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• Instantaneous free-surface and velocity properties were measured in propagating bores.
• Intense turbulent mixing was observed under breaking and undular tidal bores.
• Unsteady dimensionless properties were compared based upon a Froude and Morton similitude.
• Several parameters were affected by scale effects, including velocity and Reynolds stress fluctuations.
• Results point to the need for detailed field measurements.
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a b s t r a c t

A tidal bore is a positive surge or compression wave formed in an estuarine system during the early flood
tide under macro-tidal conditions. A series of physical experiments were conducted in a large facility to
investigate the unsteady free-surface properties, velocity characteristics andReynolds shear stresses. Both
instantaneous and ensemble-averaged measurements were performed. The results demonstrated the
intense turbulence and turbulentmixing under breaking andundular tidal bores. A range of dimensionless
unsteady turbulent properties were carefully compared based upon both Froude and Morton similitudes
with two different Reynolds number ranges. The data showed that several parameters were affected by
scale effects, including velocity and Reynolds stress fluctuations during the bore propagation. The finding
implies that laboratory study data might not be up-scaled to prototype conditions without some form of
scale effects.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

A positive surge or bore is an unsteady open channel flow
motion characterised by a sudden increase in water depth [1].
It is also called a hydraulic jump in translation [2–4]. The bore
front constitutes a hydrodynamic shock with a discontinuity in
terms of water depth and pressure and velocity fields [5]. A typical
geophysical application is a tidal bore propagating upstream in an
estuarine zone [6,7] (Fig. 1). Fig. 1 presents two occurrences of tidal
bores. A tidal bore is essentially a compression wave formed in
an estuary under large tidal range in a narrow funnelled mouth
during the early flood tide, under relatively low freshwater flows.
For a hydraulic jump in translation, the equations of conservation
of mass and momentum in their integral form give a relationship
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between the Froude number and the ratio of conjugate cross-
section areas:
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where V is the flow velocity, A is the cross-section area, B is the
free-surface width, the subscripts 1 and 2 refer to the initial flow
conditions and conjugate flow conditions respectively (Fig. 2), U is
the celerity positive upstream,ρ is the fluid density, g is the gravity
acceleration, Ffric is the friction force, W is the control volume
weight and So is the bed slope, while B# and B’ are characteristic
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(A) Undular tidal bore of the Dordogne River at Port de St Pardon (France)
on 24 August 2013—Most surfers and kayakers are surfing ahead of the
first wave crest.

(B) Breaking tidal bore in the Qiantang River at Laoyanchang
(China) on 6 September 2013.

Fig. 1. Tidal bores in natural environments—Bore propagation from left to right.
Fig. 2. Definition sketch of breaking and undular bores.
channel widths functions of the cross-sectional shape:
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with d the flow depth and z the vertical elevation (Fig. 2). Eq. (1)
is a general expression for the bore propagation in an irregular
cross-sectional channel [8,9]. For a smooth rectangular horizontal
channel, it yields the Bélanger equation:
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where d1 is the inflow depth and d2 is the conjugate flow depth
[10,6].
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Fig. 3. Looking downstream at incoming bore roller—Flow conditions: d1 =

0.175 m,Q = 0.101 m3/s, θ = 0, Fr1 = 1.5, Re = 3.5 × 105 , breaking bore
propagation from background to foreground.

The shape of the positive surge is closely associated to its Froude
number Fr1. For 1 < Fr1 < 1.2 to 1.3, an undular bore is observed,
associated with a smooth first wave crest and a train of secondary
quasi-periodic undulations [11–13] (Fig. 1(A)). For 1.3 < Fr1 <
1.4, some slight breaking takes place at the first crest, although
it does not extend to the whole channel width. For Fr1 > 1.4 to
1.5, a breaking bore occurs (Fig. 1(B)). The bore propagation was
associatedwith an abrupt increase in free-surface elevation during
the passage of the breaking roller [6,14,9].

In the present study, the instantaneous free-surface and veloc-
ity properties of undular and breaking tidal bores were studied
experimentally (Fig. 3). Detailed turbulence data were collected
in a relatively large-size rectangular channel. The measurements
were conducted for several discharges; each experiment was re-
peated 25 times and the data were ensemble-averaged. The re-
sults included instantaneous velocity and turbulent stress fluctua-
tions. Some detailed comparison was performed between experi-
mental results obtained with identical Froude numbers but differ-
ent Reynolds numbers. The results were used to test the validity
of the Froude similarity, and possible scale effects. The compara-
tive analysis provides an assessment of scale effects affecting the
instantaneous velocity properties during bore propagation.

