arrival

(B) Space-time contour of the velocity gradient fluctuation of tensor component ∂Vy/∂z (s-1) 

Bore arrival

Fig. 13. Space-time contour of ensemble-averaged velocity gradient and velocity gradient fluctuations of tensor component ∂Vy/∂z during the propagation of
breaking bores – Flow conditions: Q= 0.101m3/s, d1= 0.174m, Fr1= 1.52, z/d1=0.00–0.20, y/B=0.46–0.51.
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sample). For example, the fluctuation of the velocity gradient ∂Vy/∂z at
time t is:

=
V
z

V
z

V
z

y

fluc

y y

75 25 (9)

where the subscripts 75 and 25 denote the percentiles. For a data set
with Gaussian distribution, the difference between the 75th and 25th
percentiles is equivalent to 1.3 times the standard deviation. During the
initially steady flow before the bore arrival, the majority of the vertical
profile was associated with velocity gradient fluctuations between
16 s−1 and 25 s−1, except for the upper one third of the profile and at
the lower end of the profile. At the upper one third of the profile (z/
d1= 0.125–0.175), low fluctuations were observed (∼10–16 s−1), as
well as near the bottom of the profile, which was next to the channel
bed (z/d1 < 0.025).

When the breaking bore arrived, the velocity gradient fluctuations
reacted with some time lag to the sudden change in flow. That is, the
velocity fluctuations maintained the same space-time distributions as in
the initially steady flow for a short period of time (dimensionless time
∼10), before decreasing in magnitude. The time delay in reaction to
the bore passage was approximately the same as the time span for the
rapid flow deceleration. It implied that although the velocity gradient
field changed drastically during the rapidly-varied flow phase, the field
of velocity gradient fluctuations did not change as much. Another
feature shown by the fluctuation data was the reaction time, which
varied with different vertical elevations, as seen by Fig. 13B. Namely, it
took longer for the velocity gradient fluctuations to react to the bore
passage in the upper water column, compared to lower water column.
Immediately after the rapid deceleration flow phase, the fluctuations in
velocity gradient throughout the entire vertical profile decreased sig-
nificantly, with a pocket of zero fluctuations occurring at dimensionless
time > 126 and vertical elevations between 0.1 < z/d1 < 0.175
(purple colour).

The results in terms of velocity gradient tensor ∂Vz/∂y are shown in
Fig. 14. A similar alternating pattern between slightly positive and
negative gradient values was observed in the space-time variations
before the bore arrival. With the bore passage, the velocity gradient
fluctuated rapidly throughout the transverse profile. After the bore
passage, the magnitudes of the velocity gradient tensor ∂Vz/∂y were
smaller for the majority of the transverse profiles, and close to zero. The
fluctuations of the velocity gradient tensor ∂Vz/∂y were consistently
low (less than 25 s−1) for the majority of the transverse profile in the
initially steady flow. The propagation of the breaking bore caused the
fluctuations to decrease with time, with different reaction times at
different transverse locations. As the transverse distance y from the
right sidewall increased, the velocity gradient fluctuations reacted less
rapidly to the bore passage and started to decrease in magnitudes with a
longer time delay. Overall, the ensemble-averaged space-time varia-
tions of the velocity gradient tensors ∂Vy/∂z and ∂Vz/∂y showed some
similar trend, with comparable data range and fluctuation magnitudes.

6.2. Ensemble-averaged vorticity and strain rate

The present study conducted ensemble-averaged unsteady flow ex-
periments using an array of two Profilers, with the two sampling pro-
files arranged orthogonal to each other. The two profiles had a point of
intersection X, with the same y and z coordinate (Fig. 2C). At this in-
tersection X, the vorticity around the longitudinal x axis and the strain
rate in the y-z plane were calculated using Eqs. (5a) and (6b). Turbulent
characteristics including enstrophy ωxωx, enstrophy production rate
ωxSyzωx, and the kinetic-energy dissipation rate 2νSyzSyz were derived
from the vorticity and strain rate data. Since the flow field in breaking
bores was highly turbulent and unsteady, all turbulent characteristics
were analysed for three different flow phases: an initially steady flow
phase before the bore arrival, followed by a rapidly-varying flow (rapid

deceleration) phase during which the free-surface rises abruptly, then
an conjugate flow phase where the free-surface changes more gradually
with large fluctuations.

