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Abstract
A compression wave is an unsteady rapidly-varied open channel flow motion, characterised 
by an increase in water depth. A detailed investigation was conducted in a prismatic asym-
metrical channel, to better understand the physical processes observed in tidal/tsunami-
bore affected estuaries with irregular topography. The prismatic channel was equipped 
with a 1 V:5H transverse slope across the full channel width. The free-surface data pre-
sented three-dimensional unsteady flow features, and the velocity measurements showed 
a drastic impact of the surge on the flow field, with strong three-dimensional features. 
With the arrival of the surge front, the transverse velocity component became large in the 
shallow-water section, indicating some unsteady secondary motion and recirculation dur-
ing and shortly after the passage of the surge. The Reynolds shear stress data were associ-
ated with large turbulent stresses and shear stress fluctuations. For  d1/D < 1, both velocity 
and shear stress data showed a transient longitudinal x–z shear plane, about y/W  0.5–0.6, 
with conjugate transverse flow reversal for 0.5–0.6 < y/W < 1. In the transient shear plane, 
high Reynolds stress magnitudes and shear stress fluctuations were observed behind the 
surge front, up to one to two orders of magnitude larger than boundary shear stress levels 
observed in steady flows in compound channels.

Keywords Transient secondary currents · Compression waves · Turbulent Reynolds 
stresses · Transient shear plane · Physical modelling

1 Introduction

A compression wave, also called positive surge or hydraulic jump in translation, is an unsteady 
rapidly-varied open channel flow motion, characterised by an increase in water depth [17]. 
Positive surges constitute hydrodynamic shocks, linked to a discontinuity in terms of the 
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pressure and velocity fields [29, 41], as illustrated in Figs. 1 and 3a. The shock propagation is 
associated with intense unsteady turbulence [18, 25]. Environmental applications of positive 
surges include tidal bores in estuaries and in-river tsunami bores [6, 43, 45]. The surge propa-
gation is associated with intense mixing, and sediment upwelling and suspension, as observed 
in tidal bore affected estuaries [11, 16, 20]. The development of a compression wave, its incep-
tion and its propagation may be predicted analytically and numerically [1, 2, 17, 19]. After 
formation, the flow properties upstream and downstream of the surge front must fulfil the 
equations of conservation of mass and momentum in their respective integral form [7, 14, 29]:

Past investigations of positive surges were mostly conducted in rectangular channels (e.g. 
[15, 18, 24], except for a few free-surface measurements in symmetrical trapezoidal channels 
[4, 37]. Herein both free-surface and velocity measurement experiments were performed in a 
large-size flume with a non-rectangular asymmetrical cross-section. The present investigation 
focused on the unsteady turbulent properties of the three-dimensional flow and the transverse 
mixing induced by unsteady secondary motion.

2  Theoretical considerations

2.1  Presentation

When a compression wave propagates upstream, the response of the flow to the passage of the 
wave leading edge may be analysed as an impulse problem [29]. The forcing is the longitudi-
nal pressure gradient across the surge front, as illustrated in Fig. 1. Let us consider the forced 
solution for a quasi-steady compression wave (Fig. 1, bottom) [17, 19]. Focusing on the initial 
impulse, the surge suddenly arrives at t = 0. In a system of reference in translation with the 
compression wave front, the depth-integrated equations of conservation of mass and momen-
tum are, with the hydrostatic assumption:

(1)
�qx

�x
+

�qy

�y
= −

�d

�t

Fig. 1  Definition sketch of a compression wave propagating upstream and the associated longitudinal pres-
sure gradient induced forcing
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where  qx and  qy are the depth-integrated unit discharges in the longitudinal and transverse 
directions, i.e.  qx = (Vx + U)d and  qy = Vyd, d is the water depth, g is the gravity accelera-
tion, ρ is the water density, and the longitudinal forcing  Fx is the net pressure force. Assum-
ing hydrostatic pressure distributions in front of and behind the compression wave, the net 
pressure force resultant consists of the increase of pressure ρ × g × (d2−d1) applied to the 
initial flow cross-section area  A1 plus the pressure force on the cross-section area  (A2–A1):

with  Fx positive downstream, B the free-surface width, and the subscripts 1 and 2 referring 
to the initial and conjugate flow conditions (Fig. 1).

