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Abstract In open channel, canals and rivers, a rapid increase in flow depth will induce a
positive surge, also called bore or compression wave. The positive surge is a translating
hydraulic jump. Herein new experiments were conducted in a large-size rectangular
channel to characterise the unsteady turbulent properties, including the coupling between
free-surface and velocity fluctuations. Experiments were repeated 25 times and the data
analyses yielded the instantaneous median and instantaneous fluctuations of free-surface
elevation, velocities and turbulent Reynolds stresses. The passage of the surge front was
associated with large free-surface fluctuations, comparable to those observed in stationary
hydraulic jumps, coupled with large instantaneous velocity fluctuations. The bore propa-
gation was associated with large turbulent Reynolds stresses and instantaneous shear stress
fluctuations, during the passage of the surge. A broad range of shear stress levels was
observed underneath the bore front, with the probability density of the tangential stresses
distributed normally and the normal stresses distributed in a skewed single-mode fashion.
Maxima in normal and tangential stresses were observed shortly after the passage of a
breaking bore roller toe. The maximum Reynolds stresses occurred after the occurrence of
the maximum free-surface fluctuations, and this time lag implied some interaction between
the free-surface fluctuations and shear stress fluctuations beneath the surge front, and
possibly some causal effect.
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1 Introduction

A tidal bore is a surge of water propagating upstream in an estuarine zone when the tidal
flow turns to rising and rushes into a funnel shaped river mouth with shallow waters [1, 2,
3] (Fig. 1). Figure 1 presents photographs of advancing tidal bores. The bore forms typ-
ically during the early flood tide when the tidal range exceeds 4—6 m and the estuary

A 1

Fig. 1 Tidal bore propagation. a Undular bore of the Dordogne River at St Pardon (France) on 20 October
2013 about 18:05—bore propagation from left to right. b Breaking bore of the Qiantang River at
Laoyanchang (China) on 11 October 2014 at 14:00—Bore propagation from left to right. ¢ Tidal bore of
Qiantang River impacting on the eighteenth century estuary seawall at Xinchang (China) on 11 October
2014 at 12:57
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Fig. 1 continued

bathymetry amplifies the tidal range with a low freshwater level [3]. Tidal bores can be
dangerous, impacting adversely on man-made structures and endangering lives (Fig. 1c).
They can be also a major touristic and sport attraction (Fig. 1a).

In an open channel, more generally, a sudden change in flow: e.g., a sudden closure of a
downstream gate, will induce a positive surge, characterised by an increase in flow depth
[4, 5, 6]. It is also called compression wave by analogy with compressible flow [7]. After
formation, the positive surge may be analogous to a translating hydraulic jump [8, 9]. The
shape of the bore front can be characterised by its Froude number Fr;, whose expression
may be derived based upon momentum considerations for an irregular cross-section [10]:

Fr= 1Y ()

g x g

where V; is the initial flow velocity positive downstream, U is the bore celerity positive

upstream, g is the gravity acceleration, A is the initial flow cross-section area and B is the
initial free-surface width.

Considering a positive surge propagating in a prismatic rectangular channel, a dimen-
sional analysis links the instantaneous turbulent flow properties at a position (x, y, z) and at
a time t as functions of the positive surge properties, initial flow properties, channel
geometry and fluid properties:
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where d is the instantaneous water depth, V; is the instantaneous velocity component i, P is
the instantaneous pressure, T; is the instantaneous Reynolds stress tensor component, i,
j =X, Y, z, X is the coordinate in the flow direction, y is the horizontal transverse coor-
dinate measured from the channel centreline, z is the vertical coordinate measured from
channel bed, t is the time, U is the surge celerity, d, is the initial depth, V| is the initial flow
velocity, 0 is the angle between bed slope ad horizontal, k, is the equivalent sand roughness
height of the channel bed, W is the channel width, g is the gravity acceleration, p and p are
the water density and dynamic viscosity respectively, and o is the surface tension between
air and water. In Eq. (2) on the right handside, the fifth and sixth terms are the tidal bore
Froude Fr; and Reynolds numbers Re respectively, and the tenth term is the Morton
number Mo which is a function of fluid properties and gravity constant only.

For the past 25 years, research into unsteady turbulence in positive surges has been
active, with fundamental laboratory works in rectangular channels [11, 12, 13, 14] and new
computational fluid dynamics modelling [15, 16]. Field studies have been fewer and
encompassed the free-surface measurements of Benet and Cunge [17] and Ponsy and
Carbonnell [18] in man-made canals, and the turbulence measurements of Kjerfve and
Ferreira [19], Chanson et al. [20], Furgerot et al. [21], and Reungoat et al. [22, 23] in tidal
bores in natural systems. All studies demonstrated the intense shear stress generated during
the bore passage, associated with massive sediment processes in both laboratory and field
[24, 25, 26]. Recent field observations indicated that the bore passage induced immediately
some bed surface erosion followed by delayed bulk erosion [27, 28]. Despite all these
advances, the current knowledge in the basic flow physics remains limited, in particular the
coupling between free-surface fluctuations, water turbulence and air bubble entrainment
[29, 30].

