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ABSTRACT

A turbulent flow is characterised by an unpredictable behaviour, a broad spectrum of
length and time scales, and its strong mixing properties. Turbulent flows have a great
mixing potential involving a wide range of vortical length scales. In steady flows, the
turbulence measurements must be conducted at high frequency to resolve the small
eddies and the viscous dissipation process. They must also be performed over a period
significantly larger than the characteristic time of the largest vortical structures. In a
highly unsteady flow, such as a shock, the experimental technique must be adapted, and
this is detailed herein for positive surges, tidal bores and hydraulic jumps. A review of
detailed turbulence measurements in tidal bores is conducted, and a number of laboratory
€xperimental techniques are compared together with two- and three-dimensional large
eddy simulation (LES) calculations. The experimental results demonstrate that the
propagation of tidal bores induces some substantial turbulent mixing in natural estuaries.
The passage of a tidal bore is associated with some large water depth fluctuations. Both
the instantaneous and ensemble-averaged turbulent velocity data highlight some seminal
features of the flow field in tidal bores. The instantaneous velocity measurements and the
numerical data show a marked effect of the tidal bore front passage. The streamwise

*
COrresponding author: Email: h. chanson@ugq. edu. au - Url: http://www. uq. edu. au/~e2hchans/, Ph. : + 61 7
33653516 - Fax: +61 7 3365 4599



114 Hubert Chanson, Pierre Lubin and Stéphane Glockner

velocities are always characterised by a rapid flow deceleration at all vertical elevations,
and large fluctuations of all velocity components are recorded beneath the surge and
whelps. Both physical and numerical studies document the production of large coherent
structures in tidal bores. The existence of such energetic turbulent events beneath and
shortly after the tidal bore front implies the generation of vorticity during the bore
propagation. Some experimental results show further that the variable interval time
averaged (VITA) data based upon a single run present some non-negligible differences
with the ensemble-averaged (EA) median results in terms of all velocity components.
Both the EA and VITA methods showed some comparable long-term trends superposed
to some rapid turbulent fluctuations, as well as close results in terms of the turbulent
Reynolds stress components.

Keywords: Hydraulic jumps, Tidal bores, Turbulence, Unsteady flow, Shock, Physical
modelling, Numerical modelling, Large eddy simulation LES, Ensemble average,
Variable interval time average VITA.

1. INTRODUCTION
1.1. Presentation

Hydraulic jumps are commonly experienced in streams and rivers, as well as in industrial
channels and manufacturing processes. A hydraulic jump is the rapid transition from a high-
velocity open channel flow to a slower fluvial motion. It is a sharp discontinuity in terms of
the water depth as well as the pressure and velocity fields (LIGHTHILL 1978) (Figure 1-1).
The hydraulic jump is characterised by a highly turbulent flow with an air-water turbulent
shear layer and a recirculation zone above. Some large scale coherent structures develop in
the shear layer and interact with the free surface leading to strong splashing and droplet
ejection above the two-phase flow region (Figure 1-1A).-The impingement point is a source
of both air entrainment and vorticity. Downstream some significant kinetic energy dissipation
takes place.

A hydraulic jump in translation results from a sudden change in flow that increases the
depth. Called a positive surge or bore, it is the qudsi-steady flow analogy of the stationary
hydraulic jump (HENDERSON 1966, LIGGETT 1994). The positive surges were studied by
hydraulic engineers and applied mathematicians for a few centuries. Pertinent reviews
comprised BENJAMIN and LIGHTHILL (1954), CUNGE (2003) and CHANSON
(2009a,2010a). Although most studies of positive surges and bores considered horizontal
channels, a range of practical applications encompasses some hydraulic jumps propagating
upstream on downward sloping channels: e. g., step pool channels during a flash flood,
rejection surges in power canals serving hydro-power stations during sudden decrease in
power output, swash runup against rundown on a beach slope. When the bore propagates
upstream against a supercritical flow on a steep slope, the surge will progressively decelerate
and become a stationary hydraulic jump. A key feature of jumps, bores and surges is the
intense turbulent mixing generated by the jump roller (HENDERSON 1966, PARKER 1996).

In a natural system, the formation and occurence of hydraulic jumps have some major
impact on the channel bed and associated sediment transport (MACDONALD et al. 2009).
For example, in a mobile bed flume, KENNEDY (1963) showed the impact of standing
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waves and CHANSON (2000) measured the boundary shear stress beneath undular hydraulic
- mps- BELLAL et al. (2003) observed the bed deformation associated with the upstream
propagation of a positive surge until its stabilisation and ultimately its disappearance in
response o a change in bed topography. The formation of a hydraulic jump propagating
gpstream against a steep slope, its deceleration and vanishing were also associated with some
cyclic pehaviour (PARKER 1996, GRANT 1997, PARKER and IZUMI 2000, YOKOKAWA
et al. 2009). Some pertinent studies included CARLING (1995) and MACDONALD et al.
(2009) with the stationary hydraulic jumps, and CHEN et al. (1990), WOLANSKI et al.
(2004) and KOCH and CHANSON (2008) in tidal bores. Other relevant studies encompassed
the studies of bores generated by wave runup in the swash zone of the shoreline
(KOBAYASHI 2001, BUTT et al. 2004, BARNES et al. 2009).

(A) Hydraulic jump in a rectangular laboratory channel - Fr; = 4. 32, Re=1. 1 10°, shutter
speed: 1/180s - Steady flow from right to left
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Figure 1-1. The stationary hydraulic jump.



116 Hubert Chanson, Pierre Lubin and Stéphane Glockner

(A) Tidal bore of the Dordogne River on 29 Sept 2008 evening

; T "

(B) Tidal bore of the Qiantang River on 20 September 2008 (Courtesy of Pierre WEILL)

Figure 1-2. Photographs of tidal bores in natural estuaries - Bore propagation from left to right.

1.2. Tidal Bores

A tidal bore is an unsteady flow motion generated by the rapid water level rise at the river
mouth during the early flood tide. With time, the leading edge of the tidal wave becomes
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steeper and steeper until it forms a wall of water: i. e., the tidal bore. After the formation of
(he bore, there is an abrupt rise in water depth at the bore front that is discontinuity in water
depth and velocity field. Figure 1-2 shows the tidal bore of the Dordogne River in France and
of the Qiantang River in China. Note the similarity in shape between the stationary hydraulic
jump (Figure 1-1A) and the tidal bores (Figure 1-2) at a given instant. Once formed, the flow
pmpem'es immediately before and after the tidal bore must satisfy the continuity and
momentum principles (RAYLEIGH 1908, HENDERSON 1966, LIGGETT 1994). The
integral form of the equations of conservation of mass and momentum gives a series of
relationships between the flow properties in front of and behind the bore front. For a
rectangular horizontal channel and neglecting bed friction, it yields:

j_zzéx(\,1+8xFr12 —1) (1.1)

1

where d; is the initial water depth, d, is the downstream conjugate flow depth immediately
after the bore passage, V, is the initial river flow velocity positive downstream, and U is the
tidal bore celerity for an observed standing on the bank positive upstream (Figure 1-3). Fr, is
the tidal bore Froude number defined as:

_Vi+U

Vvexd,

The Froude number Fr, of the tidal bore is defined in the system of co-ordinates in
translation with the bore front. Fr) is always greater than unity. For Fr) < 1, the tidal wave
cannot become a tidal bore.

