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ABSTRACT

Decelerating bores are commonly seen in shorelines, estuaries and rivers in forms of swash
run-up, tidal bores, tsunami bores. A decelerating bore propagating upstream can gradually
change its shape, finally becoming an arrested bore, i.e. a stationary hydraulic jump. New
experiments on decelerating bores against an adverse slope were conducted. Observations
highlighted various types of arrested bores: fully breaking jumps, partially breaking jumps
and non-breaking undular jumps. Measurements were repeated at least 25 times to obtain
ensemble-averaged data with regards to instantaneous median and fluctuations of free-
surface elevation, velocity components and turbulent shear stresses. An abrupt rise of free-
surface elevation and immediate decrease in stream-wise velocity were observed during the
passage of a decelerating bore. The arrival of decelerating bores induced some drastic
increase of instantaneous free-surface fluctuations and all velocity components. Large-ampli-
tude Reynolds stresses and extreme Reynolds stress fluctuations occurred in the same phase
during and after the passage of decelerating bores. Histogram analysis of instantaneous
normal and tangential Reynolds stresses suggested a preponderance of relatively smaller
amplitudes. The upstream propagation of decelerating bores increased the probability den-
sity of large normal and tangential Reynolds stresses, yielding extrema vastly exceeding the
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critical threshold for inception of sediment motion.

1. Introduction

Tidal bores are basically compression waves of tidal
origin, developing in estuaries where the bathymetry
amplifies the tidal range, in presence of macro-tidal
conditions with low fresh water levels (Tricker, 1965;
Lighthill, 1978; Liggett, 1994; Chanson, 20117a).
Figure 1 presents photographs of two typical tidal
bores in natural streams: Qiantang River bore in
China and Dordogne River bore in France. A bore is
essentially a discontinuous hydrodynamic shock,
sometimes called a traveling hydraulic jump
(Henderson, 1966; Hornung, Willert, and Turner,
1995). The front of a bore is defined as the area
between the location of the beginning of free-surface
rise and the location of the first crest. A bore front,
especially a breaking one, normally embraces some
discontinuity of the pressure and velocity fields as
well as intense turbulence (Lighthill, 1978; Hornung,
Willert, and Turner, 1995). The unsteady turbulent
mixing during the bore propagation is responsible
for major sediment processes and upstream advection
of suspended matters succeeding the leading front, as
evidenced during field observations (Wolanski et al.,
2004; Greb and Archer, 2007; Chanson, 2011a; Keevil,
Chanson, and Reungoat, 2015; Furgerot et al., 2016;
Reungoat, Leng, and Chanson, 2017) and laboratory
measurements (Khezri and Chanson, 2012, 2015). The

form of a bore front is characterized by its Froude
number Fry, defined as:

V
Fry :LU (1)
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where A;, B; and V; are respectively the initial flow
cross-section area, free-surface width and flow velo-
city (positive downstream) immediately prior to the
bore arrival; U denotes the bore celerity (positive
upstream) and g is the gravity acceleration
(Chanson, 2012). For the case of a rectangular chan-
nel, the simplified definition of bore Froude number is
Fr, = (Vi + U)/(gx d;)"?, where d; denotes the initial
flow depth immediately in front of the tidal bore. The
Froude number of a tidal bore must exceed unity, i.e.
Fr; > 1 (Henderson, 1966; Liggett, 1994). When a tidal
bore has a Froude number between 1 and 1.2-1.3, it is
an undular bore: the bore front is characterized by a
smooth rise of the free-surface, followed by a train of
strong secondary free-surface undulations (Treske,
1994; Koch and Chanson, 2008; Chanson, 2010a)
(Figure 1(b)). If a tidal bore has a Froude number
between 1.2-1.3 and 1.5-1.8, it is a weak breaking
bore with secondary waves behind the bore front. A
breaking bore occurs when its Froude number
exceeds 1.5-1.8: the bore front is formed of an abrupt
roller with intense air entrainment and highly
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Figure 1. Natural tidal bores observed in rivers. (a) Breaking tidal bore of Qiantang River at Yanguan (China) on September 18
2016 - Bore propagation from background to foreground, viewed from Qiantang River Bore Observation Station (QBOS). (b)
Undular tidal bore of Dordogne River at St Pardon (France) on the afternoon of December 15 2016 — Bore propagation from left

to right, viewed from left bank.

turbulent motion (Chanson, 2010b;
Chanson, 2015a) (Figure 1(a)).

Although most laboratory studies were conducted
in horizontal rectangular channels, a wide range of
prototypical phenomena encompass bores that pro-
pagate upstream into channels of downward slope:
e.g. tidal bores and hydraulic jumps (Chanson,
2011b), tsunami bores (Shuto, 1985; Yasuda, 2010;
Adityawan et al, 2012; Tanaka, Yagisawa, and
Yasuda, 2012). Related applications include rejection
surges in canals of hydroelectric plants during sudden
decrease in power output (Ponsy and Carbonnell,
1966), swash run-up against run-down on beach
slopes (Kobayashi and Johnson, 2001). When a bore
travels upstream against downstream-running flow

Leng and

on a slopping channel, the bore celerity decelerates
progressively and can be expected to transform into a
stationary hydraulic jump. On a mobile bed, the
upstream propagation of a bore induces deformation
of the bed, associated initially with the transforma-
tion into a quasi-stationary jump, before vanishing
because of changes in mobile bed profile (Parker,
1996; Bellal et al., 2003). The entire process may also
be associated with some cyclic behavior of bed form
creation and destruction (Grant, 1997; Parker and
Izumi, 2000). Related studies on stationary hydraulic
jumps include (Carling, 1995; MacDonald et al., 2009).

