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Abstract A tidal bore may occur in a macro-tidal estuary when the tidal range exceeds
4.5–6 m and the estuary bathymetry amplifies the tidal wave. Its upstream propagation induces
a strong mixing of the estuarine waters. The propagation of undular tidal bores was investi-
gated herein to study the effect of bridge piers on the bore propagation and characteristics.
Both the tidal bore profile and the turbulence generated by the bore were recorded. The free-
surface undulation profiles exhibited a quasi-periodic shape, and the potential energy of the
undulations represented up to 30% of the potential energy of the tidal bore. The presence of
the channel constriction had a major impact on the free-surface properties. The undular tidal
bore lost nearly one third of its potential energy per surface area as it propagated through the
channel constriction. The detailed instantaneous velocity measurements showed a marked
effect of the tidal bore passage suggesting the upstream advection of energetic events and
vorticity “clouds” behind the bore front in both channel configurations: prismatic and with
constriction. The turbulence patches were linked to some secondary motions and the pro-
posed mechanisms were consistent with some field observations in the Daly River tidal bore.
The findings emphasise the strong mixing induced by the tidal bore processes, and the impact
of bridge structures on the phenomenon.

Keywords Undular tidal bores · Free-surface undulations · Channel constriction ·
Bridge piers · Experimental measurements · Turbulent events · Macro-turbulence

1 Introduction

A tidal bore is an unsteady flow motion generated by the rapid water level rise at the
river mouth during the early flood tide when the tidal range exceeds 4.5–6 m, the estuary
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Fig. 1 Undular tidal bore of the Dordogne River (France) on 27 September 2008 at 15:50—the two kayakers
were riding the second wave and Fabrice COLAS was surfing on the third wave

bathymetry amplifies the tidal wave and the freshwater level is low. As the tidal level in
the estuary rises with time during the early flood tide, the leading edge of the tide, called
the tidal wave, becomes steeper and steeper until it forms an abrupt front that is the tidal
bore [24,28] (Fig. 1). On our planet, the tidal bores occur widely in macro-tidal estuaries
and rivers. They exert a major impact on the ecology and environment of estuarine zones
in particular in the transport of sediments and the reproduction of some native fish species
[8,11,30,31].

Historically, some major contributions on tidal bores encompassed [1,2,24] and [28]. A
limited number of field investigations were conducted, including by Kjerfve and Ferreira
[20] and Wolanski et al. [35]. More recently, some unsteady turbulence measurements were
conducted using PIV and ADV techniques [7,19,21] (Table 1). These physical data high-
lighted the intense turbulence generated during the tidal bore propagation. Some numerical
modelling presented some interesting features [15,23,26], but the comparison with physical
data showed some limitations.

The impact of a tidal bore on a bridge as well as the effect of the bridge on the tidal bore
process were rarely documented although some studies were conducted on the impact of the
Hangzhou Bay bridge (China) opened in 2008. Another example is the 15th century bridge,
called Pont Aubaud, across the Sélune River in France. Figure 2 illustrates the propagation
of an undular tidal bore underneath. Note the bridge piers shaped to cut the tidal bore flow
(Fig. 2).

To date there is basically no information on the impact of bridge structures and channel
constructions on tidal bores and the associated impact in terms of mixing. The present contri-
bution examines in detail the propagation of undular tidal bores between piers, the turbulence
and turbulent mixing generated by the passage of the bore in the short channel constriction
and the impact of the bridge on the tidal bore. The experimental results show the major impact
of the short transition on the tidal bore motion. The paper is further supported by a online
appendix presenting some movies.
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Fig. 2 Propagation of the Sélune River tidal bore beneath the Pont Aubault (France) on 7 April 2004 at
09:00—view from the left bank

2 Experimental setup and instrumentation

The experiments were performed in a 12 m long, 0.5 m wide tilting flume, and its slope was
set horizontal for all experiments. The flume was made of smooth PVC bed and glass walls.
The initial flow conditions were controlled by a radial gate located at the channel downstream
end (x = 11.9 m) while the tidal bore generation was induced by the rapid closure of a tainter
gate which was located next to and just upstream of the radial gate. The tainter gate closure
time was between 0.1 and 0.15 s.