A tidal bore is a hydrodynamic shock. The front is characterised by a sudden rise in free-
surface elevation and a discontinuity of the pressure and velocity field. The tidal bore is a
turbulent unsteady flow motion that is comparable to a shock.

Fr, (1.2)

Tidal bore Quasi-sicady Tow analogy
(for an observer standiig on the bank) (idal bore for an obscrver foflowing the bore fromnt)
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Figure 1-3. Definition sketch a tidal bore propagation and of the quasi-steady flow analogy applied to
the bore front.
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2. TURBULENCE CHARACTERISATION IN
STEADY AND UNSTEADY FLOWS

2.1. Presentation

In natural rivers and estuaries, the flow Reynolds number is within the range of 10° to 107
and more. The flow is turbulent: that is, it is characterised by an unpredictable behaviour, 4
broad spectrum of length and time scales, and some strong mixing properties. In his classica]
experiment, Osborne REYNOLDS (1842-1912) illustrated this key feature with the rapid
mixing of dye of a turbulent flow (REYNOLDS 1883). In the turbulent flow, the fluid
particles move in very irregular paths, causing an exchange of momentum from one portion
of the fluid to another.

An experimental study of turbulence requires a long-duration data set recorded at high
frequency. The fine spatial and temporal resolution is a prerequisite to gain insights into the
characteristics of fine-scale turbulence. The turbulence measurements must be performed at
high frequency to characterise the small eddies and the viscous dissipation process because
the "turbulence is a three-dimensional time-dependent motion in which vortex stretching
causes velocity fluctuations to spread to all wavelengths" (BRADSHAW 1971, p. 17). The
measurements must further to be conducted for a sampling duration that is significantly
longer than the characteristic time scale of the largest vortical structures to capture the
pseudo-random nature of the flow and the deviations from Gaussian statistical properties. In a
natural system, the turbulence is rarely homogeneous nor isotropic. Simply some detailed
turbulence measurements are almost impossible unless some continuous sampling at high
frequency is performed over a fairly long duration: i. e., at least a full tidal cycle to
characterise the estuarine turbulence.

2.2. Turbulence Properties

The turbulent flows have a great mixing potential involving a wide range of eddy length
scales (HINZE 1975). Although the turbulence is a "random" process, the small departures
from a Gaussian probability distribution constitute some key features (BRADSHAW 1971).
For example, the skewness and kurtosis give some information on the temporal distribution of
the turbulent velocity fluctuation around its mean value. A non-zero skewness indicates some
degree of temporal asymmetry of the turbulent fluctuation: e. g., acceleration versus
deceleration, sweep versus ejection. The skewness retains some sign information and it can be
used to extract basic information without ambiguity. An excess kurtosis larger than zero is
associated with a peaky signal: e. g., produced by intermittent turbulent events.

In a steady turbulent flow, the instantaneous velocity is typically decomposed into a time-

averaged component and a turbulent fluctuation. If the instantaneous velocity is V, v

representes the time-averaged velocity and v is the instantaneous velocity fluctuation defined
as:

v=V-V @2-1)
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gimilarly the pressure may be decomposed as:

p=P-P (2-2)

In Equations (2-1) and (2-2), the minuscule refers to the fluctuating parameter and the
gverbar corresponds to the time-averaged quantity. The time-average of a parameter V at a
time t is defined as :

. t+T/2
V=—x J.det‘ (2-3)

t=T/2

In a steady flow, the integration period T must be large such that the time-average
becomes independent of the limits, hence of the time t. Figure 2-1A presents a time-averaged
steady flow data set. Both the instantancous longitudinal velocity component and the time-
averaged velocity are shown.

In a turbulent flow, the flux of the x-momentum in the y-direction induces an additional
shear stress in the x-direction acting on the surface element normal to the y-direction. This
additional stress is called the Reynolds stress or turbulent stress. It is denoted pxv,xvy, or
more generally pxvixv; where i, j = X, y, z. The Reynolds stress pxv;xv; characterises the
additional shear stress on the faces 6x;0x; of an elementary control volume (8x, dy, dz), where
Xi, Xj = X, ¥, z. The Reynolds stress tensor is a momentum transport effect resulting from
turbulent motion induced by velocity fluctuations with its subsequent increase of momentum
exchange and of mixing. The turbulent stress tensor components include both normal and
tangential stresses, although there is no fundamental difference between normal stress and
tangential stress (BRADSHAW 1971).

A Reynolds stress component may be expressed in a dimensionless form as a coefficient
of correlation. The normalised cross-correlation coefficient is related to the Reynolds stress
as:

R, = (2-4)

where Rj is the normalised cross-correlation coefficient function, i, j = x, y, z, and the time

lag 1 is zero (R;; = R;j(t=0)). The mean product v, x v ; 1s called the co-variance of v; and v;.

Equation (2-4) is simply a dimensionless turbulent stress (CHANSON 2009b). A triple
correlation characterises the transport of turbulent shear stress by velocity fluctuations
(BRADSHAW 1976).

Physically, the gradient of the triple correlation R, contributes to the streamwise

diffusive flux of the streamwise kinetic energy v, . v, % v, x v represents the transport of

V, x v in the x direction, while v _x v, XV, describes the turbulent transport of v, xv_ in
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the y direction. More generally, Ry characterises in dimensionless form the transport of

V;x v, in the i direction, which is equal to the transport of v; x v; in the k direction.
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(B) Unsteady flow beneath an undular surge whelp (Fr; = 1. 4) at z/d; = 0. 72 on the channel
centreline - VITA cutoff frequency: 1 Hz

Figure 2-1. Turbulence velocity fluctuations in steady and unsteady flows: longitudinal velocity
component V, in a turbulent open channel flow (after CHANSON 2009b) — Data collected with an
acoustic Doppler velocimeter sampled at 50 Hz.
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2.3. Unsteady Turbulence

When the flow is unsteady, a time average is not meaningful because the long-term trend
and the short-term, turbulent fluctuations must be processed separately. The integration limits
T Equation (2-3) must be large in comparison with the turbulent time scale but small
mpared to the time scale of the flow motion (BRADSHAW 1971, LIGGETT 1994,
CH ANSON 2009b). The turbulence in unsteady flows may be analysed using three different
techniques: ensemble-averaging, phase-averaging and variable interval time averaging. The
former is applicable to all unsteady flow conditions although its proper implementation is
time-consuming. The phase averaging method may be used for simple periodic flows (e. g.
regular wave motion); the characteristic flow period is divided into successive phases and the
flow conditions are averaged for each phase. The technique is not relevant to a shock and will
not be discussed any longer. The last technique, the variable interval time averaging, may be
applied to gradually-varied flows.
If the unsteady turbulent flow is gradually-varied with some distinctive long-term and

short-term fluctuation frequencies, Visa low-pass filtered component, or variable-interval
time average VITA (PIQUET 1999). A cutoff frequency Feuosr is required such that the
characteristic time 1/F o is greater than the characteristic period of turbulent fluctuations,
and small with respect to the characteristic period for the time-evolution of the mean
properties (PIQUET 1999, GARCIA and GARCIA 2006, KOCH and CHANSON 2008). The
instantaneous fluctuation v becomes the high-pass filtered component of the measured
quantity.