2. Dimensional analysis and similitude

Considering a tidal bore propagating upstream in an irregular
channel (Fig. 2), a dimensional analysis gives a series of dimension-
less relationships between the instantaneous turbulent properties
at a location (x, y, z) at a time t and the boundary conditions, inflow
properties and fluid properties. It yields:
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where d is the instantaneous water depth,
−→
V is the instantaneous

velocity vector of components Vx, Vy, Vz , respectively the
longitudinal, transverse and vertical velocity components, P is the
instantaneous pressure, ∥τ∥ is the instantaneous Reynolds stress
tensor, x is the coordinate in the flow direction, y is the horizontal
transverse coordinate measured from the channel centreline, z is
the vertical coordinate measured from channel bed, t is the time,
So = sin θ with θ the angle between bed slope ad horizontal,
ks is the equivalent sand roughness height of the channel bed,
µ is the water dynamic viscosity and σ is the surface tension
between air and water. In Eq. (5), the instantaneous turbulent flow
properties at a point and time are expressed as functions of the
tidal bore properties, initial flow properties (subscript 1), channel
geometry and fluid properties. The fifth and sixth terms are the
tidal bore Froude Fr1 and Reynolds Re numbers respectively, and
the tenth term is theMorton numberMowhich is a function of fluid
properties and gravity constant only. In addition, the biochemical
properties of the water solution may be considered especially
in natural estuarine systems, as well as sediment characteristics
and bubble characteristics for a breaking bore. Note that brackish
nature of the water and the variation with time of its properties
might be relevant in estuarine bores.

In the present study, the same fluids (air and water) were
used in model and prototype, and this added a dimensional
constraint: i.e., theMorton number became an invariant. Similarly,
the rectangular channel width B and bed roughness ks were
kept constant during the experiments and the measurements
were conducted on the channel centreline. Hence Eq. (5) may be
simplified for a tidal bore in a rectangular prismatic channel into:
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where i, j = x, y, z.
In hydraulic jumps and tidal bores, a Froude similitude is

derived theoretically [2,5,8,9]. That is, the model and prototype
Froude numbers must be equal. Fig. 1 illustrates the intense
turbulent mixing induced by a bore in a natural system. The
turbulent processes are affected by viscous forces implying the
needs for a Reynolds similitude. In a geometrically similar model, a
true dynamic similarity is achieved only if each dimensionless term
has the same value in both model and prototype. Scale effects may
exist when one or more dimensionless terms have different values
between field and laboratory. For geometrically-similar models, it
is impossible to satisfy simultaneously all the similarities because
of too many relevant parameters Eq. (6).

In the present study, both Froude and Morton similitudes
were adopted following Hornung et al. [14] and Docherty and
Chanson [15], namely because of theoretical and economical
considerations. Yet few systematic studies were conducted to
date to assess the scale effects affecting the turbulent mixing
in tidal bore flows. Herein the effects of the Reynolds number
on the instantaneous turbulent flow properties were tested
systematically.

It is worth noting that the above analysis (Eq. (6)) does not
account for the physio-chemical properties of the water, the
sedimentary processes, the air entrainment in the bore roller and
the characteristics of the instrumentation. All of these affect the
development and the characteristics of a tidal bore, including
water column stratification, sediment scour and suspension. The
size of the probe sensor, the sampling rate and possibly other
probe characteristics do affect the minimum turbulent length and
time scales detectable by the instrumentation. For example, in the
particular case of intrusive ADV probe, the sampling volume may
be larger than the smallest vortical structures.

3. Experimental apparatus and procedure

3.1. Experimental channel and instrumentation

New experiments were conducted in a large tilting channel,
made of glass sidewalls and smooth PVC bed. The facility was first
used by and full details are reported in [9,16]. The initially steady
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(A) d1 = 0.175 m,Q = 0.101 m3/s, θ = 0, Fr1 = 1.5, Re = 3.5 × 105 . (B) d1 = 0.075 m,Q = 0.055 m3/s, θ = 0, Fr1 = 1.5, Re = 9.6 × 104 .