The water discharge was measured with two orifice meters. In steady flows, the water
depths were measured using rail mounted pointer gauges, and the unsteady water depths were
measured with a series of acoustic displacement meters MicrosonicTM Mic+25/IU/TC unit
located at several longitudinal distances along the channel centreline. The turbulent velocity
measurements were conducted with an acoustic Doppler velocimeter NortekTM Vectrino+
(Serial No. VNO 0436) equipped with a three-dimensional side-looking head. The sampling
rate was 200 Hz and the velocity data accuracy was 1% of the velocity range (0.3 or 1 m/s
herein). The acoustic displacement meters and acoustic Doppler velocimeter were synchron-
ised within 1 ms, and were sampled simultaneously. The translation of the ADV probe in
the vertical direction was controlled by a fine adjustment travelling mechanism connected
to a MitutoyoT M digimatic scale unit. The error on the vertical position of the probe was
�z < 0.025 mm.
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Fig. 3 Experimental channel and constriction installation in the rectangular channel: dimensioned sketch

The experimental flow conditions are summarised in Table 1. Further information on
the facility and instrumentation is reported in Chanson [5] including some movies of the
experiments.

2.1 Channel constriction

For some experiments, a channel constriction was introduced as shown in Fig. 3 where x is
the longitudinal distance from the channel upstream end. Both sides were identical, made of
mortar and painted. Note that the channel constriction was typical of a set of bridge piers,
being a 1:20 scale model of the Pont Aubault bridge (Fig. 2). In steady flow conditions, the
visual observations showed the presence of shock waves/cross-waves between the half-bridge
piers when the upstream Froude number Fr0 = V0/

√
g × d0 was larger than 0.2 where V0

and d0 are respectively the flow velocity and depth measured upstream of the constriction.
For Fr0 < 0.2, only small ripples were seen in the channel constriction. For all investiga-
tions, the initially steady flow was characterised by some flow separation downstream of the
constriction as sketched in Fig. 3: i.e., with a jet flow region along the channel centreline
where the steady flow measurements showed some larger centreline velocities.

2.2 ADV signal processing and analysis

The ADV system records the three instantaneous velocity components at high frequency
(200 Hz herein). The present experience demonstrated some recurrent issues, including low
correlations and low signal to noise ratios, when the waters were not seeded [5]. The situation
improved drastically by a combination of measures, including the injection of kaolin powder
and some stirring in the intake chamber prior to each run.

In steady flows, the signal processing removed all the samples with communication errors,
average correlation below 60% or signal-to-noise ratio (SNR) below 5 dB, and the data were
“despiked” using a phase-space thresholding technique [9,16,34]. The ADV post-process-
ing techniques were devised for steady flows, and these are not applicable to unsteady flows.
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Herein the unsteady flow post-processing was limited to a removal of communication errors
following Koch and Chanson [21].

3 Basic flow patterns

In the prismatic channel, two basic flow patterns were observed depending upon the bore
Froude number Fr = (V0 + U)/

√
g × d0 where d0 is the initial flow depth, V0 is the initial

flow velocity positive downstream, g is the gravity acceleration and U is the surge front
celerity for an observer standing on the bank, positive upstream. The tidal bore was undular
for a Froude number less than 1.5–1.6 and a breaking bore for larger bore Froude numbers.
For Fr < 1.5–1.6, the tidal bore front was followed a train of well-formed, quasi-periodic
undulations. For Fr > 1.5–1.6, the bore front had a marked roller associated with some air
entrainment and turbulent mixing. For the entire range of investigations, the basic flow pat-
terns were consistent with the earlier findings of Favre [14], Hornung et al. [19] and Koch
and Chanson [21].

The effects of the channel constriction were documented for a range of flow conditions
corresponding to an initially steady subcritical flow (0.12 ≤ Fr0 ≤ 0.31) and the upstream
propagation of undular tidal bores (Table 1). Figure 4 illustrates the propagation of an undular
bore (Fr = 1.23) in the channel constriction, looking upstream. Each photograph was taken
0.5 s apart. A number of short movies are available in the digital appendix. The visual
observations showed that the entrance of the bore into the converging constriction was asso-
ciated with some reflection propagating back towards the channel downstream end, together
with the development of a turbulent free-surface motion in the throat (Fig. 2, 4, 5 and 6).
As the tidal bore progressed into the constriction, the free-surface exhibited some strongly
three-dimensional pattern. When the bore exited the constriction, it tended to regain its quasi-
two-dimensional appearance about 0.75–1.5 m after the diverging constriction. It is presently
unknown why the undular bore regained so rapidly its two-dimensional profile. This might be
linked to the properties of positive surges and tidal bores to absorb any random disturbances
that may exist at the free-surface in front of and behind the bore front [4,17]. It is also a
well-known observation in the field.

