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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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(D) Vertical velocity, z/d, = 0. 733

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
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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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