It is the aim of this contribution to characterise the turbulent properties of bore fronts
including the coupling between free-surface and velocity fluctuations. This is based upon a
series of laboratory experiments conducted in a large facility to investigate the instanta-
neous free-surface, velocity and Reynolds stress fluctuations in positive surges. Both
breaking bores and undular bores were investigated under controlled flow conditions. Each
experiment was repeated 25 times, and both instantaneous median and fluctuating prop-
erties were characterised for a relatively broad range of Froude numbers (1.2 < Fr; < 2.2)
and Reynolds numbers (9 x 10* < Re < 3.5 x 10°). The results are compared and dis-
cussed in the context of the upstream propagation of positive surges and tidal bores in an
open channel.

2 Experimental facility and instrumentation

New experiments were performed in a 19 m long, 0.7 m wide tilting flume. The flume was
made of glass sidewalls and smooth PVC bed. The initially steady flow was supplied by an
upstream water tank equipped with baffles and flow straighteners, leading the water to to
the flume through a smooth three-dimensional convergent intake. The discharge provided
by the tank was measured by a magneto flow meter with an accuracy of 107> m¥/s. A fast-
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closing Tainter gate was located next to the downstream end of the channel at x = 18.1 m,
where x is measured from the upstream end of the flume. A radial gate was located further
downstream at x = 18.88 m, followed by a free overfall (Fig. 2).

The water depths were measured using pointer gauges with an accuracy of 0.001 m in
steady flows. The unsteady water depths were recorded with a series of acoustic dis-
placement meters (ADMs). A Microsonic™ Mic 4+ 35/IU/TC unit was located immedi-
ately downstream of the Tainter gate. Nine ADMs Microsonic™ Mic + 25/IU/TC were
spaced upstream of the gate between x = 17.81 m and x = 0.96 m. All acoustic dis-
placement meters were placed above the channel centreline, calibrated against pointer
gauge measurements in steady flows and they sampled non-intrusively the free-surface at
200 Hz. The applicability of ADM to breaking bores with air bubble entrainment was
tested against sidewall dSLR photography. The differences between the two methods were
small to negligible.

In steady and unsteady flows, the velocity measurements were conducted with an
acoustic Doppler velocimeter (ADV) Nortek™ Vectrino + (Serial No. VNO 0436)
equipped with a three-dimensional sidelooking head at a range of vertical elevations z
above the invert. The ADV was located at x = 8.5 m on the channel centreline. The
velocity range was + 1.0 m/s, the sampling rate was 200 Hz, and the ADV was setup
with a transmit length of 0.3 mm, a sampling volume of 1 mm height and a power
setting: High. The post processing of the ADV data was conducted following Chanson
[13] and Docherty and Chanson [31]. The steady flow data processing included the
removal of communication errors, the removal of average signal to noise ratio data less
than 5 dB and the removal of average correlation values less than 60 %; and the phase-
space thresholding technique developed by Goring and Nikora [32] and implemented by
Wahl [33] was applied. The unsteady flow post-processing was limited to a removal of
communication errors, although, for z < 0.030 m, some vertical velocity data might be
adversely impacted by the bed proximity. Both the acoustic displacement meters and
acoustic Doppler velocimeter were synchronised within £ 1 ms and sampled simulta-
neously at 200 Hz.

Additional information was obtained with a dSLR camera Pentax™ K-3, video camera
Sony™ HDR-XRI160E (50fps, resolution: 1920p x 1080p) and digital camera Casio™
Exlim Ex10 (Movie modes: 120fps, resolution: 640p x 480p; 240fps, resolution:
512p x 384p). Further details on the experimental facility and instrumentation were
reported in Leng and Chanson [34].

Acoustic displacement meters Fast-opening
Tainter gate -
AD Acoustic A Bore fm‘&t celerity A] A S Radial gate
Doppler < e :
velocimeter o -
. A g
Vv | v v - v I —
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Fig. 2 Definition sketch of the experimental setup with an overview of the flume
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2.1 Data accuracy

The error of the pointer gauge data was £0.5 mm in steady flow, the accuracy on the
acoustic displacement meter data was 0.18 mm [35], the error on the velocity components
was 1 % of the velocity range (herein £1 m/s), that is £0.01 m/s [36].