The shock reflection on the converging constriction was associated with the development
of surface scars that illustrated the existence of some large turbulent structures next to the
free-surface. Figure 5 shows some surface scar development as the bore front advanced in
the throat. The bore propagation through the constriction was further linked to some free-
surface turbulence and pseudo-chaotic surface motion in the throat. These were possibly best
observed using the light glare and reflection at the free-surface. Some surface turbulence was
observed also next to the exit/divergent (i.e. upstream end of the channel constriction) in the
wake of the sidewall expansions (Fig. 6). Figure 6 illustrates the turbulent vortices delimited
by the surface scars as the undular bore front (first wave crest) exited the constriction. It
is acknowledged that the sidewalls might adversely impact the development of large-scale
structures in the present study. Herein the sidewalls acted as some planes of symmetry but
would prevent the development large coherent structures reflected at the downstream end of
a whole bridge pier.

Altogether the propagation of the bore through the short channel constriction was associ-
ated with the development of large-scale free-surface turbulence and some turbulent dissipa-
tion, while the tidal bore regained its quasi-two-dimensional flow pattern further upstream.
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Fig. 4 Undular tidal bore propagation in the constriction, looking upstream—Note the free-surface turbu-
lence in the foreground caused by some reflection as well as the three-dimensional nature of the flow in the
throat—from left to right, top to bottom: t = t0, t0 + 0.5 s, t0 + 1 s, t0 + 1.5 s, t0 + 2 s, t0 + 2.5 s, Shutter
speed: 1/40 s—run 090324_00, Q = 0.0097 m3/s, d0 = 0.0882 mm (at x = 3.6 m), Fr = 1.23, U = 0.885 m/s

4 Free-surface properties of undular tidal bores

The channel constriction had a significant effect on the undular tidal bore propagation and
its free-surface profile as illustrated in Fig. 7. Figure 7 shows some time-series of the dimen-
sionless flow depth d/d0 on the channel centreline at several longitudinal locations when an
experiment was repeated with the prismatic channel (Fig. 7a) and in presence of the channel
constriction (Fig. 7b).

First the comparative analysis of the data showed the smooth, quasi-periodic undular
pattern in the prismatic channel (Fig. 7a), and the energetic and somehow chaotic wave
motion in the throat of the channel constriction at x = 4.55 m in Fig. 7b. The centreline
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Fig. 5 Undular tidal bore, looking at the first wave crest entering the constriction—note the free-surface tur-
bulence and scars next to the throat convergent—shutter speed: 1/50 s—run 090415_61, Q = 0.0089 m3/s,
d0 = 0.0845 mm (at x = 3.6 m), Fr = 1.16, U = 0.85 m/s

Fig. 6 First wave crest of the undular bore (Fr = 1.15) exiting the channel constriction—note the complicated
turbulent pattern upstream of the channel constriction (right) as well as the surface scars in the throat and in the
diverging constriction—bore propagation from top left to bottom right, Shutter speed: 1/80 s–run 090318_00,
Q = 0.0232 m3/s, d0 = 0.1552 mm (at x = 3.6 m), Fr = 1.15, U = 1.10 m/s

data were consistent with the visual observations, and tended to show a greater maximum
wave height in the constriction throat (Fig. 7b, x = 4.55 m). Second, some key differences
were seen in the free-surface profiles at x = 5 and 4 m, respectively just before and just
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Fig. 7 Dimensionless time-variations of the flow depth during the propagation of an undular tidal bore with
and without bridge pier model: Q = 0.0089 m3/s, d0 = 0.08 m, Fr = 1.16–1.22, U = 0.8 m/s—each curve
was offset vertically by 0.5. a No channel constriction—run 090417_62, Q = 0.0089 m3/s, d0 = 0.0802 m,

Fr = 1.22, U = 0.862 m/s. b With channel constriction—run 090417_61, Q = 0.0089 m3/s, d0 = 0.0845 m,
Fr = 1.16, U = 0.847 m/s

after the constriction. These highlighted some effects of the channel contraction and expan-
sion respectively on the tidal bore propagation. Visually, some wave reflection process was
observed downstream of the constriction (i.e. x > 4.9 m), while at x = 4 m, the rapid chan-
nel expansion induced a rapid change in free-surface profile. Third, the data in the throat
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(x = 4.55 m) showed some form of secondary peak possibly caused by some reflection effect
on the walls (Fig. 7b).