In a transient, highly unsteady flow, the quantities of the mean motion are determined by
ensemble-averaging. The same experiment is repeated N times and the ensemble average is
defined as:

N
— 1
V(X,Y,2,t) =— Vi(x,y,z,t (2-5)
(X,5,2,1) ng H(X,y.2,1)

The turbulent velocity fluctuation v becomes the deviation of the instantaneous velocity

V from the ensemble average V (BRADSHAW 1971).
Figure 2-1B presents some unsteady flow data. The data set shown in Figure 2-1B
corresponds to some turbulent velocity measurements beneath an undular positive surge, and

V is the VITA. A comparison between Figures 2-1A and 2-1B illustrates the differences
between steady and unsteady gradually-varied flows.

3. PHYSICAL MEASUREMENTS IN TIDAL BORES
3.1. Presentation
The analytical and numerical studies of turbulent mixing in tidal bores are difficult

Considering the large number of relevant equations and the flow unsteadiness. Experimental
Ivestigations are not easy but some advances in metrology (e. g. particle image velocimetry
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(PIV), acoustic Doppler velocimetry (ADV)) provide new means for successful turbulence
measurements (HORNUNG et al. 1995, KOCH and CHANSON 2008,2009).

The laboratory studies are performed with geometrically similar models for which the
geometric scaling ratio L, is defined as the ratio of prototype to model dimensions. The mode]

studies of tidal bores require the selection of an adequate similitude. In any study of turbulent
flows, the relevant parameters needed for any dimensional analysis include the fluig
properties and physical constants, the channel geometry and inflow conditions, and possibly
the entrained air bubble characteristics. For a tidal bore propagating in a horizontal,
rectangular channel, a simplified dimensional analysis yields:

Vs Vs ¥y = Bl 902610, d, Y, 8, B, b o) (3-1)

where V,, V,, V, are respectively the longitudinal, transverse and vertical velocity
components at a location (x, y, z), X is the coordinate in the flow direction, y is the horizontal
transverse coordinate measure d 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, & is the boundary layer thickness at x, B is the channel width, g is the
gravity acceleration, p and p are the water density and dynamic viscosity respectively, and ©
is the surface tension between air and water.

In Equation (3-1), the turbulent flow properties (left handside terms) at a position (x, y ,
z) and at a time t are expressed as functions of the tidal bore properties, initial flow properties,
channel geometry and fluid properties. In addition, the biochemical properties of the water
solution may be considered especially in natural estuarine systems. Note that compressibility
of the bubbles might be an important issue in breaking bores.

For a tidal bore, the relevant characteristic length scale is the initial flow depth d, and the
relevant Froude number is the tidal bore Froude number defined in Equation (1-2). Equation
(3-1) may be rewritten in dimensionless terms:

Vx V)’ Vz = F t p
B - K fo— s s El £l
\ A Ud, d,” Jexd, u d, ' d, pxc’

In Equation (3-2) right handside, the fifth and sixth terms are the tidal bore Froude and
Reynolds numbers respectively, and the ninth term is the Morton number which is a function
only of fluid properties and gravity constant. For the same fluids (air and water) in both
model and prototype, the Morton number becomes a constant.

d, d;"°

Dynamic similarity and scale effects

In a geometrically similar model, a true dynamic similarity is achieved only if each
dimensionless parameters (or Il-terms) has the same value in both model and prototype. Scale
effects may exist when one or more Il-terms have different values between model and

prototype.

In free-surface flows including hydraulic jumps and tidal bores, the gravity effects are
important and a Froude similitude is commonly used (HENDERSON 1966, CHANSON
1999,2004). That is, the model and prototype Froude numbers must be equal. But the
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entrapme“t of air bubbles in a breaking bore roller is dominated by surface tension effects.
gjmilarly the turbulent mixing processes are dominated by viscous forces implying the needs
for Reynolds similitude. Figures 1-2 and 3-1 illustrate indeed the intense turbulence of a
idal bore in a natural system.

For geometrically-similar models, it is impossible to satisfy simultaneously all the
similarities. Basically the dynamic similarity of turbulent tidal bores is nearly impossible
pecause of too many relevant parameters (Eq. (3-2)). In practice, the physical studies are
pased upon a Froude similitude, but no systematic study was conducted to date to assess the
scale effects affecting the turbulent mixing in tidal bore flows (Figure 3-1).

It is worth noting that the above analysis (Eq. (3-2)) does not account for the physio-
chemical properties of the water, the air entrainment in the bore roller nor the characteristics
of the instrumentation. The size of the probe sensor, the sampling rate and possibly other
probe characteristics do affect the minimum length and time scales detectable by the
instrumentation. For example, in the particular case of intrusive probe (e. g. ADV probes), the
sampling volume may be larger than the smallest vortical structures.

3.2. Physical Experiments

Unsteady turbulent measurements in tidal bores are limited, but for a few laboratories
studies under well-defined, controlled flow conditions (Table 3-1, Figure 3-2). Table 3-1 lists
the experimental flow conditions of these studies and Figure 3-2 presents a schematic of the
two experimental, rectangular channels. The first study considered two reservoirs initially at
rest, with different initial water depths and separated by a vertical sluice gate. The rapid
removal of the gate formed a dam break wave led by a bore that propagated over the water
initially at rest (Figure 3-2A). The turbulent velocity measurements were performed with
particle image velocimetry (PIV) sampled at 15 Hz. The second series of studies was
characterised by an initially steady, subcritical flow motion and the tidal bore was generated
by the rapid closure of a tainter gate at the channel downstream end (Figure 3-2B). The
turbulence measurements were performed using acoustic Doppler velocimetry (ADV) with a
sampling rate of 50 to 200 Hz.

Figure 3-1. Turbulent tidal bore of the Qiantang River (China) on 23 July 2009 (Courtesy of Jean-Pierre
GIRARDOT) — Propagation from left to right.
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(A) Physical modelling at Caltech (HORNUNG et al. 1995)
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(B) Physical modelling at the University of Queensland (KOCH and CHANSON 2009,
CHANSON 2010b,2009¢c, DOCHERTY and CHANSON 2010)

Figure 3-2. Turbulence measurements in laboratory facilities: experimental configurations.

All studies were conducted based upon a Froude similitude, but with different initial
conditions. In the first study, the flow was initiallly at rest. In the second facility, the initial
flow was a turbulent flow motion, and the new flow conditions after the bore passage were
characterised by a slower downstream motion. Neither arrangements reproduced the tidal
bore motion in a natural estuary, where the initial flow velocity V, is non-zero, positive
downstream and the flood flow velocity V;, behind the bore is typically positive upstream.
Further all the experiments were conducted with freshwater and the Reynolds number in the
laboratory channels was about one to two orders of magnitude smaller than in most natural
estuarine systems.