Fig. 4. Breaking bore propagation (from left to right)—Note the metallic ruler on the far right for scaling.
flow was delivered into an upstream intake channel and led to
the 19 long 0.7 m wide glass sidewalled test section through a
series of flow straighteners followed by a smooth bed and sidewall
convergent. A fast-closing Tainter gate was located next to the test
section’s downstream end (x = 18.1 m), where x is the horizontal
distance from the upstream end of the test section. A radial gate
was located further downstream (x = 18.88m), followed by a free
overfall.

In steady flows, the water depths were measured using
pointer gauges. The unsteady water depths were recorded non-
intrusively using a series of acoustic displacement meters. A
MicrosonicTM Mic+35/IU/TC sensorwas located at x = 18.17m im-
mediately downstream of the Tainter gate. Nine acoustic displace-
ment meters MicrosonicTM Mic+25/IU/TC were spaced along the
channel between x = 0.96 and 17.81 m. All acoustic displacement
meters (ADMs) were calibrated against the pointer gauge in steady
flows. The velocity measurements were conducted with an acous-
tic Doppler velocimeter (ADV) NortekTMVectrino+ (Serial No. VNO
0436) equipped with a three-dimensional sidelooking head. The
ADVwas located at x = 8.5mon the channel centreline. The veloc-
ity range was±1.0m/s and the data accuracy was 1% of the veloc-
ity range. The ADVwas set upwith a transmit length of 0.3mmand
a sampling volume of 1.5 mm height. Both the acoustic displace-
ment meters and acoustic Doppler velocimeter were synchronised
within ±1 ms and sampled simultaneously at 200 Hz. In steady
flows, the ADV post processing included the removal of communi-
cation errors, the removal of average signal to noise ratio data less
than 5 dB and the removal of average correlation values less than
60%. In addition, the phase-space thresholding technique devel-
opedbyGoring andNikora [17] and implementedbyWahl [18]was
used to remove spurious points in the data set. In unsteady flow
conditions, the above post-processing technique was not applica-
ble [19,20]. The unsteady flow post-processing was limited to a re-
moval of communication errors, and it is acknowledged that the
vertical velocity component Vz data might be affected adversely
by the bed proximity for z < 0.030 m.

Additional photographic informations were recorded with a
dSLR camera Pentax K-3 (6016×4000 pixels) and a digital camera
Casio ExilimEX-10, inmoviemode set at 120 fps (640× 480pixels)
or 240 fps (512 × 384 pixels).

3.2. Experimental procedure

For all experiments, the positive surges were generated by
the fast closure of the Tainter gate and the compression wave
propagated upstream against the initially-steady flow. Figs. 3 and
4 illustrate some photographs of advancing bores. For the breaking
bore experiments, the radial gate was fully opened; the bore was
generated by the rapid closure of the Tainter gate. The gate closure
time was less than 0.15 and 0.2 s and was small enough to have
a negligible effect on the surge propagation. For the generation of
undular bores, the radial gate was initially partially closed to raise
the initial water depth d1. The bores were generated by the rapid
closure of the Tainter gate. For all experiments, the instruments
were started 60 s before gate closure, the discharge was kept
constant during an experiment, and sampling stopped when the
bore reached the upstream intake.

Since the bore propagation is a highly unsteady turbulent
process, any time average would be meaningless to study
the turbulent free-surface and velocity characteristics. A series
of ensemble-average measurements were conducted for two
different discharges (Table 1). When the experiment is repeated N
times, the ensemble-average of a variable V at time t and location
(x, y, x) is:

V (t, x, y, z) =
1
N

×

N
i=1

Vi(t, x, y, z) (7)

where Vi is the observation during the run i and N = 25 herein.
Both breaking and undular bores were generated for each

discharge. A total of 25 runs were repeated for each ensemble-
average experiment. For each set of experiments, the results
were ensemble-averaged to obtain the instantaneous median
property (e.g. free-surface elevation dmedian) and the instantaneous
difference between the third and first quartiles: e.g., (d75 − d25)
for the water depth fluctuations. The difference between the third
and first quartiles characterised the instantaneous fluctuations
and would be equal to 1.3 times the standard deviation of the
total ensemble for a Gaussian distribution [23]. The data were
processed following [15], and results are presented below in terms
of instantaneous median and fluctuating properties.