The wave energy of the free-surface undulations is a combination of (a) the potential
energy due to the water the elevation above the mean water level, and (b) the kinetic energy
due to the fluid motion. Over one wave length, the potential energy is equal to the integral of
the weight of water above the mean water level times the distance to the centroid:

P.E. =
Lw∫

0

1

2
× ρ × g × η2 × B × dx (1)

where η is the water elevation relative to the mean water level over the wave length Lw and
B is the channel width [25]. Note that Eq. 1 implies a two-dimensional wave propagation.
In undular tidal bores, the classical linear wave theory results are not valid because the wave
shape is non-linear; the velocity distributions are complex and the kinetic energy cannot be
analytically deduced. Instead the potential energy was calculated and used herein as a sur-
rogate of the total energy. Since the water elevation was recorded as a function of time at a
fixed location, the potential energy over a wave period T may be deduced by changing the
variables from space to time:

P.E. =
T∫

0

1

2
× ρ × g × η2 × U × B × dt (2)

where U is the bore celerity. Note that the water elevation η was calculated relative to the aver-
age water level over the wave length Lw defined herein from a wave crest to the next wave crest.
Figure 8 illustrates the integration process. The potential energy per unit surface area is then:

Fig. 8 Potential energy integration along the second wave length—experimental data: Run 090417_63, x =
5 m, Q = 0.0190 m3/s, d0 = 0.212 m at x = 3.6 m, Fr = 1.04, U = 1.32 m/s
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Ep = P.E.

U × T × B
= 1

T
×

T∫

0

1

2
× ρ × g × η2 × dt (3)

Typical experimental results are presented in Fig. 9, where the dimensionless potential energy
per unit area Ep/(0.5 × ρ × g × d2

0) is plotted as a function of the dimensionless distance
x/d0. Fig 9a presents some data in the prismatic channel and Fig 9b shows some results
with the channel constriction. The data showed typically an increasing potential energy with
increasing distance from the gate (x/d0 ≈ 135 in Fig 9) down to x = 6 m (x/d0 ≈ 75 in
Fig. 9). This corresponded to the formation and development of the bore, and the visual
observations suggested that the tidal bore profile was nearly invariant with distance for x <
6 m (x/d0 < 70 in Fig. 9). For x < 6 m, the potential energy of the undulations were thereaf-
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Fig. 9 Dimensionless potential energy per surface area in an undular bore with and without channel con-
striction—experimental data: Q = 0.0089 m3/s, d0 = 0.08 m at x = 3.6 m, Fr = 1.2, U = 0.85 m/s. a No
constriction—experimental data: Run 090415_62, Q = 0.089 m3/s, d0 = 0.0802 m at x = 3.6 m, Fr = 1.22,
U = 0.862 m/s. b With channel constriction (47.3 < x/d0 < 54.8)—experimental data: run 090415_61,
Q = 0.089 m3/s, d0 = 0.0845 m at x = 3.6 m, Fr = 1.16, U = 0.847 m/s
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ter quasi-constant in absence of channel constriction. The data highlighted further a greater
potential energy per unit area in the first wave length than in the subsequent wave lengths
(Fig. 9a).

In presence of the channel constriction, the experimental data showed a marked increase
in potential energy in the constriction throat: e.g., for 47.3 < x/d0 < 54.8 in Fig. 9b. The
data indicated also a larger potential energy per surface area immediately upstream of the
convergent and downstream of the divergent. This trend is clearly seen in Fig. 9b for the
first three wave lengths. It corresponded to some effects of the bore reflection on the conver-
gent as well as of the divergent of the channel constriction. After the channel constriction
(i.e. x/d0 < 40), the data suggested a lesser potential energy of the free-surface undula-
tions than in the experiments without constriction (Fig. 9). The potential energy per unit
surface area Ep was about 1/3rd smaller after the bore propagation through the channel
constriction than for the same bore in a prismatic rectangular channel without constriction
(Fig. 9a).