The repeatability of the experiment was very carefully tested by repeating a number of
experiments using different individuals operating the gate, with a gate closure less than
0.2 s for each experiment and on different days. The results showed that the bore front
arrival time, bore height, bore celerity... were basically identical. Small differences were
observed linked to the fluctuating nature of the bore roller free-surface, as observed in
stationary hydraulic jumps and breaking bores [37, 38, 39].

2.2 Experimental flow conditions

This study focused on fully-developed bores (i.e., hydraulic jump in translation) for which
the mean properties were independent of time and space, thus independent of the gener-
ation process. The ADV sampling location (x = 8.5 m) was selected accordingly after
preliminary tests. Detailed velocity measurements showed that the initially steady flow was
partially developed at x = 8.5 m and the dimensionless boundary layer thickness §,/d;
ranged between 0.3 and 0.5 depending upon the initial flow conditions [34].

Four initial discharges (Q = 0.101, 0.085, 0.071 and 0.055 m3/s) were tested (Table 1).
For each experiment, the positive surge was generated by the rapid closure of the Tainter
gate and the surge propagated upstream as sketched in Fig. 2. The radial gate was fully
opened for the breaking bore experiments; it was initially partially closed to raise the initial
water depth d; during the undular surge experiments. The bulk of experiments were
performed with a horizontal slope (S, = 0) (Table 1). A steeper bed slope was used simply
to decrease the initial water depth while maintaining the initial flow rate, thus achieving an
initially supercritical flow and generating tidal bores with high Froude numbers. The slope
was very gentle and barely perceptible compared to the channel length.

Ensemble-average experiments were performed herein. For each run, the instruments
were started 60 s prior to gate closure; the sampling stopped when the surge reached the
upstream intake structure. A total of 25 runs were repeated for each set of ensemble-
average experiments. The median free-surface elevations and velocity components were
calculated from the total ensemble, as well as the fluctuating properties. Table 1 sum-
marises the present experimental flow conditions.

3 Basic observations

For a hydraulic jump in translation, basic theoretical considerations demonstrate that the
strength of the bore is linked to its Froude number (Eq. 1) [8]. When the Froude number
Fry is less than one, the surge cannot form. For a Froude number between 1 and 1.3-1.5,
the bore has an undular form: that is, the front is a smooth wave followed by a train of
quasi-periodic secondary waves called whelps or undulations [2, 40]. Photographs of
undular and breaking bore propagations are presented in the Digital Appendix. In an
undular bore, the rate of energy dissipation is small to negligible, and the pressure dis-
tributions are not hydrostatic [41, 42]. Field and laboratory data showed a maximum in
dimensionless wave amplitude and steepness for Fr; &~ 1.3-1.4, corresponding to the
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apparition of some slight breaking at the first wave crest [2, 13]. For larger Froude numbers
(Fr; > 1.4-1.6), the bore had a breaking front with a marked roller. In a breaking bore, the
roller toe is a flow singularity where vorticity is generated and air is entrapped [11, 29].
Figure 3 shows a high-shutter speed photograph of a roller toe. The roller toe formed a
continuous line, herein called the roller toe perimeter. The transverse profile of the roller
toe perimeter showed some pseudo-periodic shape, indicating the existence of non-linear
structures, streamwise vortices and streaks [39]. Present observations hinted a physical
process similar to a plane mixing layer [43].

The generation and upstream propagation of bores was recorded non-intrusively. A
typical example is shown in Fig. 4 for a breaking bore, presenting the median free-surface
elevation and instantaneous fluctuations at x = 18.17 m (i.e., downstream of Tainter gate)
and x = 17.41 m and 8.5 m (i.e., upstream of Tainter gate). The instantaneous fluctuations
were characterised by the difference between third and first quartiles (d75 — d,s), which
would be equal to 1.3 times the standard deviation of the total ensemble for a Gaussian
distribution. The ensemble-averaged free-surface data highlighted the abrupt increase in
water level associated with the passage of a breaking bore roller (Fig. 4), and a significant
upward free-surface curvature followed by a secondary wave motion with an undular bore
(data not shown). For all the experimental conditions (Table 1), the data indicated a sharp
increase in free-surface fluctuations with the propagation of a positive surge, although the
propagation of a breaking bore was typically associated with higher maximum free-surface
fluctuations than that of a an undular bore. In each case the free-surface fluctuations
showed a marked maximum (d;s — ds)max shortly after the passage of the bore, and the
corresponding time delay At will be further discussed below.