Turbulent velocity calculations

With a PIV technique, the main outputs are the instantaneous velocity and vorticity
fields, as well as their time-variations. With an Eulerian measurement technique (e. g. ADV,
LDA), the time variations of the velocity components are recorded prior to, during and shortly
after the tidal bore passage. Herein Vj is the longitudinal velocity positive downstream, V, is
the horizontal transverse velocity and V, is the vertical velocity positive upwards (Figure 3-
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9). The turbulent velocity fluctuations may be derived using either the ensemble-average
method (EA) or the variable interval time average technique (VITA).

DOCHERTY and CHANSON (2010) tested both the ensemble-average and VITA
techniques with the repetition of 20 identical experiments. For the VITA method, an upper
jimit of the filtered signal was the Nyquist frequency while a lower limit was a period of
about 0. 9 s that corresponded to the period of the residual undulations. The final cut-off
frequency was selected based upon a sensitivity analysis that yielded an optimum threshold of
Feutort and the filtering was applied to all velocity components. Both KOCH and CHANSON
(2008) and DOCHERTY and CHANSON (2010) selected a cutoff period 1/ Feys that was
about half the secondary wave period.

3.3. Basic Observations

The physical experiments (Table 3-1) indicated systematically some seminal flow
features. For a tidal Froude number Fr; between unity and 1. 5 to 1. 8, the tidal bore was
undular: that is, the wave front was followed by a train of secondary, quasi-periodic waves
called undulations or whelps (Figure 3-3A). For larger Froude numbers, a breaking bore was
observed (Figure 3-3B). The basic flow pattern observations were consistent with the earlier
free-surface measurements of FAVRE (1935), BENET and CUNGE (1971) and TRESKE
(1994). Two examples of undular and breaking bores are shown in Figure 3-3 and the details
of the experimental conditions are reported in the figure captions.

(A)
Undular bore: Fr; = 1. 4, px(V+U)xd,/p = 0. 97x10°,d; =0.079m, V, = 1. 0 m/s,
B=0.5m

Figure 3-3. Continued.



126 Hubert Chanson, Pierre Lubin and Stéphane Glockner

(B) Breaking bore: Fr; = 1.8, px(V+U)xd;/p = 1.2><105, d;=0.079m, V; = 1.0 m/s,
B=0.5m

Figure 3-3. Photographs of undular and breaking tidal bore experiments - Bore propagation from top
right to bottom left.

The turbulent velocity measurements showed that the arrival of the tidal bore and the
sudden increase in water depth yielded a rapid change in longitudinal velocity to satisfy the
conservation of mass. In a natural river, a flow reversal (V4 < 0) is often observed. The
longitudinal velocities were characterised by a rapid flow deceleration at all vertical
elevations, while some large fluctuations of longitudinal, transverse and vertical velocity
components were observed beneath the tidal bore. The tidal bore was basically a shock
characterised by a sudden change in the velocity field (LIGHTHILL 1978). The shock was
followed by a highly turbulent flow motion with significant fluctuations of all velocity
components. Typical Eulerian measurements are presented in Figure 3-4 for an undular tidal
bore and a breaking bore.

In an undular tidal bore, the longitudinal velocity Vy oscillated with time with the same
period as, but out of phase with, the free-surface undulations immediately after the front
(KOCH and CHANSON 2008, CHANSON 2009c). When the undular bore front passed the
sampling point, 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
(Figure 3-4A). The vertical velocity data presented a similar oscillating pattern beneath the
free-surface undulations with the same periodicity, and out of phase. The data trends were
consistent with the irrotational flow theory (ROUSE 1938, LIGGETT 1994, CHANSON
2009b).



Table 3-1. Physical studies of and turbulence measurements in tidal bores

Reference Q B S. d; Fr Bed Instrumentation
(m'/s) | (m) (m) roughness
(1) (2) (3) () (5) 6) (7 (8)
HORNUNGet | 0 - 0 - 1.5t 6 Smooth bed PIV, sampling: 15 Hz, 500x650 pixels, 1 pixel = 0. 2x0. 2 mm’,
al. (1995)
KOCH & 0.040 | 0.50 | O 0. 079 1.31t0 1,93 i Smooth PVC MicroADV (16 MHz), sampling: 50 Hz, sampling volume: 4. 2x4. 2x6. 2
CHANSON - mm’.
(2009)
CHANSON 0.058 | 0.50 | O 0.137 1.17to 1. 49 Smooth PVC Vectrino+ ADV (10 MHz), sampling: 200 Hz, sampling volume: 6x6x1. §
(2010b) mm’.
0.142(H 1.13to 1. 47 Plastic screens k,=6.6 mm

CHANSON 0.058 | 0.50 | 0.0145 | 0.070 2.0 Smooth PVC Vectrino+ ADV (10 MHz), sampling: 200 Hz, sampling volume: 6x6x1. 5
(2010c) mm’, 8
CHANSON 0.019 | 0.50 | O 0.115t00.20 | 1.08t0 1.2 Smooth PVC Vectrino+ ADV (10 MHz), sampling: 200 Hz, sampling volume: 6x6x1. 5
(2009¢) mm’.
DOCHERTY 0.050 | 0.50 | O 0.118 1.08t0 1.59 Smooth PVC Vectrino+ ADV (10 MHz), sampling: 200 Hz, sampling volume: 6x6x1. 5
& CHANSON mm’,
(2010)

0.002 0. 125 () 1.0lto1.52 Fixed gravel bed ky=3.4 mm

Notes: B: channel width; d,: initial water depth; Fr,: tidal bore Froude number; k,: equivalent sand roughness height; Q: initial flow rate; S,: bed slope; ("):

measured above the roughness; All experiments were performed with tap water.
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Figure 3-4. Time variations of the water depth and longitudinal, transverse and vertical velocity
components in undular and breaking tidal bores —d; = 0. 138 m, V; = 0. 83 m/s, z/d, = 0. 76,B=0. 5
m, smooth PVC bed (Data: CHANSON 2010b).

The breaking tidal bore data showed a sharp front with a marked roller and some bubble
entrainment. The free-surface was typically curved upwards immediately prior to the roller
toe. The gentle rise of the free-surface could be linked with a gradual decrease of the
longitudinal velocity component at all vertical elevations as shown by HORNUNG et al.
(1995), KOCH and CHANSON (2009) and DOCHERTY and CHANSON (2010). The roller
passage corresponded to a sudden decrease of the longitudinal velocity component. The flow
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Jeceleration was notably sharper than that for an undular bore at all vertical elevations
(Figure 3-4B). In the breaking tidal bore, the velocity data showed a further distinctive
feature. Close to the bed (z/d, < 0. 2 to 0. 5), the instantaneous dimensionless longitudinal
velocity (Vx-V2)/(Vi-V;) could become negative highlighting a relatively rapid transient
associated with some unsteady flow separation (KOCH and CHANSON 2009, DOCHERTY
and CHANSON 2010).