Another quantitative information is the total potential energy per surface area of the tidal
bore estimated as:

(Ep)bore = 1

T
×

T∫

0

1

2
× ρ × g × (d − d0)

2 × dt (4)

In the present study, the potential energy of the undulations represented up to 30% of the
total potential energy of the tidal bore, and this ratio decreased with an increasing wave
length number (Fig. 10). The largest ratio of potential energy of the undulations to the total
potential energy of the bore was observed for Fr ≈ 1.3 which corresponded to the onset of
wave breaking at the first wave crest. Typical data are presented in Fig. 10.
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Fig. 10 Ratio of the potential energy of the undulations to the bore potential energy as a function of the wave
length number
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5 Turbulent velocity measurements

The turbulent velocity measurements were conducted with an initial flow rate Q = 0.019 m3/s,
but different initial flow depths (0.115 < d0 < 0.199 m). The measurements were performed
at x = 4, 4.55 and 5 m located respectively upstream, in the middle and downstream of the
channel constriction (Fig. 3). A key feature was the repetition of identical experiments with-
out and with the channel constriction, keeping the same identical initial flow conditions
(Table 1).

In the prismatic channel, the undular bore was characterised by a smooth first wave crest
followed by a series of free-surface undulations. When the undular bore front passed above
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Fig. 11 Dimensionless water depth and instantaneous velocity components in an undular bore propagat-
ing upstream in a channel with channel constriction—run 090424_901-906, d0 = 0.1147 m at x = 3.6 m,
V0 = 0.3313 m/s, U = 1.05 m/s, Fr = 1.16. a Downstream of constriction: x = 5 m, z/d0 = 0.312, run
090424_901c. b In the constriction throat: x = 4.55 m, z/d0 = 0.312, run 090424_903. c Upstream of the
constriction: x = 4 m, z/d0 = 0.316, run 090424_905
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Fig. 11 continued

the sampling volume, a relatively gentle longitudinal flow deceleration was observed at all
vertical elevations. The longitudinal velocity component was minimum beneath the first wave
crest and it oscillated afterwards with the same period as the surface undulations and out of
phase as previously observed by Koch and Chanson [21] and Chanson [7] in laboratory, and
Wolanski et al. [35] in the Daly River. The longitudinal velocities were maximum beneath
the wave troughs and minimum below the wave crests at all sampling elevations. Close to
the free-surface, the vertical velocity data presented also some oscillating pattern. The basic
flow net theory predicts these redistributions in longitudinal and vertical velocity components
since the free-surface is a streamline [6,27,29].

Figure 11 presents some typical dimensionless depth d/d0 and velocity components
Vx/V0, Vy/V0 and Vz/V0 in presence of the channel constriction. These data were col-
lected at the same vertical elevation z/d0 on the channel centreline, and the three sampling
locations are drawn to scale in Fig. 3. The velocity measurements suggested small to moderate
effects of the channel constriction on the unsteady turbulent velocity field. The finding was
somehow deceiving since a significant impact of the constriction was observed visually and
measured in terms of the free-surface profile. However the data sets suggested some energetic
turbulent events beneath the first and subsequent wave lengths. These were best seen by some
sudden and rapid fluctuations of the transverse velocity data Vy/V0 as highlighted in Fig. 12.
Such vigorous turbulent events were also observed in the prismatic rectangular channel in
both the present and past studies [7,21]. The present study suggested however some more
intense occurrence in and next to the channel constriction.

6 Discussion

It is argued herein that the energetic turbulent events illustrated in Fig. 12 were some form
of “macro-turbulence”, or large-scale turbulence, produced beneath the tidal bore front and
advected upstream behind the tidal bore, that were likely induced by secondary motion. The
evidences of advected turbulent “patches” behind a tidal bore were documented in the field:
e.g., in the Mersey River (UK) and Rio Mearim (Brazil) [12,20]; in the Daly River (Aus-
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Fig. 12 Turbulent events behind tidal bores in a channel with channel constriction: dimensionless water depth
and instantaneous longitudinal and transverse velocity components. a Downstream of constriction: x = 5 m,
z/d0 = 0.312, run 090424_901c, d0 = 0.1147 m at x = 3.6 m, V0 = 0.3313 m/s, U = 1.05 m/s, Fr =
1.16. b In the constriction throat: x = 4.55 m, z/d0 = 0.73, run 090429_934, d0 = 0.1989 m at x = 3.6
m, V0 = 0.189 m/s, U = 1.32 m/s, Fr = 1.08. c Upstream of the constriction: x = 4 m, z/d0 = 0.182, run
090429_935, d0 = 0.1989 m at x = 3.6 m, V0 = 0.189 m/s, U = 1.32 m/s, Fr = 1.08

tralia) and the northern Branch of the Changjiang River estuary [10,35]. In these estuaries,
some delayed jumps in salinity, temperature and suspended sediment concentration implied
some turbulent advection process in the wake of the tidal bore. An unusual observation was
recorded in the Daly River (Australia) where a period of very strong turbulence was observed
about twenty minutes after the bore passage that lasted for about 3 min [35]. In that study, the
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sampling location was located about 50 km upstream of the river mouth, and the anecdote
suggested the upstream advection of a “cloud” of turbulence and vorticity for a considerable
distance.