In this paper, a systematic laboratory investigation
was presented on the upstream propagation of decel-
erating bores and their transformation processes from



traveling bores into stationary hydraulic jumps. New
experiments were conducted in a relatively large
flume with a fixed PVC bed. Detailed observations
included photographing of bore shape characteristics,
high-frequency free-surface sampling and flow velo-
city measurements for six different flow conditions.
For each flow condition, the experiments were
repeated more than 25 times to derive some ensem-
ble-averaged results. Different types of arrested bores
were observed at the end of upstream propagation of
decelerating bores. Both ensemble-averaged and
instantaneous fluctuations of free-surface, flow velo-
cities and Reynolds shear stresses were analyzed and
compared, emphasizing the highly turbulent pro-
cesses along with decelerating bore passages. The
object of current research is to characterize the semi-
nal features of turbulent mixing with decelerating
bore passages in channels and estuaries.

2. Physical modeling
2.1. Presentation

In experimental fluid dynamics, any physical modeling is
expected to deliver accurate predictions of prototypical
flow behaviors (Novak and Cabelka, 1981; Foss, Panton,
and Yarin, 2007). A laboratory study should be based on
the fundamentals of similitude, to guarantee the reliabil-
ity of extrapolating modeling results to flows at full scale.
The quantitative modeling results should be non-dimen-
sionalised to ensure they are most extensively valid.
Accordingly, dimensional analysis of selected non-dimen-
sionalised parameters is the fundamental way to conduct
the extrapolation of physical modeling results.

To apply dimensional analysis to any fluid dynamic
conditions, the related dimensional parameters
should encompass essential fluid properties, physical
constants, geometrical size of flume and initial flow
conditions (Liggett, 1994). For a bore traveling in a
rectangular flume, the dimensional analysis treats the
instantaneous turbulent flow properties at a spatial
location (x, y, z) and at a time t as functions of the
surge characteristics, initial flow conditions, flume
geometrical dimensions and basic fluid properties:

avi P LR
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where d denotes the instantaneous flow depth, V;
denotes the i-component of the instantaneous velo-
city, P denotes the instantaneous pressure, T; denotes
the instantaneous Reynolds stress tensor component,
i, j =Xy, z xis the stream-wise coordinate, y is the
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horizontal transverse coordinate, z is the normal coor-
dinate measured upwards perpendicular to the chan-
nel bed, d. denotes the critical flow depth, V. denotes
the critical flow velocity, t denotes the time, U
denotes the bore celerity, d, denotes the initial flow
depth, V; denotes the initial flow velocity, S, denotes
the channel slope: S, = sin 6 with 8 denoting the
angle between the bed and the horizontal, ks denotes
the equivalent roughness height of the channel bed,
W denotes the channel width, p denotes the fluid
density, u denotes the fluid dynamic viscosity, and o
denotes the surface tension between air and water. In
right-hand side of Equation (2), the fifth term is the
bore Froude number Fr; and the sixth term is the
Reynolds number Re, while the tenth term is the
Morton number Mo determined by fluid properties
and gravity constant only.

Conventional methods of hydraulic modeling are basi-
cally relied on geometrically similar models. In such
approaches, the modeling fluid flow conditions can
represent the prototypical flow conditions when they
share similarity of form, similarity of motion and similarity
of forces (Liggett, 1994; Chanson, 2004). In physical mod-
eling, true similarity can only be ensured when each
dimensionless parameter in model is strictly equal to
the one in prototype. Scale effects might be inevitable if
one or more dimensionless parameters are of different
values between the laboratory study and full-scale appli-
cation. Considering the tidal bore in the natural river
(Figure 1), and the one in an experimental flume
(Figure 2): how can we minimize the scale effects when
extrapolating the physical modeling results to prototype?

Traditionally, open channel flows are analyzed
using the Froude similarity (Henderson, 1966; Viollet
et al.,, 2002; Chanson, 2004). Herein for a propagating
bore, the Froude number is confirmed to be an
significant dimensionless parameter based on
momentum considerations (Lighthill, 1978) and it is
also in accord with implicitly of basic theoretical
analysis to select Froude similitude (Liggett, 1994;
Chanson, 2012). However, viscous effects are not
negligible in dominating turbulent shear flows.
Surface tension, meanwhile, may be significant in
breaking bores. A true kinematic and dynamic simi-
larity of tidal bore flows can only be achieved when
physical modeling and full-scale application share
identical Froude, Reynolds and Morton numbers,
which cannot be attained using geometrically similar
models. Current research was only based on a
Froude similitude as for most open channel hydraulic
models, and therefore the critical flow depth d. and
critical flow velocity V. were used respectively as
characteristic length and velocity scales. Reynolds
numbers of current experimental flows in the flume
were estimated to be ~3 x 10°. These flow condi-
tions can be representative of a small full-scale man-
made waterway.
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Figure 2. Experimental flume and definition sketch — Bore propagation from right to left. (a) Definition sketch. (b) Initial bore
propagation at x = 11.5 m shortly after gate closure — Flow condition (Run 1): Q = 0.039 m%/s, d;, S, = 0.0068, h = 0.080 m —

Arrow pointing to toe tip.