In addition, the velocity measurements highlighted some energetic turbulent events
beneath and behind the tidal bore front. These were best seen by some sudden and rapid
fluctuations of the transverse and vertical velocity components (KOCH and CHANSON
2009, CHANSON 2009c,2010a), while some recent numerical modelling highlighted the
production of large turbulent eddies beneath the bore front and their upstream advection
pehind the bore (LUBIN et al. 2010b). These vortical structures remained next to the bed as
the bore propagated upstream while the presence of these persisting, coherent structures
indicated that a great amount of sediment matters could be placed in suspension and advected
upstream in a natural estuary. Such vigorous and energetic turbulent events were some form
of macro-turbulence that was likely induced by some secondary motion. In the Daly River
(Australia), a period of very strong turbulence was observed about twenty minutes after the
bore passage lasting for about three minutes: "about 20 min after the passage of the undular
bore, a 3-min-duration patch of macro-turbulence was observed. [...] This unsteady motion
was sufficiently energetic to topple moorings that had survived much higher, quasi-steady
currents of 1. 8 m/s (Wolanski et al., 2001)" (WOLANSKI et al. 2004) (Figure 3.5).

The observations of large transverse and vertical velocity fluctuations behind the tidal
bore implied the existence of transient secondary currents behind the bore front that were
associated with some unsteady transverse shear pattern (Figure 3-6). The vorticity "clouds”
were a characteristic feature of the tidal bores that were linked with some secondary current
motion and are enhanced in the natural, non-prismatic channels.
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Figure 3.5. Surface macro-scale turbulence advected upstream behind the tidal bore of the Daly River
and observed 20 minutes after the bore passage (after WOLANSKI et al. 2004).
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Figure 3.6. Secondary currents in a tidal bore propagating in a rectangular channel - Inset: secondary
flow motion in the corner.

Discussion

Further field studies highlighted some unusual mixing processes. Some transient fronts
were observed behind the tidal bore in Baie du Mont Saint Michel (France) (CHANSON
2010a). These induced further secondary currents and vertical circulation. The front arrived
typically a couple of minutes after the bore front and lasted several minutes. The presence of
a transient front influenced the horizontal dispersion and residual circulation, and it had some
significant impacts on the local chemical and biological processes.

On the other hand, in the Bay of Fundy (Canada), some inverted vertical stratification
was observed whereas the surface waters had a higher salinity than the bottom waters
immediately after the tidal bore passage (TULL 1997). It was suggested that the brackish
waters overrode the fresh waters during the tidal bore propagation. Such an unstable water
column stratification was followed rapidly by a rapid homogenisation of the vertical salinity
associated with a rapid vertical mixing.

4. NUMERICAL MODELLING OF BORES AND SURGES

4.1. Presentation

Few numerical studies of bores and surges were conducted to date. Recently the depth-
averaged shallow water equations were used to simulate the tidal bore in Qiantang River
(China) (MADSEN et al. 2005). However only numerical tools based upon the Navier-Stokes
equations can give access to the complicated turbulent flow motion. A recent numerical study
(FURUYAMA and CHANSON, 2008) was compared to laboratory experiments (KOCH and
CHANSON 2009). Some interesting features were observed, but the results lacked a fine
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mesh grid resolution and accurate numerical schemes. More recently, LUBIN et al
(2010a,2010b) presented some two dimensional numerical results, based upon the solution of
the Navier-Stokes equations in air and water coupled with a subgrid scale turbulence model
(Large Eddy Simulation - LES). The numerical tool is well suited to deal with strong interface
deformations occurring during wave breaking, for example, and with turbulence modelling in
the presence of a free surface in a more general way. A summary is presented herein, and its
extension to three-dimensional modelling is discussed.

4.2. Numerical Modelling

An incompressible multiphase phase flow between non-miscible fluids can be described
by the Navier-Stokes equations associated to an advection equation of a phase function C
used to locate the different media (C = 0 in the air and C = 1 in the water). In practice, C = 0.
5 is used to locate the interface. The goveming equations for the large eddy simulation (LES)
of an incompressible fluid flow are classically derived by applying a convolution filter to the
unsteady Navier-Stokes equations. The resulting set of equations is:

V.V=0 (4-1)

p x (%V + (V.V)V) —pxg—VP+V.((u+pp)x(VV+VTIV) (4-2)
2—f+ (V.V)C=0 (4-3)

p=Cxp, +(1-C)xp,, (4-4A)

p=Cxp, +(1—C)xpy (4-4B)

where V is the velocity, P is the pressure, py is the turbulent viscosity, t is the time, p, and p,,
are respectively the air and water densities, and L, and |, are the dynamic viscosities of air
and water respectively.

The large scale turbulence is described by solving the flow equations (Egs. (4-1) & (4-
2)), while the small scale turbulence which is not resolved by the flow model is taken into
account through a sub-grid scale model. To represent the dissipative effect of the small
turbulent structures, the turbulent viscosity pr is calculated with the Mixed Scale model
(SAGAUT 1993).

The time discretisation is implicit. The velocity/pressure coupling is solved with a
pressure correction method, which consists in splitting the Navier-Stokes system into two
stages: a velocity prediction and a pressure correction (GODA 1978). The equations are
discretised on a staggered Cartesian grid thanks to the finite volume method. The space
derivatives of the inertial term are discretised by a hybrid Upwind-Centered scheme and the
viscous term is approximated by a second order centered scheme (PATANKAR 1990). The
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message passing interface (MPI) library is used to parallelise the code. The mesh jg
partitioned into equal size sub-domains to ensure load balancing. Communications betweey,
processors are also minimized. The high performance preconditionners (HYPRE) parallg)
solver and preconditioner library is used to solve the linear systems (FALGOUT et al. 2006),
The prediction and correction steps are solved respectively using a bi-conjugate gradient
stable algorithm (BICGStab) solver, associated with a point Jacobi pre-conditioner, and 3
generalised minimal residual method (GMRES) solver, associated with a multi-grid pre-
conditioner. Further details are presented by LUBIN et al. (2010a, 2010b). A dual grid, or
underlying grid, is used to gain an improved accuracy for the interface description, the mesh
grid size being divided by two in each direction for the interface tracking (RUDMAN 1998),
This technique also allows to avoid the interpolations of the physical characteristics on the
staggered grids, since the phase function is defined on each point where the viscosities and
densities are required. The interface tracking is achieved by a Volume of Fluid method
(VOF): i. e. a Lax-Wendroff TVD scheme (Total Variation Diminishing) which is able to
handle interface reconnections without interface reconstruction (LEVEQUE 1992).

Numerical validation

The experimental configuration is the generation of a weak tidal bore by a rapid partial
gate closure at the downstream end of the numerical domain and its upstream propagation
against the initially steady flow, as presented in the previous sections. The numerical
configuration consists in an initial rectangular steady flow motion (from the right side of the
numerical domain to the left side) with an initial steady velocity (V, = 1. 021 m/s) impacting
a wall boundary located at the left side of the numerical domain. When the initial rectangle of
water hits the wall, the water runs-up the wall and splashes down. A breaking bore is
generated and propagates upstream, towards the right side of the numerical domain (LUBIN
et al. 2010a, 2010b).