4. Basic flow patterns and experimental results

Visual, video and photographic observations were conducted
for a range of Froude numbers. Figs. 3 and 4 show photographs of
breaking bore propagations. No bore was visible for a Froude num-
ber less than unity. Undular boreswere observed for 1 < Fr1 < 1.1
to 1.3: the front of the bore was smoothwith a gentle upward free-
surface rise followed a series of quasi two-dimensional smooth
secondary undulations. Breaking boreswith secondarywaveswere
seen for 1.2 to 1.3 < Fr1 < 1.4 to 1.5. The bore front had a
thin breaker developing across most of the channel width, fol-
lowed by a train of three-dimensional secondary waves. The ex-
pression ‘‘breaking borewith secondarywaves’’ is used herein in line
with [12]; other researchers called this an ‘‘undular bore with some
breaking ’’ [19,24]. A breaking bore was observed for Fr1 > 1.4 to
1.5, with a quasi-two-dimensional marked roller. The advancing
roller was preceded by an upward free-surface curvature immedi-
ately before the roller toe. The bore front was a steep wall of water
with a sharp breaking front (Fig. 3). The roller toewas a flow singu-
laritywhere vorticitywas generated and airwas entrapped [14,25].
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Table 1
Systematic laboratory investigations of tidal bores at different geometric scales.

Reference So Bed
type

Q (m3/s) d1
(m)

V1
(m/s)

Fr1 Re B
d1

ks
d1

Velocimeter &
sampling rate Hz

Tested
parameters

Present study 0 PVC 0.055 0.200 0.39 1.19 3.3 × 105 3.50 0 ADV, 200 Free-surface,
Velocity,

0 PVC 0.101 0.210 0.69 1.18 3.5 × 105 3.33 0 Shear stress,
Shear stress

0.0005 PVC 0.055 0.075 1.12 1.5 9.6 × 104 10.0 0 Fluctuations
(EA)

0 PVC 0.101 0.175 0.80 1.5 3.5 × 105 3.89 0

Simon & Chanson [21] 0.0077 Gravel 0.036 0.084 0.86 1.33 1.0 × 105 5.95 0.040 ADV, 200 Free-surface,
Velocity,

0.055 0.110 1.00 1.35 1.5 × 105 4.55 0.031 Shear stress
(EA)

0.0077 Gravel 0.036 0.084 0.86 1.64 1.2 × 105 5.95 0.040
0.055 0.110 1.00 1.64 1.9 × 105 4.55 0.031

Other studies
Koch & Chanson [19] 0 PVC 0.040 0.079 1.01 1.42 9.8 × 104 6.33 0 ADV, 50 Free-surface,

Velocity (VITA)
Chanson &

Docherty [15]
0 PVC 0.050 0.118 0.85 1.59 2.0 × 105 4.24 0 ADV, 200 Free-surface,

Velocity, Shear
stress (VITA &
EA)

Chanson [20] 0 PVC 0.058 0.139 0.84 1.49 2.4 × 105 3.60 0 ADV, 200 Free-surface,
Velocity (VITA)

Chanson & Toi [22] 0.0035 PVC 0.025 0.051 0.98 1.77 6.3 × 104 9.84 0 ADV, 200 Free-surface,
Velocity (VITA)

Koch & Chanson [19] 0 PVC 0.040 0.079 1.01 1.77 1.2 × 105 6.33 0 ADV, 50 Free-surface,
Velocity (VITA)

Notes: EA: ensemble-averaging; VITA: variable interval time averaging.
The instantaneous toe perimeter constantly changed in shape, ex-
hibiting a broad range of instantaneous patterns [9]. While the
breaking roller and roller toe were quasi two-dimensional on av-
erage, the three-dimensional shape of the roller fluctuated rapidly
with time and showed the existence of three-dimensional bubbly
structures, as illustrated in [26].