2.2. Experimental facility and instrumentation

New experiments were carried out in a rectangular
tilting channel with smooth PVC bed and glass side-
walls. The geometry of this facility is 15 m long, 0.5 m
wide and 0.5 m high, previously used by Yeow,
Chanson, and Wang (2016) (Figure 2). The water supply
was provided by a constant head reservoir, feeding a
wide upstream intake structure, passing through a set
of flow straighteners and converging into the initially
steady flow in the 15 m long measurement area. The
test flow rates were measured by a Venturi flowmeter
installed on the supply line with the error limited to
107 m?/s. A Tainter gate was installed close to the
downstream end of the channel at x = xgate = 14.17 m,
where x is the longitudinal distance from the upstream
end of the 15 m long test section.

Video recording was carried out using a DSLR
camera Canon™ EOS 1200D (movie mode: 25 fps;
resolution: 640 x 480 px), a camcorder SonyTM
HDR-XR160 (movie mode: 25 fps, 1440 x 1080
px), and a DSLR camera Pentax™ K-3 (movie
mode: 50 fps, 1920 x 1080 px). In steady flows,
the flow depths were measured by a sharp pointer
gauge, with the precision of #0.5 mm. The
unsteady flow depths were recorded by non-intru-
sive acoustic displacement meters (ADMs)

Microsonic™  Mic+25/IU/TC. The ADMs were
installed above the channel centreline at
x = 14.26 m (immediately downstream of Tainter
gate), 13.85 m (immediately upstream of Tainter
gate), 9.10 m, 8.10 m, 7.00 m and 6.10 m. Before
the unsteady flow measurements, all ADMs must
be calibrated against the pointer gauge measure-
ments in steady flows. The ADM sampling rate was
200 Hz and the data was collected by an acquisi-
tion system NI™ USB-6212 BNC driven by NI-
DAQmx software.

The flow velocities were measured by a Nortek™
acoustic Doppler velocimeter (ADV) equipped with a
side-looking fixed probe. The ADV control volume was
placed at x = 7.00 m on the channel centreline. The
nominal velocity range was set to +2.5 m/s, with an
accuracy of £1% of measured value £1 mm/s. The
transmit length was selected as 0.3 mm with the
sampling volume of 1.0 mm. The ADV sampling rate
was also 200 Hz in accord with the ADMs. The vertical
elevation of the ADV control volume was set by a fine
adjustment system connected to a HAFCO™ M733
digimatic vertical scale unit. The vertical position of
the ADV probe could be controlled within 0.025 mm
and the longitudinal position had a precision
of £2 mm.



Table 1. Experimental setup and selected flow conditions.
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Q d;? v dc Ve
Run (m3/s) So (m) Fry? m/s Fr,? (m) (m/s) Remark
1 0.039 0.0110 0.059 1.76 0.037 1.79 0.086 0.917 Arrested bore.
2 0.039 0.0068 0.066 1.47 0.037 1.52 0.086 0.917 Arrested bore.
3 0.061 0.0110 0.085 1.59 0.039 1.62 0.116 1.065 Arrested bore.
4 0.061 0.0068 0.074 1.95 0.039 1.96 0.116 1.065 Arrested bore.
5 0.039 0 0.125 0.57 0.966 1.44 0.086 0.917 Horizontal channel.
6 0.061 0 0.162 0.60 0.927 1.34 0.116 1.065 Horizontal channel.
2 flow properties recorded at x = 7 m.

2.3. Experimental flow conditions and bore
generation

Two initially steady flow rates (Q = 0.039 m*/s and
0.061 m*/s) and three channel slopes (S, = 0, 0.0068
and 0.0110) were used in current laboratory study,
although the decelerating bore experiments were
conducted for only two bed slopes: S, = 0.0068 and
0.0110, where S, = sin 8 and 0 is the channel tilting
angle from the horizontal. Experiments on the hori-
zontal bed (S, = 0) were performed to obtain a refer-
ence data set. During all the experiments, the initially
steady flow presented a partially-developed vertical
velocity profile for 0 < x < 9 m, including at the ADV
measurement location x = 7.00 m. Detailed velocity
measurements in steady flows characterized that the
stream-wise velocity distribution within the develop-
ing boundary layer presented a 1/8th power law in
average, while the boundary layer growth followed:

) . 28.7
x Rexo.sz

3)

where 6 denotes the boundary layer thickness and Re,
denotes the Reynolds number defined as function of the
longitudinal distance x and free-stream velocity V.
Within the turbulent boundary layer on a flat surface,
8/x « 1/Re, > (Chanson, 2014; Schlichting and Gersten,
2017). The present results showed a different growth
rate, which reflected differences in inflow and boundary
conditions, as well as an accelerating flow motion. For
all flow conditions, the boundary shear stress in initially
steady flow was calculated to be 7, =1.2-1.8 Pa at
x = 7.00 m, using the von Karman momentum integral
equation (Liggett, 1994; Chanson, 2014).