LUBIN et al. (2010a, 2010b) used a 2D numerical domain, 10 m long and 1 m high
(Figure 4-1). The initial water depth was d, = 0. 0785 m. A no-slip condition was imposed at
the lower boundary and an open boundary condition was used at the top of the numerical
domain. At the left side of the numerical domain, an outlet velocity condition (Vo = 1. 76
m/s) was fixed to allow the water flow below a vertical gate as observed in the physical
facility, the outlet height being hy, = 0. 02 m. The inlet velocity (Vio = V; = 1. 021 m/s) was
fixed at the right side of the numerical domain as well as the inlet height h;; = d, = 0. 0785 m.
The time step was chosen to ensure a Courant-Friedrichs-Levy number less equal to 0. 1. The
calculation was conducted with the densities and viscosities of air and water (p, = 1. 1768
kg/m3 and p,, = 1000 kg/m3 , Ha = 1. 85 x 10~° Pa. s and Ly = 1%x10~ Pa. s). A hydrostatic
pressure field was initialised in the rectangle of water. The numerical domain, discretised into
2000 x 1000 regular Cartesian cells, was partitioned into 256 sub-domains (one processor per
sub-domain). The tidal bore Froude number was Fr; = 1. 77. Some large structures were
observed and described: a main recirculation structure observed beneath the bore front and
propagating upstream (towards the right side of the numerical domain), and some macro-
turbulent structures separating for the previous one and propagating downstream (towards the
left side of the numerical domain).
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Figure 4-1. Sketch of the initial conditions for the tidal bore generation, immediately after the gate
closure corresponding to the wall boundary condition set at the left side of the numerical domain.

4.3. Two-Dimensional Modelling

The initial large free-surface deformations were shown to be in agreement with the
experimental photographs and movies. The celerity of the bore front was approximately 0. 5
m/s, that is close to the experimental value of 0. 54 m/s recorded at x = 5 m (KOCH and
CHANSON 2009). The velocity field illustrated the strong agitation generated in the air
domain by the bore generation. The bore front passage was shown to be associated with a
rapid flow deceleration, coupled with a sudden increase in water depth. The numerical data
were qualitatively in agreement with the experimental data. Some flow reversal (negative
values of streamwise velocity) was observed next to the bed. This pattern was associated with
some transient flow- separation and recirculation. The largest vertical velocity magnitudes
were observed next to the bed when the bore front was passing. Larger vertical velocity
variations were recorded in the upper part of the water column, associated with air
entrainment, splashes, free-surface fluctuations and vortical structures present in the roller.

Some large recirculation structures were observed beneath the bore front, generated near
the bed. These large vortical structures remained next to the bed as these persisting coherent
structures were advected towards the left side of the numerical domain while the breaking
bore propagated upstream, towards the right side of the numerical domain. The height of
these large eddies was measured to reach up to approximately half of the downstream water
depth, at the time of their generation. The whole sequence was detailed and commented.
These original results confirmed and illustrated the experimental observations, identifying in
particular coherent vortical recirculations under tidal bores.

However, the preliminary numerical works demonstrated the need for some more realistic
turbulent inflow conditions to be specified at the inlet boundary. Some numerical simulations
were tested by generating some turbulent inflow data consisting of the time-averaged
experimental velocity profile with some superimposed random fluctuations. The generated
data did not exhibit any spatial or temporal correlations, and the pseudo turbulence was
quickly dissipated. Since turbulence is a three-dimensional physical feature, it was decided to
investigate the three-dimensional numerical simulations of this phenomenon. The first
numerical results are presented herein.
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4.4. Three-Dimensional Numerical Simulation

An effective method to generate synthetic eddies on the inlet plane was implementeq
(JARRIN et al. 2006). The large eddy simulation (LES) of spatially developing flows such g
open-channel flows requires the specification of instantaneous turbulent inlet fluctuations,
which depends on the nature of the upstream flow. The synthetic eddy method (SEM)
generates explicitly large scale coherent structures that are convected with the mean flow
through the inlet plane (JARRIN et al. 2006). The method is based on the classic view of
turbulence as a superposition of coherent structures. The method then generates a stochastic
signal with prescribed mean velocity, Reynolds stresses, and length and time scale
distributions. The number of eddies is a fixed parameter chosen before running the
simulation. Although the SEM involves the summation of a large number of eddies for each
grid point on the inflow, the CPU time required to generate the inflow data at each iteration is
negligible (JARRIN et al. 2006).

The same experimental channel, presented in the previous section, was used: the test
section was 12 m long and 0. 5 m wide, with smooth PVC bed and glass walls. Detailed
velocity and free-surface elevation measurements were performed with an Acoustic Doppler
Velocimeter (ADV) located at a distance x = 5 m from the channel intake, on the channel
centreline (KOCH and CHANSON 2009). An acoustic displacement meter sampled the free-
surface elevation immediately above the ADV sampling volume. Thus, to save CPU time, the
3D numerical domain was chosen to be 5 m long, using the experimental data to feed the
inflow boundary condition calculated with the SEM method.

The 3D numerical domain was 5 m long, 1 m high and 0. 5 m wide. The initial water
depth was d; = 0. 0785 m, and the same initial conditions and physical characteristics were
identical to those used for the 2D simulations. The numerical domain was discretised into
500%500%20 regular Cartesian cells and it was partitioned into 512 sub-domains (one
processor per sub-domain). The tidal bore Froude number was still Fr; = 1. 77.

KOCH and CHANSON (2005,2009) indicated that the tidal bores were sensitive to the
turbulent characteristics of the inflow. The inlet velocity was calculated at the right side of the
numerical domain at the inlet height hy, = d, = 0. 0785 m using the SEM method. KOCH and
CHANSON (2005) showed that the initial flow was not fully-developed in the first half of the
channel. At x = 5 m, the boundary layer thickness was estimated as &/d, = 0. 6 to 0. 8. The
velocity distribution and the free-stream velocity were given by KOCH and CHANSON
(2005). NEZU (2005) proposed some pseudo-universal functions for the turbulence
intensities v,', v,' and v,. These functions were successfully compared to the experimental
data by KOCH and CHANSON (2005).

The 3D numerical simulation of the weak breaking bore generation and propagation first
required some simulation time for the SEM turbulent boundary condition to propagate along
the rectangular open-channel. Then, the wall boundary condition was set at the left side of the
numerical domain to mimic the experimental closing gate. Figure 4-2 illustrates the
generation and the propagation of the weak breaking tidal bore. Figure 4-3 shows some
details of the tidal bore front at two different times. It can be seen that the complicated 3D
interface deformations were well reproduced by the numerical simulation. For example, let us
compare Figure 4-3 with Figure 3-3B. These preliminary results are in general accordance
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with the experimental observations concerning the free-surface deformations and the bore
front propagation, and encouraging for further quantitative analysis.
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Figure 4-2. Tidal bore generation and propagation at various times (3D modelling): Fr, = 1. 77,
px(V+U)xd;/u=1.2x10°,d, = 0. 0785 m, V, = 1. 02 m/s, B = 0. 5 m - The weak breaking tidal bore
propagates from the left side to the right side of the numerical domain.
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(B)t=3.62s

Figure 4-3. Details of the tidal bore front (3D modelling) att = 1. 85 s and 3. 62 s after gate closure: Fr,
=1.77, px(V+U)xd,/p = 1. 2x10°, d; = 0. 0785 m, V, = 1. 02 m/s, B = 0. 5 m - Bore propagation from
left to right.