Appendix II summarises the results in terms of the vorticity, strain
rate, enstrophy, enstrophy production rate and kinetic-energy dissipa-
tion rate for the present study. The vorticity ωx and strain rate Syz were
associated with both positive and negative values with a wide range of
span, with an order of magnitude ranging from 10−2 s−1 to 10 s−1, at
different vertical elevations during different flow phases. The flow
vorticity, at the intersection X, showed a tendency to decrease in
magnitude with increasing vertical elevation, with the vorticity being
negative, and largest in magnitude at the lowest vertical elevation. At
the lowest vertical elevation and during different flow phases, the
vorticity magnitudes increased in the rapidly-varied flow phase, com-
pared to the initially steady flow phase. After the bore passage, the
vorticity magnitudes decreased and became lower than during the
steady flow phase, while staying negative throughout the three flow
phases. The vorticity at the two higher vertical elevations fluctuated
during the three flow phases. Since the vorticity at higher vertical
elevations ranged from 100 s−1 to 10−2 s−1 in magnitude, hence the
flow could be considered almost irrotational in the upper water column
(z/d1 > 0.20).

Fig. 15 shows a comparison of the vorticity ωx and strain rate Syz
during different flow phases at different vertical elevations. A key
feature highlighted by the results was that both vorticity and strain rate,
at the intersection point X, were associated with largest magnitudes at
the lowest vertical elevation. Further, both the vorticity and strain rate
presented the largest magnitudes during the rapidly-varied flow phase
at the lowest vertical elevation. The results suggested: (a) the flow
before, during and after the bore propagation was highly turbulent,
with intensive vortex motions occurring mostly in the lower water
column; (b) the passage of breaking bore caused the flow to rapidly
decelerate, which induced the formation of energetic vortical structures
and amplified the vortical motion at the lower vertical elevations.

7. Discussion

Khezri [19] conducted 2D CFD modelling of breaking bores pro-
pagating in open channel flows and documented vorticity fields be-
neath the bore and in the initially steady flow. Her data showed vor-
ticity ωy ranging from 0 to −150 s−1 beneath the bore front very close
to the bed (z/d1= 0). Despite the difference in the axis of rotation, the
results agreed in terms of order of magnitude with the present study.
Further, Khezri [19] observed large vortical structures forming next to
the bed underneath the toe of the breaking bore, with a vertical di-
mension close to the initial steady flow depth. The vorticity decreased
with increasing vertical elevation and increased with the passage of the
breaking bore [19]. With undular bores, 3D CFD modelling showed
vorticity ωy ranging from −20 s−1 to 50 s−1 throughout the water
column [32]. The magnitude in vorticity decreased with increasing
vertical elevation and increased as the bore front propagated passed the
probing point.

In summary, the present study agreed qualitatively and quantita-
tively with past CFD numerical data [19,32,25] in terms of order of
magnitude.

8. Conclusion

The unsteady turbulent properties of a compression wave propa-
gating in an open channel were measured physically under controlled
flow conditions. Using an array of two Profiler velocimeters, installed
perpendicular to each other, in a large-size laboratory flume (19m long,
0.7 m wide), two-dimensional space-time correlations were performed
in the y-z plane. The turbulent time and length scales were deduced for
the different flow phases of a compression wave.

The two-dimensional cross-correlation data in the y-z plane, formed
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by the two sampling profiles of the Profiler array, showed the existence
of large scale coherent structures underneath the free-surface. These
structures usually formed in pairs, with a cross-sectional shape in the y-
z plane similar to that of some hair-pin vortex. The transverse and
vertical length scales of such structures ranged from 0.01 to 0.05 times
the channel width. The length scales tended to increase during and after
the bore passage, compared to those during the initially steady flows.
With simultaneous velocity measurements conducted in the transverse
y and vertical z directions, the vorticity and strain rate were determined
experimentally, at the point of intersection of the two sampling profiles.
Both strain rate and vorticity reached maximum values in the lower
water column next to the channel bed, and during the rapid decelera-
tion associated with the compression wave passage. The results sug-
gested the formation of large-scale coherent structures next to the
channel bed caused by boundary shearing, followed by break-up into
smaller structures/eddies as the vortices travelled upward into the

water column, in the initially steady flow. When the flow became un-
steady and rapidly-varied with the passage of the compression wave,
larger vortical structures were created and the vortical motion next to
the bed was amplified.