For all experiments, the instrument sampling was
triggered 1 min before the bore was generated, and
the data acquisition was stopped once the bores
became arrested. The Tainter gate was lowered down
to a pre-set opening h slightly higher than the free-
surface. An adjunctive gate was attached to the Tainter
gate and used to generate bores: it was pushed down
within 0.2 s, left partially closed for 3-4 s with an open-
ing about 5 mm less than initial d ; and lifted up in less
than 0.2 s. Table 1 lists all the detailed setup for each
selected flow condition. Herein the relatively steep
channel slopes induced supercritical initial conditions
with the initial flow Froude number Fr, larger than

unity, while the same flow rates only generated sub-
critical initial flows in the same channel with S, = 0.
Besides, the decelerating bore celerity was much smal-
ler than that in the horizontal channel (Table 1).

3. Basic flow patterns
3.1. Presentation

During the upstream propagation of decelerating bores
on slopes, their basic flow patterns were documented
by visual observation and camera recording. The bores
were breaking ones immediately after generation for all
the six investigations listed in Table 1. A breaking bore
was typically formed of a short area of mild surface rise
and a succeeding turbulent roller of intense air bubble
entrainment (red arrow in Figure 2(b)). For a decelerat-
ing bore, during its upstream propagation in the slop-
ping channel, the bore properties gradually evolved and
especially the bore Froude number Fr; was reduced
with further traveling distance. The similar trends were
also observed in the experiments by Chanson (2011b).
For comparison, in the same channel at horizontal
(So = 0) with the same flow rate, the experiments did
not present evident changes in bore properties through
the whole channel, as shown by Run 5-6 of current
experiments and also by Yeow, Chanson, and Wang
(2016).

For a decelerating bore traveling upstream, its evo-
lutionary shape was determined by the initial flow
and new boundary conditions. For a specific flow
condition (e.g. Run 4), the decelerating bore could
be always fully breaking without shock waves at the
front, even until it stopped at the final arrest location,
i.e. a breaking hydraulic jump. For the other flow
conditions, the arrested bore could be a partially
breaking jump with two non-intersecting shock
waves close to sidewalls and weak secondary waves
behind bore front (Figure 3), or a smooth undular
jump with a pair of shock waves intersecting at the
centreline and a train of strong secondary waves fol-
lowing behind (Figure 4).

3.2. Bore propagation and celerity

The upstream propagation of each decelerating bore
was tracked by moving video recording following the
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(b)

Figure 3. Photographs of an arrested breaking bore with two shock waves (red arrows) close to sidewalls and weak secondary
waves behind bore front: (a) side view; (b) top view — Flow condition: Q = 0.039 m/s, So =0.0110, h = 0.065 m, Fr; = 1.5 at
x =35 m (Run 1).

(b)

Figure 4. Photographs of an arrested non-breaking undular bore with a pair of shock waves (red arrows) intersecting at the
centreline and a train of strong secondary waves (blue arrows) following behind: (a) side view; (b) top view — Flow condition
(Run 2): Q = 0.039 m*/s, So = 0.0068, h = 0.080 m, Fr; =13 at x =43 m.



bores through the sidewall. The position of a deceler-
ating bore front was determined by targeting its toe tip
(i.e. position of maximum free-surface curvature prior
to the first crest) at different times (Figure 2(b)). Frame-
by-frame analysis of the video yielded the bore arrival
times at various locations along the channel, and
hence the related celerities. Figure 5(a) illustrates the
non-dimensionalised bore locations versus the dimen-
sionless propagation distance since their generation:
(XgateXs)/Xgater Where Xgue = 14.17 m (location of
Tainter gate), x; denotes the bore front location and
d. denotes the critical depth of initially steady flow -
d. = (@%/(gx W*)'? - with W the channel width
(W = 0.495 m). Figure 5(b) presents the corresponding
dimensionless bore celerity U/V,. data where V. denotes
the critical velocity of initially steady flow, i.e.
V. = (g x Q/W)"3. Figure 5(c) shows details of the
variations in bore celerity shortly after gate closure.
For Runs 1 to 4 (Table 1), all the decelerating bores
stopped propagating prior to reaching the upstream-
end tank, which is demonstrated by the bold lines in
Figures 5(a,b).