Fig. 3 Upstream propagation of a breaking bore—breaking bore propagation from right to left; Flow
conditions: Q = 0.101 m%/s, S, = 0.0025, Radial gate opening = fully-opened, h = 0 m, Fr; = 2
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Fig. 4 Ensemble-averaged time variations of the median free-surface elevations and free-surface
fluctuations at different longitudinal locations for a breaking bore: Q = 0.055 m*/s, Fr; = 1.5

For breaking bores, the maximum free-surface fluctuations (d;s — das)max recorded at
x = 8.5 m are presented in Fig. 5 as functions of the Froude number. The data are
compared to earlier breaking bore data, stationary hydraulic jump data and stationary
hydraulic jump calculations. Despite differences in instrumentation reported in the
caption of Fig. 5, all the data showed the same trend: namely, the maximum free-surface
fluctuations increased with increasing Froude number (Fig. 5). The data were best cor-
related by:

drs — d
(“d—”)mﬂ =0.331 x (Fr, — 1) Positive surges (1.38< Fr; <2.2)  (3)
1

/
% =0.172 x (Fr, — 1)**  Stationary hydraulic jumps (1.9< Fr; <8.5)  (4)
1

where n/max is the maximum free-surface elevation standard deviation in a stationary
hydraulic jump. Both Egs. (3) and (4) are compared to the data in Fig. 5.

4 Velocity measurements
4.1 Presentation

Instantaneous velocity measurements were conducted at x = 8.5 m (Table 1). Herein V, is
positive downstream, V, is positive towards the left sidewall and V, is positive upwards.
Both breaking and undular bores were investigated. For breaking bores, all data showed a
sharp rise in water level associated with an abrupt decrease in longitudinal velocity at the
arrival of the roller and passage of the roller toe. The transverse velocity showed some
large fluctuations around zero during the roller passage. The vertical velocity component
showed an initial acceleration, which was more significant at higher vertical elevations,
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meters

Instrumentation Positive surges/bores Stationary hydraulic jump
Photographic/video LENG and CHANSON MISRA et al. (2006)
observations (2015a)
Wave gauges - MADSEN (1981), MOUAZE et al. (2005),
MURZYN et al. (2007)
Acoustic displacement DOCHERTY and CHANSON | KUCUKALI and CHANSON (2008), MURZYN

(2012), CHANSON and TOI
(2015), Present study

and CHANSON (2009), CHACHEREAU and
CHANSON (2011), WANG et al. (2014), WANG

and CHANSON (2015)
* Chachereau & Chanson v Mouaze et al. “ Docherty & Chanson
© Misra et al. & Madsen 4 Chanson & Toi
L 2 Murzyn & Chanson A Wang & Chanson = Leng & Chanson
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Fig. 5 Maximum instantaneous free-surface fluctuations (dys5 — das)max at X = 8.5 m as functions of the
Froude number Fri—comparison with positive surge data (blue symbols), stationary hydraulic jump data
(black symbols), stationary hydraulic jump theoretical calculations (Richard 2013) (red symbols) and
correlations (dashed lines)

particularly close to the free-surface. In undular bores, the longitudinal velocity decelerated
following the passage of the first wave crest and then oscillated about a mean value in a
quasi-periodic manner. The period of longitudinal velocity component oscillation corre-
sponded to the free-surface undulation period, but the oscillations in longitudinal velocity
were out of phase in comparison to the undulation of the free-surface. The transverse and
vertical velocity data also showed quasi-periodic oscillations following the undulations of
the free-surface. Next to the free-surface, the data indicated a marked increase in vertical
velocity magnitudes, consistent with boundary conditions set by the free-surface elevation
undulations.

Since the propagation of tidal bores was a highly turbulent and unsteady process, a
series of ensemble-averaged velocity measurements were conducted at X = 8.5 m and
the results yielded the instantaneous median velocity and velocity fluctuations defined
as the difference between third and first quartiles of velocity data (V;5 — V,s) for the
longitudinal, transverse and vertical components. Figure 6 shows a typical data set,
with the ensemble-averaged median water depth at the velocity sampling location
highlighted by the black solid line. In Fig. 6, t = 0 corresponded to the Tainter gate
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Fig. 6 Time-variations of instantaneous ensemble-averaged velocity components and velocity fluctuations
(V75 — V5) at different vertical elevations z/d; for a breaking bore—flow conditions: Q = 0.101 m’/s,
Fr; = 2.2, x = 8.5 m, velocity data offset by +0.2 for all elevations. a Longitudinal velocity component V.
b Transverse velocity component V. ¢ Vertical velocity component V,

@ Springer



706 Environ Fluid Mech (2016) 16:695-719

closure, and the velocity data were offset vertically by +0.2 for all elevations in each
graph.