In the present study, the instantaneous velocity data showed some large fluctuations in
transverse velocities Vy on the channel centreline (Fig. 12). The findings highlighted the exis-
tence of transient secondary currents behind the bore front. These intense turbulent events
were observed at several longitudinal locations highlighting the upstream advection process.
While these turbulent bursts might be linked to the undular shape of the bore, Hornung et al.
[19] and Koch and Chanson [22] presented some evidences of turbulence “patches” behind
both undular and breaking bores, with a vorticity production rate proportional to (Fr − 1)3.
These studies implied that the vorticity “clouds” were a feature of both non-breaking and
breaking bores, and the finding was supported by some recent numerical results [15,26].
The present results suggested further that some turbulence clouds could be linked to the
non-prismatic channel shape, and hence with some secondary current motion.

The secondary currents are currents that develop in the plane normal to the local axis
of the main flow. In a prismatic channel, the vorticity profiles at the sidewall and on the
invert interact next to the corner (Fig. 13, Inset). As a result, there exists a mean flow in
the y-z-plane that corresponds to the secondary current sketched in Fig. 13. This secondary
motion is driven by the Reynolds stress gradients [3]. The secondary currents may also occur
in the regions of transition from smooth to rough boundaries when the boundary roughness
is not uniform as shown by Hinze [18]. Considering a tidal bore propagating upstream in a
prismatic rectangular channel, it induced some intense turbulent mixing, and it hypothesised
that some strong turbulent kinetic energy production caused by secondary motion next to
the step corners took place beneath the wave troughs, as sketched in Fig. 13. The turbu-
lent events interacted with the mean flow and some energetic “clouds” of turbulence were
advected within the main flow behind the bore. Figure 14 presents some tangential stress data
recorded in the channel centreline; the data corresponded to the velocity data presented in
Fig. 12a downstream of the channel constriction. The Reynolds stress data showed the large
magnitude and fluctuations of the turbulent stresses beneath the undulations at all vertical
elevations. The Reynolds stress magnitudes were larger beneath the undulations than in the
initially steady flow, and they were significant during the macro-turbulence “patches”.

When the channel is not prismatic, there is a change in mean flow direction and the stream-
line curvature induces some longitudinal component of mean vorticity. Some vorticity may
be generated by the inviscid flow motion and some complicated secondary currents may
develop [32,33,36]. In the present study, the tidal propagation in the channel constriction
was associated with the development of large scale vortical structures next to the free-sur-
face at the throat intake and in the divergent section (Fig. 5 and 6). It is believed that the
free-surface boil structures illustrated the intense production of turbulent kinetic energy and
vorticity next to the sidewall contraction and expansion when the bore front entered and exited
respectively the constriction. The macro-scale turbulence was advected behind the bore front,
contributing to the energetic turbulent velocity fluctuation periods observed on the channel
centreline (Fig. 12). The proposed mechanism would be consistent with the surface “clockwise
and counterclockwise rotating eddies”, “quasi two dimensional, rotating around a vertical
axis”, observed in the Daly River by Wolanski et al. [35] about 20 min after the tidal bore
passage.

Some transient fronts were also observed behind some tidal bores and they can induce
further secondary currents and vertical circulation. The author saw several examples of
transient fronts behind tidal bores in the Baie du Mont Saint Michel; in each case, the
transient front arrived a couple of minutes after the bore front and lasted several minutes.
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Fig. 13 Secondary currents in an undular bore propagating in a prismatic channel—inset: secondary flow
motion in a corner
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Fig. 14 Dimensionless water depth and tangential stresses in an undular bore in a rectangular channel—
downstream of constriction: x = 5 m, z/d0 = 0.312, run 090424_901c, d0 = 0.1147 m at x = 3.6 m,
V0 = 0.3313 m/s, U = 1.05 m/s, Fr = 1.16

Secondary flows associated with such fronts can lead to enhanced scalar concentrations of
larvae and pollutants, and enhanced sediment transport [13]. Their presence influences the
horizontal dispersion and residual circulation in the flood flow.