The generation of bores was realized by rapid gate
closure as described previously in Section 2.3. A bore
could form instantly following the gate being partially
or fully shut down. The newly-generated bore immedi-
ately accelerated and gained the maximum celerity at a
short distance from the gate. However, once the bore
traveled further upstream, its celerity started to
decrease (Figures 5(b,c)). The bore celerity rapidly
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reduced to 50% of the maximum value, due to the
combined effects of steep bed slope, adjunctive gate
removal and boundary friction. For each flow condi-
tion, the arrival times of decelerating bores became
more scattered between different repeats at the loca-
tions farther away from the Tainter gate (Figure 5(a)). It
took about 350-450 s for the decelerating bores to
fully stop traveling upstream and transformed into
stationary hydraulic jumps. By contrast, for the experi-
ments of Run 5 and 6 (Table 1), the bores only spent
less than 20 s traveling through the whole 15 m long
horizontal test section. The transformation of a decel-
erating bores was a much slower process in compar-
ison with the tidal bore propagation in a horizontal
flumes, as indicated by Chanson (2011b) who recorded
a decelerating bore spent 5-10 min transforming into a
stationary hydraulic jumps. Based on the Froude simi-
litude, the entire process should last longer at full scale
in natural streams.

3.3. Discussion: final hydraulic jump features

The arrested bore was observed to shift about its
longitudinal position with an “oscillation regime”: it
was not a truly stationary jump. Longitudinal oscilla-
tions of hydraulic jump toes has been recorded in
previous studies, such as Long et al. (1991), Chanson
and Gualtieri (2008), Murzyn and Chanson (2009) and
Wang (2014). Long et al. (1991) indicated that the
oscillating jump toes were associated with the
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Figure 5. Characteristics of a decelerating bore propagating upstream (ensemble-average results) — Flow condition:
Q = 0.039 m?/s, S, = 0.0110, h = 0.065 m, Fr; = 1.79 at x = 7.00 m (Run 1).

(a) Time variation of the bore front arrival at location x; (b) Longitudinal variation of the bore celerity U (c) Longitudinal variation in bore

celerity U immediately after gate closure
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turbulence structure development in rollers and the
air entrapment at impingement area. For Runs 1 to 4
(Table 1), the final locations of the arrested bore were
documented by video observations. Video recording
started after the decelerating bores became fully
stopped. Figure 6(a) presents a typical data set, show-
ing based wupon 2,200 frames post-processed,
recorded 85 min after gate closure. In Figure 6(a),
the data are presented in dimensional form as a func-
tion of time. The arrested bore front had a maximum
location shift of about 0.08 m during the 90 s period.
The autocorrelation functions (ACFs) of these time
series are illustrated in Figure 6(b). Some oscillations
at period of about 3 s were found for the arrested
bore of Froude number Fr; = 1.5. For comparison,
hydraulic jumps with Froude numbers of 3.0-7.2 had
a jump toe longitudinal oscillation of 0.7-10 s (Wang,
2014). As pointed by Wang (2014), the oscillation
regime might be linked to the air entrainment in
central area of the arrested bore front, and this

4, Ensemble-averaged observations
4.1. Free-surface properties

For a bore traveling upstream in a rectangular slop-
ping flume, an analytical solution of the conjugate
flow properties can be derived from considerations
of mass and momentum conservation, yielding the
ratio of conjugate depths as a function of the
Froude number and channel slope (Chanson, 2012,
2013; Leng and Chanson, 2015a). It yields:
Fry2

><<\/(1—£)2+8><1 —(1—5)) (4)

where d, is initial flow depth prior to bore arrival, d, is
the conjugate flow depth behind bore front, and € is a
non-dimensionalised parameter defined as

1

2

d
dr

Vo x S,

= 5
W><d12><(Fr12— ©)
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Figure 6. Time variations of the arrested bore: (a) Instantaneous location of arrested bore as a function of time; (b)
Autocorrelation function of the instantaneous location of arrested bore — Flow condition (Run 1): Q = 0.039 m®s,
So = 0.0110, h =0.065 m, Fr; = 1.79 at x = 700 m and Fr, = 1.5 at x = 3.5 m.



Equation (4) shows that there is a positive correlation
between the ratio of conjugate depths and the bed
slope for the same Froude number. In the case of a
bore in a smooth horizontal rectangular flume,
Equation (4) can be reduced to the classic Bélanger
equation: d,/d; = [(1 + 8x Fr,9)"?-1]/2.

Due to the intense unsteadiness and turbulence in
bore processes, a series of ensemble-average mea-
surements were performed for all flow conditions to
analyze the free-surface characteristics associated to
the bore passages. For each listed flow condition in
Table 1, the experiments were repeated more than 25
times to ensure the data reliability as discussed by
(Leng and Chanson, 2015b). The median free-surface
elevation dsy and the difference between third and
first quartiles (d;s-d»s) were derived from the experi-
mental data. The difference between third and first
quartiles (dys-d»s) characterized the instantaneous
free-surface fluctuations. Some typical ensemble-aver-
aged results are illustrated in Figure 7(a) with the time
t = 0 indicating bore generation.