The ensemble-averaged free-surface data highlighted the
abrupt increase in water level associated with the passage of
a breaking bore roller, and a significant upward free-surface
curvature with an undular bore, followed by a train of secondary
undulations. Fig. 5 presents some typical ensemble-averaged
data in terms of the free-surface elevation and fluctuations at
several longitudinal locations. In Fig. 5 and others, the time
t = 0 corresponds to the Tainter gate closure, and the solid
black line denotes the ensemble-averaged median free-surface
elevation at x = 8.5 m. The free-surface fluctuations were
quantified in terms of the difference between the third and first
quartiles d75 − d25. For all the experimental conditions, the
results showed a sharp increase in free-surface fluctuations with
the passage of a tidal bore. With breaking tidal bores, the free-
surface fluctuations showed a marked maximum (d75 − d25)max
shortly after the passage of the bore breaking roller (Fig. 5).
With undular tidal bores, the first local maximum in free-surface
fluctuations occurred shortly after the passage of the first wave
crest, followedby a series of localmaximum fluctuations appearing
in a quasi-periodic manner during the secondary wave motion.
The time-variations of free-surface fluctuations in undular bores
oscillated approximately in phase with the oscillations of the free-
surface elevation. Generally the propagation of a breaking bore
was associated with higher maximum free-surface fluctuations
than for an undular bore. For all experiments, a time lag 1t
was observed between the arrival of the breaking bore roller and
the occurrence of the maximum free-surface fluctuation at all
longitudinal locations, as seen in Fig. 5.

A number of ensemble-averaged velocity measurements were
conducted at x = 8.5mwith both breaking and undular bores. The
Fig. 5. Ensemble-averaged time variations of the median free-surface elevations
and free-surface fluctuations at different longitudinal locations for a breaking bore
(Q = 0.101m3/s, Fr1 = 1.5, Re = 3.5×105). Thin blue lines show thewater depth
at three different locations (x = 17.41 m, 9.96 m and 6.96 m), and black line shows
thewater depth at x = 8.5m (ADV location). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

measurements were performed at three vertical elevations z/d1 =

0.1, 0.4, and 0.8, where d1 is the initial steady flow water depth.
For each controlled flow condition, experiments were repeated
25 times and the results were ensemble-averaged. Fig. 6 presents
some typical ensemble-averaged velocity data for both breaking
and undular bores, with the ensemble-averaged median water
depth at the velocity sampling location as reference, highlighted
by the black solid line. The turbulent velocity fluctuations were
characterised by the difference between the third and first quartile
V75 − V25 of the total ensemble. For both breaking and undular
bores, the data showed a rapid deceleration of the longitudinal
velocity component Vx at all vertical elevations (Fig. 6). Next
to the bed, a transient recirculation was observed in breaking
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(A) Breaking bore: Q = 0.101 m3/s, Fr1 = 1.5, Re = 3.5 × 105 . (B) Undular bore: Q = 0.101 m3/s, Fr1 = 1.2, Re = 3.5 × 105 .

Fig. 6. Time-variations of ensemble-averaged longitudinal velocity components and velocity fluctuations (V75 − V25) at different vertical elevations z/d1 in tidal bores—
Velocity data offset by +0.2 for all elevations.
bores (Fig. 6(A), 67 < t × (g/d1)1/2 < 100), consistent with
earlier field and laboratory data [19,22]. The data indicated an
abrupt acceleration and then deceleration of the vertical velocity
component Vz , this effect being more important at higher vertical
elevations. For all flow conditions, the results showed an increase
in velocity fluctuations for all three velocity components at all
elevations associated with the passage of both types of bores.
At lower vertical elevations (z/d1 = 0.1), higher velocity
fluctuations were observed and the vertical velocity fluctuations
were overall higher than the other two components for the
same flow condition, most remarkably seen in the upper water
column (z/d1 = 0.8). In breaking bores, marked peaks in
fluctuations of all three velocity components occurred slightly
after the arrival of the bore front, whereas in undular bores, local
maximum fluctuations appeared repetitively following the train
of undulations. The results highlighted that the vertical velocity
component was typically associated with the largest magnitude in
maximum fluctuations. For the same velocity component, breaking
bores with higher Froude numbers tended to have higher values
of maximum fluctuations than undular bores or breaking bore
of lower Froude numbers. The time lag 1tV , defined as the time
difference between the arrival of the breaking bore roller and
the occurrence of the maximum velocity fluctuation, was slightly
larger in the upper water column comparing to that observed in
mid and lower water columns.