Within the investigated flow conditions, all data showed a marked deceleration of the
longitudinal velocity component V, during the bore passage as seen in Fig. 6a. This was
associated with an initial acceleration followed by deceleration of the vertical velocity
component V, at all elevations, regardless of the bore type. After the passage of a breaking
bore, the longitudinal velocity (after the deceleration phase) was almost constant with
some fluctuations (Fig. 6a). Breaking bores were further associated with a transient
recirculation next to the bed, after the rapid deceleration. This unsteady flow feature
indicated a transient flow reversal immediately after the passage of the bore and was
previously reported in laboratory and in the field [13, 44]. The mean value of the transverse
velocity Vy was zero in the initial steady flow.

During the passage of a breaking bore, the transverse velocity showed large fluctu-
ations around zero, before becoming almost nil with small fluctuations after the complete
passage of the roller region. The vertical velocity showed a sharp increase as the free-
surface rose up, before some deceleration at the inflection point of the free-surface
curvature. This pattern was most significant at the higher vertical elevation close to the
free-surface and it was directly linked to the streamline and free-surface curvature ahead
of the roller. With the passage of an undular bore, the longitudinal, transverse and
vertical velocity components showed a quasi-periodic oscillatory pattern associated with
the propagation of the first wave crest and secondary undulations. The maximum
velocity amplitude tended to occur simultaneously with the free-surface troughs,
implying some out-of-phase oscillation [45, 13].

4.2 Velocity fluctuations

The turbulent velocity fluctuation data showed a drastic increase in fluctuations for all
three velocity components at all elevations associated with the passage of a positive
surge. At the lowest vertical elevation (z/d; = 0.1), larger velocity fluctuations tended to
be observed. The vertical velocity fluctuations were overall greater than the other two
components for the same flow condition, most remarkably in the upper water column (z/
d; = 0.8). In breaking bores, marked peaks in the three velocity component fluctuations
(Vx,75 - Vx,ZS)max’ (Vy,75 - Vy,25)max and (Vz,75 - VZ,ZS)max’ occurred Shghtly after the
passage of the bore roller (Fig. 7a) whereas, in undular bores, local maxima appeared
repetitively following the train of undulations (data not shown). The maximum velocity
fluctuations (Vx,75 - Vx,25)maxa (Vy,75 - Vy,25)mux and (Vz,75 - Vz,25)max in a breaking
bore with Froude number Fr; = 1.5 are presented as functions of the vertical elevation in
Fig. 7bl. The corresponding time lag Aty between the maximum fluctuation and the bore
arrival time is shown in Fig. 7b2 as a function of the vertical elevation. The time lag Aty
was consistently larger than the time lag At for maximum free-surface fluctuations. The
results indicated that the vertical velocity component was typically associated with the
largest magnitude in maximum velocity fluctuations, and most significant difference in
peak fluctuations between the lower and upper water column, the largest velocity fluc-
tuations being recorded in the upper water column. On the other hand, the maximum
longitudinal velocity fluctuations were larger next to the bed. All velocity components
showed some increase in time lag Aty with increasing distance from the bed. Within the
experimental flow conditions listed in Table 1, breaking bores at higher Froude numbers
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Fig. 7 Maximum velocity fluctuation (V75 — Vs)max during the passage of the bore and corresponding
time lag Aty between the maximum velocity fluctuations and the arrival of the bore front. a Annoted graph
of time-variations of instantaneous ensemble-averaged longitudinal velocity and velocity fluctuations
(V75 — Vas): Fr; = 1.5, z/d; = 04, Q = 0.101 m%/s, x = 8.5 m. b Vertical distributions of maximum
velocity fluctuation (V75 — Vas)max after the passage of the bore and time lag Aty between the maximum
velocity fluctuations and the arrival of the bore front for Fr; = 1.5, x = 8.5 m. (b1, Left) Maximum velocity
fluctuation (V75 — Va5)max-(b2, Right) Time lag Aty

tended to have higher peak fluctuations than undular bores and even breaking bores with
lower Froude numbers. Lastly the upper water column was associated with a broader
scatter of time lag in comparison to the mid and lower water column.
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Fig. 8 Time variations of water depth ad turbulent Reynolds stresses during a positive surge: median
turbulent stress and fluctuation data. a Breaking bore: Q = 0.101 m?/s, Fr; = 2.2, z/d; = 0.1, x = 8.5 m—
tangential stresses and difference between third and first quartiles of tangential stresses were offset by
+0.1 m%s. b Undular bore: Q = 0.101 m%/s, Fr; = 1.2, z/d; = 0.1, x = 8.5 m—tangential stresses and
difference between the third and first quartiles of the tangential stresses were offset by +0.1 m?/s

5 Turbulent reynolds stresses

5.1 Presentation

The Reynolds stress tensor characterises the transport resulting from the turbulent motion
induced by velocity fluctuations with a subsequent increase of momentum exchange:

Tij = p X Vi X vj where the velocity fluctuation v; is the deviation between the measured
velocity and the ensemble-average [46]:
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V,':V,'—Vi (5)

where V; is the instantaneous velocity component measurement, V; is the instantaneous
ensemble-median value and i, j = x, y z. Herein both normal and tangential Reynolds
stresses were calculated based upon the ensemble-averaged velocity data [47]. Figure 8
shows typical time variations of instantaneous ensemble-averaged Reynolds stresses and
Reynolds stress fluctuations. In Fig. 8, the data were collected near the bed at z/d, = 0.1.
In each graph, the solid black line denoted the ensemble-median free-surface variations.