5. UNSTEADY TURBULENCE PROPERTIES IN
SURGES, BORES AND JUMPS

5.1. Presentation

In a turbulent tidal bore, a time-average is :not a meaningful quantity because the
hydrodynamic shock and the high-frequency turbulent fluctuations must be treated separately.
A solution consists in repeating the experiments many times; the average of the instantaneous
data (i. e. the ensemble-average) is the relevant mean property at a point at an instant. Ar
experimental study reproduced 25 identical runs of a breaking tidal bore and the free-surface
measurements were ensemble-averaged (DOCHERTY and CHANSON 2010). The
experimental data are presented in Figure 5-1. Figure 5-1A presents the original data of the
instantaneous water depth as a function of time. Figure 5-1B shows the ensemble-averagec
median water depth dyeqian as a function of time, as well as the ensemble-averaged differences
between 3rd and 4th quartiles (d;s-dys) and 90% and 10% percentiles (dgg-djg), and the
maximum height between minimum and maximum water depth measurements (dyax-Gumin)-

Figure 5-1 illustrates that a single experiment cannot describe accurately the fluctuating
nature of the tidal bore free-surface, but the ensemble-averaged data provides some usefu
information on the free-surface fluctuations. The free-surface measurements highlighted tha
that the free-surface fluctuations were the largest next to the roller toe and impingement point
and they decayed quasi-exponentially with increasing time as the bore roller passed beneatt
the sensor. The maximum free-surface fluctuations were observed during the first third of the
bore roller passage. The trend was consistent with the findings of MOUAZE et al. (2005) anc
MURZYN and CHANSON (2009) in stationary hydraulic jumps.
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(B) Ensemble-average median water depth dpeqian, difference between 3rd and 4th quartiles
(d75-dys)/d; and 90% and 10% percentiles (dgg-d;0)/d;, and range of maximum to minimum
water depth (dax-dmin)/d)

Figure 5-1. Unsteady free-surface fluctuations in a breaking tidal bore—d; = 0. 119 m, Fr, = 1. 65,
px(V+U)xd /p = 2. 1x10°, smooth PVC bed (Data: DOCHERTY and CHANSON 2010).

5.2. Unsteady Turbulence Properties

Both the ensemble-average method (EA) and the variable interval time average technique
(VITA) were tested in a breaking tidal bore (DOCHERTY and CHANSON 2010). The
ensemble-average technique was based upon the repetition of 20 identical experiments.
Figure 5-2 presents the instantaneous water depth and longitudinal velocity for one
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experiment (Run 1). For the same flow conditions, Figure 5-2 shows the median water depth
dinedian, the ensemble-average (EA) median longitudinal velocity component Viedian (median
of 20 runs, thick red dashed line), the median value of VITA velocity (median value of 2(
runs, thick blue dashed line), and all the VITA velocity for each of the 20 runs (thin black
dotted line). Both the median VITA value for the 20 runs and EA median data yielded very
close results in terms of both water depth and longitudinal velocity. The finding is interesting
considering that the ensemble-averaging method required significantly less post-processing,
and tended to suggest the sound selection of the threshold frequency F.us for the VITA
technique. However the VITA data based upon a single run highlighted some difference with
the EA results (Figure 5-2B). The time-variations of the VITA data for each individual run
presented some scatter compared to the ensemble-averaged median value (Figure 5-2B).
Lastly note the scatter of the ensemble-averaged data around the long-term tend. It is
acknowledged that the number of experimental repeats (20 herein) was small.

Figure 5-3 shows some comparison between some free-surface fluctuations (d;s-dzs) and
some velocity fluctuations (V75-V,s). The graphs present the median water depth dpegian and
the difference between 3rd and 4th quartiles for the water depth (d;s-d,s). Each graph includes
further the median velocity component V pegian (median of 20 runs) and the difference between
3rd and 4th quartiles (V75-Vas), as well as the median value of the variable interval time
average (VITA) velocity component (median value of 20 runs). Herein the median water
depth and velocity components were ensemble-averaged over the 20 runs, and the median
VITA value was calculated as the median VITA for the 20 Runs. The experimental results
showed that the passage of the roller was always associated in some large free-surface
fluctuations, associated with some large longitudinal velocity fluctuations and some upwards
flow motion (V, > 0) (Figure 5-3C & 5-3B). The effect of the sampling volume vertical
elevation is illustrated in Figure 5-3 in terms of the horizontal and vertical velocity
components. The transient recirculation region ("bubble") was restricted to the flow region
next to the bed: z/d; < 0. 31 for that experiment. In the upper flow region, no negative
longitudinal velocity was recorded (Figure 5-3A & 5-3B).

For the same data set down in Figures 5-1 to 5-3, the instantaneous turbulent stresses
were calculated using the ensemble-averaging (EA) and variable interval time averaging
(VITA) techniques. Some typical results are presented in Figure 5-4. In Figure 5-4, the
median Reynolds stress tensor compomnents were calculated using either the ensemble-
averaging (EA) and variable interval time averaging (VITA) methods (median value of 20
runs). The turbulent stress results showed a number of seminal features. Overall the turbulent
stress data suggested that the passage of breaking tidal bores was associated with large
turbulent stresses at all vertical elevations. That is, the magnitude of the Reynolds stress
tensor components was significantly larger than prior to the bore passage. The finding was
consistent with the observations of KOCH and CHANSON (2009), but that study deduced the
turbulent stresses from a VITA analysis of a single experiment. KOCH and CHANSON did
not present any ensemble-averaged nor VITA median data. Second, both the ensemble-
averaging and variable interval time averaging techniques yielded comparable results (Figure
5-4).
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(B) Ensemble-average median water depth dpcaian, €nsemble-average median velocity
component Vieqian, median value of the variable interval time average (VITA) velocity
component (median value of 20 runs), and low-pass filtered velocity components (VITA
Runs 1 to 20) - VITA cutoff frequency: 2 Hz

Figure 5-2. Water depth and longitudinal velocity component in a breaking tidal bore - d; = 0. 117 m,
Fry=1. 61, px(V+U)xd,/p = 2. 0x10°, z/d, = 0. 434, smooth PVC bed (Data: DOCHERTY and
CHANSON 2010).
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Figure 5-3. Ensemble-average (EA) median water depth dcgian, difference between 3rd and 4th
quartiles of the water depth (d;s-dys), ensemble-average median velocity component Veqi.q, difference
between 3rd and 4th quartiles of the velocity component (V;5-V,s), and median value of the variable
interval time average (VITA) velocity component (median value of 20 runs) -d, =0. 117 m, Fr; = 1.