The turbulent Reynolds stress tensorwas calculated based upon
the deviation between the measured instantaneous velocity and
the ensemble-average median:

v = V − Vmedian (8)

where v is the instantaneous velocity fluctuation, V is the
(measured) instantaneous velocity and Vmedian is the ensemble-
average median velocity. Fig. 7 presents typical time variations
of the ensemble-averaged Reynolds stresses, the third quartile of
the normal stresses (e.g. (vxvx)75) and the difference between the
third and first quartiles of the tangential stresses (e.g. (vxvy)75 −

(vxvy)25) for a breaking bore and undular bore, respectively.
The solid black line denotes the ensemble-median free-surface
elevation. The third quartile of the normal stresses and the
difference between the third and first quartiles of the tangential
stresses characterised the instantaneous fluctuations in shear
stresses during the propagation of a tidal bore. Overall, the
results suggested that the propagation of a breaking bore was
associatedwith significant increase inmagnitudes and fluctuations
of both normal and tangential Reynolds stresses for all vertical
elevations over the range of Froude numbers. Maximum stresses
in terms of both normal and tangential stress components were
observed shortly after the passage of the bore breaking roller.
The Reynolds stress data for an undular bore showed a similar
trend to that of breaking bores, but with less pronounced peaks
in the normal stress tensors. The stress magnitudes were smaller
in undular bores comparing to breaking bores with the same
discharge. Maximum instantaneous shear stresses were observed
to occur shortly after the rise of the free-surfacewith instantaneous
magnitudes of up to 90 Pa within the range of experimental flow
conditions. The data indicated the potential of sediment motion to
occur beneath a tidal bore, as documented in the field [27–29]. For
example, large particles of up to 50mm in size could be transported
into motion under a maximum instantaneous shear stress of 90 Pa
for non-cohesive particles [30,31].

5. Dynamic similarity in unsteady turbulent flow properties

5.1. Presentation

In a natural environment, the tidal bore motion corresponds
to Reynolds numbers within 105 for the smaller systems to in
excess of 107 for the larger rivers. For example, in Fig. 1, the
Reynolds number of the tidal bores was about 5 × 106 to 107.
In laboratory, the flow conditions correspond usually to Reynolds
numbers between 103 and 105, and systematic unsteady turbulent
measurements in tidal bores are rare (Table 1). Table 1 summarises
the experimental flow conditions of systematic investigations of
tidal bore flow properties, at themillimetric scale, in geometrically
similar models under controlled flow conditions to assess the
associated scale effects. All studies were conducted based upon
a Froude similitude, but with different initial and boundary
conditions. None of the arrangements reproduced the tidal bore
motion in a natural estuary, where the initial ebb flow velocity V1
is positive downstream and the flood flow velocity V2 behind the
bore is typically positive upstream.
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(A) vxvx and vxvy . (B) vzvz and vxvz .

Fig. 7. Time-variations of ensemble-averaged median Reynolds stresses, normal and tangential stress fluctuations and median free-surface elevation in a breaking bore:
Q = 0.055 m3/s, Fr1 = 1.5, Re = 9.6 × 104 , z/d1 = 0.4, x = 8.5 m—Tangential stresses offset by +0.08.
Table 2
Summary of scale effects affecting the physical modelling of tidal bores based upon Froude and Morton number similitude (Present study).

Unsteady turbulent properties Criterion to minimise scale effects Remarks

Conjugate water depth (d2) N/A No major scale effects for Re > 9.6 × 104

Wave amplitude of undular bores (aw) N/A No major scale effects for Re > 9.6 × 104

Wave length of undular bores (Lw) N/A No major scale effects for Re > 9.6 × 104

Maximum water depth (dmax) N/A No major scale effects for Re > 9.6 × 104

Height of free-surface rise upstream of the
breaking roller toe (hs)

Lscale = 1 Scale effects unless at full-scale.

Length of free-surface rise upstream of the
breaking roller toe (ls)

Re > 9.6 × 104 Little difference within the experimental conditions.

Length of the breaking bore roller (Lr ) Lscale = 1 Scale effects unless at full-scale.
Maximum free-surface fluctuation (d75 − d25)
and time lag (1t)

Lscale = 1 Scale effects unless at full-scale.

Maximum velocity fluctuation (V75 − V25) and
time lag (1tv)

Lscale = 1 Scale effects unless at full-scale for all velocity components.