All the data indicated that the propagation of a breaking bore was associated with
significant increase in both normal and tangential Reynolds stress amplitudes for all vertical
elevations within the experimental flow conditions. Maximum stresses were seen in terms of
both normal and tangential stress tensor components shortly after the passage of the roller
toe. The third quartiles (e.g., (Vxvyx)7s) and the quartile differences (e.g., (VxVy)75 — (VVy)2s)
were large beneath the bore front as seen in Figs. 8a and 9. The third quartile is a char-
acteristic large value, while the quartile difference represent a characteristic fluctuation.
Both third quartile and quartile difference data exhibited distinctive peaks which were in
phase with the stress maxima for the corresponding stresses. The stress amplitudes and
stress quartiles appeared to be larger in the upper water column, possibly associated with the
highly-fluctuating free-surface and the air—water interactions in the breaking roller.

In undular bores, the Reynolds stress data showed overall a similar trend to that of a
breaking bores, but with less pronounced peaks in terms of the normal stress tensors vyv,,
and v,v,. The magnitudes of both stresses and stress quartiles were lower in undular bores
compared to breaking bores for the same discharge. Further the normal stress tensors v, vy
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Fig. 9 Comparison between the time of occurrence of the maximum median Reynolds stresses and the time
of occurrence of the maximum free-surface fluctuation—flow conditions: Q = 0.101 m3/s, Fry =22,
z/d; = 0.1, x = 8.5 m, breaking bore
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and v,v, showed fluctuations associated with the passage of the bore front and as well as
the secondary undulations. The third stress quartile and stress quartile differences data also
fluctuated consistently with the corresponding stress tensor components beneath the sec-
ondary wave motion. At higher vertical elevations close to the free-surface, the normal
stress tensor v,v, showed a large increase in stress magnitude and third quartiles compared
to data at elevations close to the bed.

5.2 Delayed maximum shear stresses

In the present data, the maximum Reynolds stresses were observed after the bore toe passage
as illustrated in Fig. 9. This time lag AT was systematically observed. The maximum
ensemble-averaged Reynolds stresses (ViVj)max associated with the propagation of a positive
surge and their time of occurrence AT relative to the bore passage were analysed and reported
in Appendix 1. Herein the arrival time of the bore front was defined as the instance at which
the water level at the velocity sampling point started to rise. Figure 9 provides an example,
with the vertical straight black line highlighting the bore arrival time. The first peaks in
normal stresses (VxVy)median aNd (V,V,)median Were seen shortly after this arrival time (Fig. 9)
and corresponded to the instance when the first derivative of the free-surface elevation with
respect to time started to be non-zero. But the main peak in median shear stresses was always
delayed after the bore arrival as seen in Fig. 9.

The results showed large magnitudes of maximum normal stresses next to the channel
bed, especially in terms of v,vy and v,v,, in both breaking and undular bores for all
experimental conditions (Appendix 1). The time lag AT between the maximum normal
stress (VxVx)max and the arrival of bore front increased with increasing vertical elevation.
On the other hand, the normal stress v,v, showed a marked increase in maximum stress
level with increasing vertical elevation towards the free-surface, whereas the time lag AT
between (v,V,)max and the arrival of bore front decreased with increasing vertical elevation,
most significantly in breaking bores. The normal stress vyv, was overall smaller than the
other normal stress components for the same flow conditions. The undular tidal bores were
typically associated with smaller magnitudes in maximum Reynolds stresses for all
components, but for v,v,. In Appendix 1, data with no obvious stress maxima are marked
by N/A.