61, px(V +U)xd,/u = 2. 0x10°, z/d, = 0. 434, smooth PVC bed (Data: DOCHERTY and CHANSON

2010) - VITA cutoff frequency: 2 Hz.

A tidal bore is an intriguing geophysical flow. It is a hydrodynamic shock characterised
by a sudden rise in free-surface elevation associated with a discontinuity of the pressure and
velocity fields. The propagation of tidal bores induces some substantial turbulent mixing in
natural estuaries. A tidal bore is an unsteady turbulent flow, and this contribution focused on
the unsteady turbulence of the process. Both physical and numerical modelling techniques

6. CONCLUSION

were used in a complementary manner in absence of detailed field measurements.

5

VIV,

V/IV;
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Figure 5. 4. Ensemble-average medlan water depth d,;i0/d, and median Reynolds stresses v, IV, and
v, ><vy/V0 , and vyZ/V and v,xv,Nu in a breaking tidal bore - Comparison between ensemble-averaged
and VITA calculations - d, = 0. 117 m, Fr, = 1. 61, px(V,+U)xd,/u = 2. 0x10°, z/d, = 0. 733, smooth
PVC bed (Data: DOCHERTY and CHANSON 2010).

An undular (non-breaking) bore is typically observed for a tidal bore Froude number less
than 1. 5 to 1. 8. The wave front consists of a wave followed by a train of well-defined free-
surface undulations called "whelps" in estuaries. For Froude numbers greater than 1. 5to 1. 8,
a breaking bore is observed with a marked roller, although some surface upward curvature
ahead of the roller is observed. The instantaneous velocity measurements show a marked
effect of the tidal bore front passage. The streamwise velocities are always characterised by a
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rapid flow deceleration at all vertical elevations, and large fluctuations of all velocity
components are recorded beneath the surge and whelps. A comparison between undular ang
breaking surge data suggest some basic difference. In a breaking surge, some large turbulent
stresses are observed next to the shear zone in a region of high velocity gradients. Next to the
bed, however, some transient flow recirculation is observed. In an undular bore, some large
velocity fluctuations and Reynolds stresses are recorded beneath the first wave crest and the
secondary waves (free-surface undulations), implying a long-lasting effects after the bore
front passage.

Both physical and numerical studies documented the production of large coherent
structures in tidal bores. The existence of such energetic turbulent events beneath and shortly
after the tidal bore front implied the generation of vorticity during the bore propagation. The
presence of these persisting coherent structures indicated that a great amount of sediment
materials could be placed into suspension and transported by the main flow in a natural
system. Overall the experimental findings are consistent with field observations and anecdotal
evidences. These show in particular the significant impact of tidal bores on natural channels
and their eco-systems.

A comparison between ensemble-average (EA) and variable interval time average
(VITA) velocity data is presented for a tidal bore experiment. Both the EA and VITA results
show some comparable velocity pattern with some relatively-long-term data trend superposed
to some high-frequency turbulent fluctuations. While both methods should converge to the
same asymptotic trend, the data show that the VITA calculations over a single experiment
present some non-negligible difference with the EA median value for all velocity
components. The EA median value and the median of 20 VITA yield very close results
suggesting a sound selection of cutoff frequency. The turbulent stress data highlight some
larger median Reynolds stresses during and shortly after the tidal bore passage than prior to.

Overall the study demonstrates the intensive turbulence and turbulent mixing generated
by a tidal bore, together with the complicated features of the unsteady turbulent structures.
Simply a tidal bore remains a challenging research topic to theoreticians, numericians and
experimentalists.
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NOTATION

A flow cross-section area (m?);
B channel width (m);
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N -

@A

N

<l

< <

phase function, or liquid fraction, defined as: C = 0 in air and C = 1 in water;
(a) flow depth (m) measured normal to the invert;

(b) flow depth (m) measured above the fixed bed roughness;

initial flow depth (m) measured normal to the chute invert;

conjugate flow depth (m) measured immediately behind the tidal bore front;
frequency (Hz);

cutoff frequency (Hz) for low/high pass filtering;

tidal bore Froude number defined as: Fr; =(V; + U)/ ,/ gxdj;

gravity constant (m/s>): g =9. 80 m/s” in Brisbane, Australia;
equivalent sand roughness height (m);

length (m);

geometric scaling ration defined at the ratio of prototype to model dimensions;
(a) number of samples;

(b) number of experimental repeats;

pressure (Pa);

pressure fluctuation (Pa);

volume flow rate (m’/s);

volume flow rate per unit width (m*/s): q = Q/B;

Reynolds number: for a tidal bore Re =px (Vy + U)xd; /p;

normalised cross-correlation coefficient;

normalised triple correlation coefficient;

bed slope: S, = sinb;

averaging period (s);

time (s);

time (s);

tidal bore front celerity (m/s) for an observer standing on the bank, positive
upstream,;

(a) flow velocity (m/s) positive downstream;

(b) instantaneous velocity component (m/s);

initial flow velocity (m/s) positive downstream: V| = g/d;;
conjugate flow velocity (m/s) positive downstream;
longitudinal velocity (m/s) positive downstream;
transverse velocity (m/s) positive towards the left sidewall;
vertical velocity (m/s) positive upwards;

(a) time-averaged velocity (m/s);
(b) ensemble-averaged (EA) velocity (m/s);
(c) variable interval time averaged (VITA) velocity (m/s);

turbulent velocity fluctuation (m/s): v="V - v 5

root mean square of turbulent velocity component (m/s);

longitudinal distance (m) measured from the channel upstream end, positive
downstream;

transverse distance (m) measured from the channel centreline, positive towards
the left sidewall,
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z distance (m) normal to the bed; it is the vertical distance (m) for a horizonty)
channel; for the fixed rough bed, z is measured above the top of the beg
roughness;
Greek Symbols

) boundary layer thickness (m) defined in terms of 99% of the free-stream velocity;

=

dynamic viscosity (Pa. s);

pr  turbulent viscosity (Pa. s);

T m=3.141592653589793238462643;
) bed slope angle with the horizontal, positive downwards;
p density (kg/m®);
c surface tension (N/m);
Subscript
a air;
max maximum value;
median median value (i. e. 50% percentile);
min minimum value;
w water;
X longitudinal component positive downstream;
y component transverse to the channel centreline;
z component normal to the invert;
1 initial flow conditions: i. e., upstream of the tidal bore front;
2 conjugate flow conditions: immediately after the tidal bore passage;
10 10% percentile;
25 25% percentile;
75 75% percentile;
90 90% percentile;
Abbreviations
ADV acoustic Doppler velocimetry;
BICGStab bi-conjugate gradient stable algorithm;
EA ensemble average;
GMRES generalised minimal residual method;
HYPRE high performance preconditionners;
LDA laser Doppler anemometry;
MPI message passing interface;
PIV particle image velocimetry;,
VITA variable interval time average;
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Notation
0 diameter;
Ea— partial differentiation with respect to y.
¥
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