Maximum longitudinal velocity deceleration
(∂Vx/∂t)max

z/d1 > 0.4: Re > 9.6 × 104 Minimum scale effects for z/d1 > 0.4.

z/d1 < 0.4: Lscale = 1 Scale effects unless at full-scale.
Maximum Reynolds stress (vivj)max and time lag
1Tij

Lscale = 1 Scale effects unless at full-scale for all Reynolds stress tensor components.

Recirculation velocity (Vrecirc) Lscale = 1 Scale effects unless at full-scale.

Notes: Lscale: geometric scaling ratio; results obtained with undular and breaking bores.
5.2. Froude similitude

Herein the free-surface properties, instantaneous velocity and
velocity fluctuations, instantaneous shear stresses and shear stress
fluctuations were tested systematically for two Froude numbers
(Fr1 = 1.5 and 1.2) with two different initial discharges: Q =

0.055 and 0.101 m3/s. Table 2 (column 2) lists a number of key
properties, with some definitions shown in Figs. 2, 6 and 7. All re-
sults were analysed based upon the ensemble-averaged data and
tested in a dimensionless manner consistent with a Froude simili-
tude (Eq. (5)). Note that all present experimentswere conducted on
a smooth bed (ks/d1 ≈ 0)with the same instrumentation, although
it is acknowledged that the relative channel width B/d1 differed
(Table 1).

Visually some key differences were observed with breaking
bores. Drastically lesser air bubble entrainment was observed at
the lowest Reynolds number as illustrated in Fig. 4. Free-surface
data indicated little scale effect in terms of the dimensionlessmax-
imum and conjugate water depths, and the undular bore charac-
teristics, between two Reynolds numbers within the experimen-
tal flow conditions. Scale effects were observed for the breaking
bore properties, namely in terms of free-surface rise immediately
upstream of the breaking roller toe, roller length, maximum free-
surface fluctuation and its delay after the bore passage. For exam-
ple, an increase in Reynolds number from 9.6 × 104 to 3.5 × 105

caused a 30% decrease in maximum free-surface fluctuations and
60% decrease in time delay 1t .

Dimensionless turbulent velocity and Reynolds stress charac-
teristics were analysed for different Reynolds numbers and the
results were systematically compared. Tested characteristics in-
cluded the maximum velocity fluctuation (V75 − V25)max and its
delay 1tv , defined as the delay in time relative to the arrival of
the bore, themaximum longitudinal deceleration (∂Vx/∂t)max dur-
ing the bore passage, the recirculation velocity Vrecirc at the end
of the deceleration period for breaking bores only, the maximum
ensemble-median Reynolds stresses (vivj)max and its lag 1Tij, de-
fined as the delay in time relative to the arrival of the bore. The
maximum longitudinal deceleration was calculated based upon
the ensemble-averaged longitudinal velocity data during the de-
celeration phase. The deceleration data are presented with neg-
ative values to indicate the physical process. A key feature of
breaking bores was the existence of some transient recirculation
close to the channel bed immediately before the roller [19,22].
Fig. 6(A) showed an example of such a recirculation transient. Typ-
ical results are presented in Figs. 8–10. Significant differences in
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Fig. 8. Effect of Reynolds number on the maximum velocity fluctuation (V75 − V25)max and its delay 1tv for breaking bores—Flow conditions Fr1 = 1.5, z/d1 = 0.1.
(A, Left) Longitudinal velocity fluctuation data (B, Right) Transverse velocity fluctuation data.
Fig. 9. Effect of Reynolds number on the maximum longitudinal deceleration at different vertical elevations. (A, Left) Breaking bore data (Fr1 = 1.5) (B, Right) Undular bore
data (Fr1 = 1.2).
Fig. 10. Effect of Reynolds number on the maximum ensemble-median Reynolds stresses (vivj)max and its time delay 1Tij for breaking bores—Flow conditions: Fr1 =

1.5, z/d1 = 0.4. (A, Left) Maximum ensemble-median Reynolds stresses data (vivj)max . (B, Right) Time lag data 1Tij .
maximum dimensionless velocity fluctuations and associated di-
mensionless time delay were observed for all three velocity com-
ponents between experiments performed with the same Froude
number and different Reynolds numbers. Scale effects in terms
of the maximum longitudinal deceleration were most significant
close to the bed (z/d1 = 0.1). Next to the free-surface (z/d1 = 0.8),
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lesser differencewas seenwhen the Reynolds number changed, es-
pecially in the case of breaking bores. For the turbulent Reynolds
stresses, large scale effects were observed in terms of the time
delay in peak Reynolds stress (Fig. 10(B)). Lesser impact was ob-
served on the dimensionless shear stressmagnitude. The change in
Reynolds numbers from9.6×104 to 3.5×105 resulted in about 30%
decrease in the recirculation velocity for breaking bores of Froude
number 1.5.