7 Conclusion

The tidal bores are observed when the tidal flow turns to rising in macro-tidal estuaries
and the estuarine bathymetry is funnel-shaped to amplify the tidal wave. Herein a new
experimental investigation was conducted in a rectangular channel with and without a con-
striction. Some detailed velocity measurements were performed in the undular tidal bores
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with a high temporal and spatial resolution while the free-surface elevations were recorded
using non-intrusive sensors. The experiments were designed to study the effects of bridge
piers on the undular tidal bores.

The free-surface undulation profiles exhibited a quasi-periodic shape. An analysis of the
potential energy showed that the potential energy of the free-surface undulations represented
up to 30% of the potential energy of the undular tidal bore. The presence of a channel con-
striction had a major impact on the free-surface properties. In the channel throat, the wave
motion was three-dimensional, pseudo-chaotic and energetic. Some shock reflection in the
channel convergent was associated with the development of large-scale vortical structures
at the free-surface. In the divergent section, some large free-surface scars were observed
highlighting some intense turbulence production in the wake of the sidewall expansion. The
undular tidal bore lost nearly one third of its potential energy per surface area, on average
for all flow conditions, as it propagated through the channel constriction.

The instantaneous velocity measurements showed a marked effect of the tidal bore pas-
sage in a prismatic channel. The streamwise velocities were characterised by some flow
deceleration at all vertical elevations, and some large fluctuations of all velocity compo-
nents were recorded beneath the bore and undulations. The velocity measurements showed
some small to moderate effects of the channel constriction on the unsteady turbulent velocity
field. However the velocity data sets suggested the upstream advection of energetic events
and vorticity “clouds” behind the bore front in both channel configurations: prismatic and
with constriction. This was seen in particular by some sudden and rapid fluctuations of the
transverse velocity data Vy/V0. It is suggested that the energetic turbulent events were some
form of macro-turbulence generated by transient secondary motion and advected upstream
behind the bore. In presence of a channel constriction, some strong macro-scale turbulence
was produced additionally as the tidal bore propagated through the constriction, and further
vorticity was produced and later advected behind the bore front. The proposed mechanisms
were consistent with some field observations in the Daly River tidal bore and recent numerical
simulations.

Overall the study findings showed that a constriction typical of bridge piers had a signif-
icant impact on tidal bore characteristics including their mixing properties.
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DIGITAL APPENDIX 

A series of short movies were further taken during the experiments. The Digital Files are a series of 

QuicktimeTM movies. 

 

Filename Format Description 
10652_2010_9189_MOESM2_ESM.mov Quicktime Two-dimensional undular wave (Fr = 1.17) - Duration: 

3 s. 
Run 090309_41, Q= 0.040 m3/s, do = 0.179 m, So = 0, 
Fr = 1.17, U = 1.136 m/s. 

10652_2010_9189_MOESM3_ESM.mov Quicktime Two-dimensional undular wave (Fr = 1.15) 
propagating (from right to left) between constriction - 
Duration: 9 s. 
Run 090318_00, Q= 0.0232 m3/s, do = 0.155 m, So = 0, 
Fr = 1.15, U = 1.11 m/s. 

10652_2010_9189_MOESM4_ESM.mov Quicktime Two-dimensional undular wave (Fr = 1.23) 
propagating between constriction, looking downstream 
- Duration: 6 s. 
Run 090324_00, Q= 0.0097 m3/s, do = 0.0828 m, So = 
0, Fr = 1.23, U = 0.885 m/s. 

10652_2010_9189_MOESM5_ESM.mov Quicktime Two-dimensional undular wave (Fr = 1.23) 
propagating between constriction, looking upstream - 
Duration: 5 s. 
Run 090324_00, Q= 0.0097 m3/s, do = 0.0828 m, So = 
0, Fr = 1.23, U = 0.885 m/s. 

 

 


	Undular tidal bores: effect of channel constriction and bridge piers
	Abstract
	1 Introduction
	2 Experimental setup and instrumentation
	2.1 Channel constriction
	2.2 ADV signal processing and analysis

	3 Basic flow patterns
	4 Free-surface properties of undular tidal bores
	5 Turbulent velocity measurements
	6 Discussion
	7 Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