Through the ADM measurement section down-
stream x = 6.10 m, the decelerating bores always
remain breaking ones during upstream propagation.
An abrupt rise of free-surface was seen with the arrival
of the roller. Following the bore front, some undula-
tions of free-surface (secondary waves) occurred and
the water depth gradually increased due to the back-
water effect induced by the partially-closed Tainter
gate. For the decelerating bores on the smaller slope
(So = 0.0068), the secondary waves development with
time was more evident though secondary waves were
also seen on larger slopes. For either small slopes or
large ones, the secondary wave periods became
longer with time at each ADM sampling position.
The bore passages also induced large free-surface
fluctuations (d;s—d»s), which reached peak values

immediately succeeding the breaking roller toe
Figure 7(a).
x=1426m x=9.10m x=7.00m
x=13.85m x=8.10m x=6.10m
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The ratio of conjugate depths was estimated at
several locations for all decelerating bores. The results
are compared to Equation (4) in Figure 7(b). Current
results are also compared with the theoretical consid-
erations of Bélanger equation (S, = 0) and the results
from previous physical modeling in a smooth horizon-
tal channel by Leng and Chanson (2017). As shown in
(Figure 7(b)), all the datasets indicate a monotonic
increase in conjugate depth ratio with increasing
Froude number. Since S, << 1 in the current experi-
ments, the slope effect was not evident even though
it did decelerate the bore propagation. For a constant
water discharge, a larger bed slope tended to induce
both larger bore Froude number and larger conjugate
depth ratio d,/d; within the experimental flow
conditions.

4.2. Unsteady turbulent properties

The velocity measurements by the ADV during bore
processes were all performed at x = 7.00 m. The
collected dataset encompassed the stream-wise velo-
city V, parallel to the bed slope positive downstream,
transverse velocity V, positive towards left sidewall
and vertical velocity V, normal to the channel bed
positive upwards. Figure 8 illustrates typical ensem-
ble-average results of Run 2 with the median water
depth dso, median velocity components V5o and
instantaneous velocity fluctuations (V;s-Vs). For all
the flow conditions, the decelerating bore front
remained breaking at the central area and the bore
Froude number Fr; was larger than 1.5 (x = 7.00 m).
The passage of bore front induced a marked decelera-
tion around 50% to the longitudinal velocity Vi
(Figure 8(a)). The vertical velocity V, presented some
slight perturbation associated with the bore front
passage, however much weaker than the decrease of
stream-wise velocity V, (Figure 8(c)). The bore celerity
U was estimated to be 0.02 - 0.04 m/s at ADM
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Figure 7. Ensemble-averaged free-surface properties during the upstream propagation of decelerating bores. (a) Time-variations
of ensemble-averaged median free-surface elevations dso and free-surface fluctuations (d;s-dys) at different longitudinal
locations — Flow condition (Run 3), Q@ = 0.061 m°/s, So = 0.0110, h = 0.100 m, Fr; = 1.96 at x = 7.00 m.. (b) Conjugate
depth ratio d,/d; as a function of local bore Froude number Fr; — Comparison with horizontal slope data (Leng and Chanson,
2016), the momentum principle Equation (5) and the Bélanger equation.
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Figure 8. Time variations of ensemble-averaged median longitudinal, transverse and vertical velocity components (coloured
lines) and velocity fluctuations (V;s-V5s) (coloured dots) at different vertical elevations z for decelerating bores locally
synchronized at x = 7.00 m — Comparison with median water depth — Flow condition (Run 2): Q = 0.039 m/s, So = 0.0068,

h =0.080 m, Fr; = 1.52 at x = 7.00 m.

(a) Longitudinal velocity component V, (b) Transverse velocity component V, (c) Vertical velocity component V,

sampling location, which was much slower than that
of breaking bores in horizontal flumes of the experi-
ments by Koch and Chanson (2009) and (Leng and
Chanson, 2016). Therefore, the relative deceleration
rate of V, in current experiments was also much
slower Furthermore, V, always remained positive dur-
ing the whole decelerating bore processes. Stream-
wise velocity reversal did not show up in current
experiments, contrarily to measurements on a hori-
zontal channel by Koch and Chanson (2009). This

finding was basically in accord with the instantaneous
velocity observations by Chanson (2011b) in deceler-
ating bores.

For all the flow conditions, the transverse velocity
V, and vertical velocity V, presented a mean value of
zero, prior to the arrival of decelerating bores at
x = 7.00 m (Figures 8(b,c)). At all vertical elevations,
the longitudinal flow velocity component V, experi-
enced an abrupt decrease within the bore front pas-
sages. Meanwhile, the vertical flow velocity V,



indicated some initial increase with passage of bore
front and then some decrease afterwards, linked to
the streamline curvature in association with the bore
roller. All the ensemble-averaged velocity compo-
nents V,, V, and V, presented some oscillations
responding to the streamline curvature induced by
the secondary waves, as shown in Figure 8 for the
decelerating bores of relative small Froude number
Fr, = 1.52. These features were comparable to earlier
undular bore experiments in a horizontal channel
(Koch and Chanson, 2008; Leng and Chanson, 2016)
as well as stationary undular hydraulic jump experi-
ments (Chanson and Montes, 1995; Lennon and Hill,
2006).