A summary of present scale effect analysis is presented in
Table 2, with the list of tested parameters, while the experimental
conditions are summarised in Table 1. Altogether the present data
indicated that the extrapolation of laboratory tidal bore results is
not straight forward and the up-scaling to prototype conditions
might be affected by adverse scale effects.

5.3. Discussion

The present findings suggested that a number of basic free-
surface properties were not affected by major scale effects based
upon a Froude scaling (Table 2). The result was consistentwith ear-
lier studies [13,22]. On the other hand, the velocity characteristics
and Reynolds stress results could not be up-scaled without ma-
jor scale effects. While a number of studies compared laboratory
and CFD data [32,33], it is believed that the present investigation
is the first detailed scrutiny of the extrapolation of laboratory data
to prototype conditions. Despite its relatively limited scope, the re-
sults demonstrated unequivocally the limitations of dynamic sim-
ilarity and physical modelling of unsteady tidal bore flow motion
(Table 2). They showed further that the selection of the criteria to
test data validation and to assess scale affects is critical: e.g., the
free-surface properties, the longitudinal deceleration, the veloc-
ity fluctuations, the median Reynolds stresses, the Reynolds stress
fluctuations, the PDF of Reynolds stresses. Simply any mention of
scale effects must be associated with the list of tested parame-
ters [34–36] and this study presents a detailed list of outcomes
(Table 2).

The experimental results stressed that some parameters, such
as Reynolds stresses, are likely to be affected by scale effects, even
in large-sizemodels and small estuaries. No scale effect is observed
at full scale only, using the same fluids in prototype and model:
i.e., in prototype flow conditions like those illustrated in Fig. 1. Yet
even some field data sets could be challenged. For example, during
the studies in the Dee, Sélune and Sée Rivers [37–39], the bore flow
conditions corresponded to Reynolds numbers about 4 × 105 to
2 × 106: that is, one order of magnitude lower than in large river
systems like the Qiantang River (Fig. 1(B)). The previous discussion
on dynamic similarity does suggest that the extrapolation of small
tidal bore field results could be subjected to some form of scale
effects at larger Reynolds numbers.

6. Conclusion

A tidal bore is a surge of water propagating upstream in an
estuary when the macro-tidal flow turns to rising and rushes into
a funnel shaped river mouth with shallow waters. It is essentially
a compression wave formed in an estuarine system during the
early flood tide. A series of physical experiments were conducted
in a large facility to investigate the free-surface properties,
unsteady velocity characteristics and Reynolds shear stresses.
Both instantaneous and ensemble-averaged measurements were
performed. The passage of the bore front was linked to large free-
surface fluctuations, and the data showed maximum free-surface
fluctuations occurring slightly after the arrival of the bore front. All
velocity measurements showed a strong deceleration during the
passage of the bore front, as well as large velocity fluctuations for
the three velocity components at all elevations. TheReynolds stress
data showed large turbulent stresses and shear stress fluctuations
during the passage of bores. Maxima in normal and tangential
stresses were observed shortly after the passage of a breaking bore
roller toe. Overall the study demonstrated the intense turbulence
and turbulent mixing under breaking and undular tidal bores.

A careful analysis of a range of dimensionless unsteady
turbulent properties was conducted with two different Reynolds
number ranges based upon both Froude and Morton similitudes.
For both undular and breaking bores, the results demonstrated
that several parameters were affected by scale effects, even in
large-size models. These included the velocity and Reynolds stress
fluctuations during bore propagation. The findings imply that
some laboratory study data might not be up-scaled to prototype
conditions without adverse scale effects. The results point to the
need for further detailed fieldmeasurements, while CFD numerical
models should be tested against prototype data. Future studies
may further encompass tidal bores interacting with obstacles,
including piers, wharfs, people, etc.. . . .
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