The time lag AT between the maximum Reynolds stresses and the arrival of the bore
front was compared to At, the time lag between the arrival of the bore front and the
occurrence of the maximum free-surface fluctuation. Overall, for the same flow condition
and vertical elevation, the Reynolds stress tensors in all directions exhibited peak stress
levels slightly after the time when the maximum free-surface fluctuation occurred: i.e.,
AT > At. Figure 9 presents a typical example for a comparison between the two time lags
AT and At. For all flow conditions and all Reynolds stress components, the ratio AT/At
ranged from 0.45 to 6.18, with a mean value of 2.2. The data are regrouped in Fig. 10a,
where the ratio AT/At is plotted as a function of the bore Froude number for tensor stress
components. Altogether the median data were best correlated by:

AT

R =22 % (Fri —0.73) for 1.2< Fr, <22 (6)

Equation (6) is compared with the experimental data in Fig. 10a. For comparison, the
time lag AT for maximum Reynolds stresses was found to be comparable to the time
lag Aty for maximum velocity fluctuations, within the investigated flow conditions
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(Table 1). Present data suggested that the maximum Reynolds stresses occurred slightly
after the occurrence of maximum velocity fluctuations. On average, the ratio Aty/AT was
typically

% ~ 0.9 forl.2< Frj<2.2 (7)
with most data within 0.6-1.2, as shown in Fig. 10b.

The present results indicated that the maximum Reynolds stresses commonly occurred
after the maximum free-surface fluctuations, and that the increase in Reynolds stress might
be linked to and caused by the large free-surface fluctuations associated with the bore
passage. It is hypothesised that the free-surface fluctuations combined with the longitudinal
pressure gradient during the bore front passage, and the turbulent shear in breaking roller to
drive the turbulent mixing.
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5.3 Probability distribution functions

The probability density functions of instantaneous Reynolds stress data were analysed over
a small time span (within 3 s) during, before and after the bore passage for selected flow
conditions. The time span selected during the bore passage started immediately before the
free-surface rise and ended shortly after the maximum free-surface elevation was reached.
Figure 11 presents typical results for normalised probability distribution functions (PDFs)
of normal and tangential stresses; the data are presented in a dimensional form. In each
figure, the caption and legend provide information on flow conditions and time span; each
data point represents the probability of cross-product v; x v; in 0.01 m?%/s? intervals. For
example, the probability of shear stress from 0.01 to 0.02 m*/s” is represented by the data
point labelled 0.01.

Within the experimental flow conditions (Table 1), all normal Reynolds stress tensors
exhibited the same PDF shape. That is, the turbulent stress PDFs were skewed to the left
with a single mode, with a preponderance of small shear stress amplitude relative to the
mean (Fig. 11a), in a manner consistent with field data [23]. The tangential stress data
presented a single-mode bell-shaped PDF distribution, with mean value typically about
zero (Fig. 11c). For the three selected time spans, the normal Reynolds stresses vi
exhibited a mode between 0 and 0.05 m?/s*, corresponding to median shear stresses from 0
to 50 Pa, assuming the water density of 998.2 kg/m3. Large normal stresses were however
observed in excess of 1 m?/s* before, during and after the bore passage, corresponding to
shear stresses up to more than 100 Pa. The tangential stresses v;v; were mostly distributed
between —0.05 and 0.05 m?/s>. Note that the magnitude of the maximum normal stresses
was two times greater than that of the tangential stresses.

Within the range of experimental conditions, the propagation of positive surges was
associated with high turbulent stresses which had large potential in shearing and mixing
particles. The bore passage was associated with a highest probability of large normal and
tangential stress magnitudes, compared to periods before and after the bore passage.
During the period immediately after the surge passage, the data showed comparatively
smaller probability of large stress magnitudes (>50 Pa) in terms of both normal and
tangential stresses.

6 Discussion

In a natural system, flowing waters have the ability to scour the channel bed, to carry
particles heavier than water and to deposit materials. This process of sediment motion is of
great economical importance, for example to predict the risks of scouring of bridges and
river banks, and to predict the possible bed form changes of riverine and estuarine
channels. Traditionally, sediment transport is correlated to the

boundary shear stress [48, 49]. For example, the well-known Shields diagram gives a
critical shear stress for sediment motion of 0.1-0.5 Pa for fine sand particles [5, 50]. In
channels with cohesive sediments, field observations suggested a critical shear stress for
sediment erosion between 0.1 and 10 Pa [51, 52]. Note that existing correlations between
sediment entrainment/erosion and shear stress are typically based upon a mean boundary
shear stress (e.g., [48, 49, 53, 54, 55]. The present results indicated that the instantaneous
shear stresses beneath a positive surge spanned over more than one order of magnitude.
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Fig. 11 Probability density functions of turbulent Reynolds stress tensor before, during and after a breaking
bore passage—flow conditions Q = 0.101 rn3/s, Fr; = 2.2, z/d; = 0.1, x = 8.5 m, breaking bore, about
15,000 points per data set—vertical axes in logarithmic scale. a Normal Reynolds stress tensors vyvy: full
data set. b Normal Reynolds stress tensors v,v,: detailed histograms. ¢ Tangential Reynolds stress tensor
vyvy: full data set. d Tangential Reynolds stress tensor v,vy: detailed histograms