In summary, the results overall suggested that the propagation of
compression waves is a dynamically-active process, with the existence
of large scale coherent motions, vortical structures and intense turbu-
lent mixing occurring underneath. The work showed the potential of an
array of two ADV Profilers to gain a deeper insight into the transient
turbulence characteristics in an unsteady rapidly varied open channel
flow.
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Appendix I. Turbulent area scale and associated integral time scale in the y-z plane.

Reference So Q (m3/s) d1 (m) h (m) z/d1 y/B Fr1 X location

1a 0 0.101 0.174 0 0.01–0.20 0.46–0.51 1.52 z/d1=0.17y/B=0.50
1b 0 0.101 0.176 0 0.09–0.28 0.46–0.51 1.5 z/d1=0.26y/B=0.50
1c 0 0.101 0.176 0 0.23–0.43 0.46–0.51 1.55 z/d1=0.40y/B=0.50

Steady Rapid Deceleration Conjugate flow

Ref. Ayz,x
(mm2)

Tyz,x
(s)

Ayz,y
(mm2)

Tyz,y
(s)

Ayz,z
(mm2)

Tyz,z
(s)

Ayz,x
(mm2)

Tyz,x (s) Ayz,y
(mm2)

Tyz,y
(s)

Ayz,z
(mm2)

Tyz,z
(s)

Ayz,x
(mm2)

Tyz,x
(s)

Ayz,y
(mm2)

Tyz,y
(s)

Ayz,z
(mm2)

Tyz,z
(s)

1a 54.6 0.048 130.18 0.017 47.41 0.016 60.26 0.029 0.34 0.017 0 0 162.07 0.194 227.1 0.210 0 0
1b 26.71 0.031 139.69 0.011 37.53 0.016 36.34 0.019 11.89 0.007 0 0 191.84 0.197 88.08 0.116 0 0
1c 4.61 0.070 129.56 0.009 46.23 0.019 63.68 0.027 0.42 0.022 0.84 0.02 130.64 0.130 77.64 0.134 90.73 0.134

Note: Italic input: suspicious data.

Appendix II. Ensemble-averaged vorticity, strain rate, enstrophy, enstrophy production rate, and the kinetic-energy dissipation rate at
the intersection X of the sampling profiles measured by an array of two Profilers in a compressive wave with a breaking roller.

Reference Steady Rapid deceleration Conjugate flow

ωx
(s−1)

Syz
(s−1)

ωxSyzωx
(s−3)

2νSyzSyz
(m2s−3)

ωxωx
(s−2)

ωx
(s−1)

Syz (s−1) ωxSyz
ωx(s−3)

2νSyzSyz
(m2s−3)

ωxωx
(s−2)

ωx (s−1) Syz
(s−1)

ωxSyzωx
(s−3)

2νSyzSyz
(m2s−3)

ωxωx
(s−2)

1a −17.31 9.82 2943.57 1.93×
10−4

299.80 −20.03 10.26 4116.07 2.10×
10−4

401.27 −11.64 5.36 725.31 5.74×
10−5

135.43

1b 3.70 1.72 23.56 5.93×
10−6

13.69 0.75 −0.17 −0.10 5.90×
10−8

0.57 0.03 0.15 0.00 4.22×
10−8

0.00

1c −0.56 1.54 0.49 4.76×
10−6

0.32 −5.67 1.51 48.56 4.57×
10−6

32.14 3.28 −1.64 −17.59 5.37×
10−6

10.73

Notes: The experimental conditions corresponding to references 1a, 1b and 1c are detailed in Table 1; For all turbulent statistics in the table, the data
were averaged over 60 s during the steady flow phase, over 1–3 s during the rapid deceleration phase starting at the initiation of flow deceleration,
and over 10 s for the early conjugate flow phase starting at the end of the rapid deceleration phase.
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Fig. 15. Comparison of vorticity ωx and strain rate Syz during different flow phases (steady flow, rapidly-varied flow and conjugate flow) at the intersection points X
with locations y/B= 0.5, z/d1=0.17, 0.26 and 0.40.
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Appendix B. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.expthermflusci.2018.09.014.
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