The turbulent velocity fluctuations reached the
peak values immediately following the bore front,
for all the three velocity components (Figure 8). The
maximum velocity fluctuations at a vertical elevation
near the bed took place in advance of that at eleva-
tions closer to the water surface. The larger velocity
fluctuations were also further observed closer to the
bottom. Similar features were also exhibited in the
tidal bore experiments in a horizontal flume by Leng
and Chanson (2016). However, these features were
different from those of stationary hydraulic jump
experiments (Liu, Rajaratnam, and Zhu, 2004;
Chachereau and Chanson, 2011), in which the
stream-wise velocity fluctuations increased with
further distance from the bottom for z/d; < 1.

4.3. Reynolds stress properties

The Reynolds stress tensor component is defined as
T = pX viX v;, where p denotes the fluid density and v
denotes the turbulent velocity fluctuation with sub-
script i, j = x, y, z (Piquet, 1999). It represents a shear
stress on an area dxxdy, dyxdz or dzxdx of an ele-
mentary control volume dxxdyxdz. For turbulent
flows with rapid time variations, the instantaneous
velocity V is typically decomposed into an average
component Vso and a turbulent fluctuation v, i.e.
V = Vs + v, where Vs, is the ensemble average from
sufficient repetitions of the same experiment
(Bradshaw, 1971; Chanson and Docherty, 2012; Leng
and Chanson, 2016). Therefore in current research, the
normal Reynolds stresses v,xv,, vyxvy, V,xv, and tan-
gential Reynolds stresses v,Xvy, VXV, V XV, were
derived from the ensemble-averaged velocity mea-
surements. Figure 9 presents typical results in terms
of the median Reynolds stresses (vixvj)so, third quartile
of the normal stresses (vixv;);5 and difference
between third and first quartiles of the tangential
stresses (vixvj)7s-(vixvj)2s along with the median free-
surface elevations dso during decelerating bore pro-
cesses, in which the velocity data were acquired at the
vertical elevation of the initial flow mid-depth. The
third quartile can characterize the representative
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large values while the quartile difference represents
a characteristic fluctuation (Leng and Chanson, 2016).
The time variations of median Reynolds stresses, third
quartile of normal stresses and quartile difference of
tangential stresses were all in the same phase
(Figure 9). Their amplitudes all experienced significant
increase with the passages of bore fronts and then
reached the local extrema shortly after the roller toe.
For most flow conditions, the global maxima were
incurred by the bore fronts and then experienced
overall decreasing trends with bores propagating
further upstream, i.e. the first peak was the global
maximum value (Figure 9(a)). However, for the
Reynolds stresses and their fluctuations associated
with decelerating bores of smaller Froude number
(i.e. more undular), extrema larger than the first peak
could occur with the secondary waves: the extreme
Reynolds stresses and their fluctuations affected by
growing secondary waves could be of comparable
amplitudes, especially when the decelerating bores
were not fully breaking (Figure 9(b)).

During the bore propagation, turbulence is gener-
ated by the extremely unsteady bore roller, by the
bottom boundary friction, the coupling between free-
surface deformations and pressure/velocity fluctua-
tions, as well as the interactions between these differ-
ent processes. Typical results of dimensionless median
Reynolds stresses (v,xv,, v,Xv, and v,xv,) are pre-
sented in Figure 10, showing the vertical structure at
three different vertical elevations: near-bottom, mid-
dle-layer and near-surface referring to initial water
level. Even though some vertical velocity data were
not available at vertical elevations near the free-sur-
face, the dataset gave a number of key features. Prior
to the bore font arrival, the Reynolds stresses had
larger values closer to the bottom, since bed friction
was the dominant mechanism of turbulence genera-
tion. During the bore front passage, all the Reynolds
stresses experienced peak values, with extreme values
near the channel bottom. Behind the bore front, the
Reynolds stresses increased substantially at the mid-
layer and near-surface elevations compared to the
initially steady flow data. In contrast, the near-bottom
data had an opposite trend. Based on the above-
mentioned features of Reynolds stress distribution,
the turbulence intensity had a decreasing trend from
bottom to surface in the supercritical steady flow,
while it had a more homogenous vertical structure
with relatively stronger amplitudes upper from the
bottom in the bore-disturbed flow field. The passage
of the bore modified totally the vertical turbulence
structure. In the subcritical flow behind the bore, the
bore front is apparently a stronger source of turbu-
lence compared to the boundary layer.

The probability density functions (PDFs) of instan-
taneous Reynolds stresses were derived before, dur-
ing and after the passages of decelerating bores. A
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Figure 9. Time variations of Reynolds stresses and their fluctuations, referring to the median free-surface elevations from the
ensemble-averaged results of decelerating bore experiments — Same legend for both figures; Curves separated by adding a
constant as indicated in legends. (a) Run 1, Flow condition: Q = 0.039 m>/s, S, = 0.0110, h = 0.065 m, Fr, = 1.79 at x = 7.00 m, z/
d. = 0.36. (b) Run 2, Flow condition: Q = 0.039 m>/s, So = 0.0068, h = 0.080 m, Fr; = 1.52 at x = 7.00 m, z/d. = 0.36.

time span At is selected starting from immediate
free-surface rise with bore arrival and ending at the
maximum height of the first crest, which character-
ized the “during” bore front passage. Then the
“before” and “after” periods were respectively At
prior to the immediate free-surface rise and At fol-
lowing the peak of first crest. Typical data set of
normal Reynolds stress tensor v,xv, and tangential
Reynolds stress tensor v,xv, are presented in
Figure 11 in dimensional form with class intervals
of 0.0001 m?%/s°. Since the celerity of a decelerating
bore was relatively slow on the adverse slope, the
selected time span was more than 30 s encompass-
ing around 170,000 samples of instantaneous
Reynolds stresses tensors for the ensemble-average
experiment (Run 4, Table 1).