Thus the notion of mean shear stress might not be the most relevant parameter to predict
sediment erosion in tidal bore affected estuaries. Indeed the measured instantaneous stress
levels were one to two orders of magnitude larger than the critical threshold for sediment
motion of cohesive and non-cohesive materials. Present findings suggested that the bore
propagation can scour a mobile bed. Once the fluid shear stress exceeds the local strength
of the bed, surface erosion occurs initially, in the form of stripping and aggregate frag-
mentation [56], followed by further mass erosion [57, 58]. The erosion pattern was

@ Springer



714 Environ Fluid Mech (2016) 16:695-719
1g
E T T T T T T T
C 05E L4 Before
[ x During
02 F L] After
0.1 % E
00s % E
[ * ~, ]
o 0.02 | o - E
Q oo ke | *% E
0.005 F ** e % 3
L & ]
0.002 | ;’ 0‘,... E
0.001 | i o ® o % 4
0.0005 T N KNG
0.0002Fe o o A . % %]
0.0001 oo | o | e d |..0 T [ 4 |0w* L4 | 6 &k Xk X
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Reynolds stress vyvy (m?%/s?)
D FT—T T T
0.7 * Before
0.5} o * During
3 g ‘4! - @ - - After
0.3F K *
02F 4
| ' . -
L OLF ; 3 ]
S 007F , : .
- . N -
0.05 - M ) * ]
0.03 * ' ° E
\‘ * &
0.02 | 4
., *
0.01,!— ) A4 K
0.007 | d | ]
0.005 L—2 ] ] ] ] ] ] ]
-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05

Reynolds stress vxvy (m%/s?)

Fig. 11 continued

observed in the field [20, 28] and would be consistent with the observations of large

instantaneous shear stresses.

Large instantaneous shear stresses may be associated with turbulent events [59, 60],
typically linked to coherent turbulent structures such as eddies and bursting [61, 62]. They
are likely to play a major role in terms of sediment scour, transport and accretion as well as
contaminant mixing and dispersion [48, 63]. In positive surges, the turbulent event analysis
might be considered as an alternative approach to provide details into the turbulent bursts
that are responsible for major mixing and sedimentary processes [23]. Classical burst event
analyses might however need to be refined specifically for the highly-unsteady rapidly

varied flow motion.
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7 Conclusion

In an open channel, the propagation of positives surges, bores and compression waves is
characterised by intense turbulent mixing associated with high turbulent stress levels.
Herein new experiments were conducted in a large-size rectangular channel with a smooth
bed to characterise the turbulent properties of bore fronts including the coupling between
free-surface and velocity fluctuations. The experiments were repeated 25 times and the
data were ensemble-averaged, yielding the instantaneous median and instantaneous fluc-
tuations of free-surface elevation, velocities and turbulent Reynolds stresses. A key feature
of the study was the high level of spatial and temporal resolution under carefully-controlled
conditions, enabling a fine characterisation of the coupling between free-surface and tur-
bulent shear stress fluctuation during the bore passage. This was ever achieved to date,
although the information is critical for future conceptual models and CFD modelling
validation.

The passage of the surge front was associated with large free-surface fluctuations, with
maximum free-surface fluctuation occurring slightly after the arrival of the front. The free-
surface fluctuations were comparable to those recorded in stationary hydraulic jumps for a
similar Froude number. Similarly large instantaneous velocity fluctuations were observed
for the three velocity components at all elevations. In turn, the propagation of tidal bores
was associated with large turbulent Reynolds stresses and instantaneous shear stress
fluctuations, particularly beneath the bore front. A broad range of shear stress levels was
observed, with the probability density of the tangential stresses distributed normally and
the normal stresses distributed in a skewed single-mode fashion. With undular bores, large
Reynolds stresses were observed beneath the secondary wave train, lasting longer than
during a breaking bore.

Maxima in normal and tangential stresses were observed shortly after the passage of a
breaking bore roller toe. The maximum Reynolds stresses occurred after the occurrence of
the maximum free-surface fluctuations. The time lag implied some interaction between the
free-surface fluctuations and shear stress fluctuations beneath the surge front, and possibly
some causal effect. It is hypothesised that the increase in turbulent stresses is caused by the
large free-surface fluctuations during the bore front propagation. The rapid fluctuations in
roller toe characteristics and roller shape forces a strongly three-dimensional turbulent flow
motion, with intense turbulent shear. Simply the propagation of surges and bores is a very
complicated turbulent process.
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Appendix 1. Maximum reynolds stresses and corresponding time lag At
in positive surges

During the present study, the maximum Reynolds stresses and associated time lag AT

between the occurrences of the maximum stress and bore front arrival were carefully
documented. The experimental results are reported below.
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