For all the decelerating bores in the tilted channel
(Runs 1 to 4) and the tidal bores in the horizontal

channel (Runs 5 and 6), all the normal and tangential
Reynolds stress tensors were skewed toward 0 indicat-
ing a preponderance of relatively smaller amplitudes.
The similar PDF patterns were also found in the experi-
ments by Leng and Chanson (2016) as well as in the
field measurements by Reungoat, Chanson, and Keevil
(2015). During current experiments, at probability of
0.1%o in the histograms, both the corresponding v,xv,
and v,xv, bounded with the values exceeding 0.1 m?/s°.
That is, the normal and tangential Reynolds stress ten-
sors had the extrema larger than 100 Pa, assuming
water density p ~ 1000 kg/m®. Comparing the three
selected time spans, the proportion of larger normal
and tangential Reynolds stresses significantly increased
in the order of “before,” “during” and “after.” The time
span following the bore crest [Red symbols in Fig. (10)]
included the distinct maximum number of larger
Reynolds stresses. Therefore, the bore passage incurred
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Figure 10. Time variations of dimensionless Reynolds stresses at different vertical elevations from the ensemble-averaged
results — Flow conditions (Run 2): Q = 0.039 m/s, So = 0.0068, h = 0.080 m, Fr; = 1.52 at x = 7.00 m - Bore front arrival time:

tx(g/d)"* = 892.

(@) Normal Reynolds stress tensors v,xv, (b) Normal Reynolds stress tensors v,xv, (c) Tangential Reynolds tensors v,Xxv,

more large Reynolds stresses and the flow became more
turbulent with the bore front passage. Similar to Leng
and Chanson (2016), the extreme instantaneous
Reynolds stresses induced by bore passage had one or

two larger orders of the critical threshold for sediment
motion in natural rivers and channels. It is more possible
that sediment transportation and bed erosion can occur
immediately after the bore front passage.
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5. Conclusion

Decelerating bores are commonly seen in natural estu-
aries and rivers as well in man-made waterways, e.g.
swash run-up on beaches, tsunami bores in estuarine
zones, tidal bores in rivers, rejection surges in hydro-
power canals, etc. Herein new experiments of decelerat-
ing bores on an adverse slope were conducted, focusing
on the instantaneous and ensemble-averaged measure-
ments of free-surface and velocity, as well as video
tracking of decelerating bores transforming into station-
ary hydraulic jumps. For each flow condition, the experi-
ments were repeated at least 25 times, performing an
ensemble-averaged analysis to derive the instantaneous
median and fluctuations of free-surface elevation, velo-
cities and turbulent Reynolds stresses. The transforma-
tion of decelerating bores was also compared to the
propagation of tidal bores in a horizontal channel.

The experiments featured the transformation of
decelerating bores into stationary hydraulic jumps as a

slow and complicated process. The entire process took
one to two orders of magnitude longer compared to
tidal bores traveling through the same channel on a
horizontal slope. Visual observations indicated that the
decelerating bore gradually changed its shape while
celerity very-gradually decreased to zero. Video tracking
highlighted the different forms of arrested bores: a fully
breaking jump, a partially breaking jump with a pair of
non-intersecting shock waves and some weak second-
ary waves, and a smooth undular jump with a pair of
intersecting shock waves and a train of strong second-
ary waves, determined by the initial and boundary con-
ditions. In practice, the arrested bore was not fully
stationary: it shifted along the longitudinal direction
with a non-consistent period.

An abrupt rise in free-surface and a decrease in
stream-wise flow velocity were observed during the
passage of a decelerating bore. The instantaneous
free-surface and flow velocity fluctuations were sig-
nificantly larger shortly after the decelerating bore



arrival. Large amplitudes of Reynolds stresses and
large Reynolds stress fluctuations occurred during
the same phase, following the decelerating bore
front. For decelerating bores of smaller Froude num-
ber, the maximum Reynolds stress amplitudes and
fluctuations could be associated with strong second-
ary waves at the back of the first crest. The histogram
of instantaneous normal and tangential Reynolds
stresses indicated a preponderance of relatively smal-
ler amplitudes with the passage of decelerating bores.
Yet the upstream propagation of decelerating bores
drastically increased the probability density of larger
normal and tangential Reynolds stresses with extrema
larger than 100 Pa, which vastly exceeded the critical
threshold for sediment motion. In estuaries and rivers,
the highly turbulent process of a decelerating bore
may play a vital role in sediment transportation and
bed erosion.
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