A solution to an impulse forcing may be developed, following CSANADY [13], 
assuming that  qx is a linear function of time:

and  qy is zero. In a prismatic channel, the velocity may be assumed to be longitudinal 
and the transverse transport is small. At any instant and longitudinal position, the appli-
cation of the equation of conservation of mass in an integral form imposes:

Using Eq. (4), it gives

A complete expression of the longitudinal unit discharge is then:

where the water depth d is a function of the transverse coordinate,  B1 is the initial free-
surface width and  A1 is the initial flow area (Fig. 1). Equation (7) provides a simple expres-
sion of the relative longitudinal velocity focusing on the initial instants of the arrival of the 
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compression wave, in a prismatic channel. It may be rewritten in terms of depth-averaged 
velocity  qx/d at a transverse location:

Equations  (1)–(8) were developed for an irregular channel, irrespective of the shape. 
They are general enough to be applicable to wide range of channel cross-sections, sub-
jected to an impulse forcing caused by a longitudinal pressure force, e.g. linked to very-
rapid increase in water level during the passage of the compression wave.

2.2  Application

The simple relationship in Eqs. (8) is illustrated in Fig. 2, using the depth distribution of 
a 1 V:5H channel. The transverse distribution of the depth-averaged longitudinal velocity 
is clearly a related to the depth distribution. The longitudinal velocity  qx/d is equal to the 
initial cross-sectional-averaged velocity  V1 when d = A1/B1, which is the average depth of 
the section [7, 17].

The transverse distribution of longitudinal velocity in the channel subjected to a com-
pression wave may now be elucidated qualitatively. Recalling Eq. (8), the solution yields 
a positive longitudinal flow in the deep water section of the channel, during the impulse 
forcing corresponding to the passage of the compression wave. In the shallow water region, 
the longitudinal velocity becomes negative. The details depend on the flow conditions, but 
the appearance of a "gyre" pattern follows, as illustrated in Fig. 2. Figure 2 shows the cal-
culated pattern for sudden longitudinal pressure forcing applies from t > 0. The transverse 
profile is asymmetrical, and agrees with the qualitative inference from dye injection experi-
ments (Appendix I). The gyre is indeed related to the transverse bed profile. Near the outer 
edge of the shallow water section, a singularity occurs on account of the depth d reducing 
to zero. In very shallow water, it is not realistic to neglect friction even for a short initial 
period. The velocity distribution is noteworthy in that it shows the development of trans-
verse velocity profile with time, albeit the present development is only valid over a very 
short time frame.
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Fig. 2  Transverse distribution of dimensionless longitudinal velocity  qx/(V1d) for an impulse forcing 
imposed by a longitudinal pressure gradient during the passage of a compression wave in a channel with a 
1 V:5H transverse slope



1057Environmental Fluid Mechanics (2020) 20:1053–1073 

1 3

3  Physical modelling

3.1  Presentation

Although physical models are geometrically-scaled based upon prototypes, geometric 
similarity is not sufficient and any investigation requires some similarity in flow pat-
terns [17]. Considering a compression wave propagation in an asymmetrical channel 
(Fig. 3c), the most relevant parameters are the fluid properties, channel geometry, physi-
cal constants and inflow conditions [17, 28]. A simplified dimensional analysis yields a 
series of dimensionless relationships between the instantaneous turbulent flow proper-
ties, at a position (x,y,z) and time t, and key relevant parameters:

where  Vx,  Vy and  Vz are the instantaneous longitudinal, transverse and vertical velocity 
components respectively, P is the instantaneous pressure, τij is the instantaneous Reynolds 
stress component with i,j = x, y, or z, x is the longitudinal coordinate positive downstream, 
y is the transverse coordinate measured from the right sidewall, z is the vertical coordinate 
with z = 0 at the lowest bed elevation, t is the time, D is the transverse bed elevation differ-
ence between left and right sidewalls, W is the full width of the flume,  ks is the equivalent 
sand roughness height of the bed, θ is the angle of the longitudinal channel bed and the 
horizontal, U is the bore celerity positive upstream, ρ is the fluid density, μ is the dynamic 
viscosity of the fluid, and σ is the surface tension. In Eq.  (9), the relevant characteristic 
length and velocity scales are the initial equivalent flow depth  A1/B1 and velocity  V1, based 
upon momentum considerations. It should be noted that the compression wave is assumed 
to be a monophase flow, and the biochemical properties of the fluid and sediment charac-
teristics in natural systems are not considered in Eq. (9).

In the right hand side of Eq. (9), the 9th term is the surge Froude number  Fr1, the  10th 
term is the surge Reynolds number  Re1 and 11 th term is the Morton number Mo which 
is a function of the fluid properties and gravity constant only. In the physical modelling 
of hydraulic jumps and compression waves, a Froude similitude is derived theoretically 
from momentum considerations [7, 17]. The Morton number is equal in laboratory and 
prototype when the same fluids are used during the physical study and at full scale. In 
turn, viscous effects might take place in small laboratory channels, because the Reyn-
olds similitude cannot be achieved. Herein, the experimental study was conducted based 
upon Froude and Morton similitudes, using relatively large Reynolds numbers ranging 
from 7.5104 to  3105, since a large-size facility was used.
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(A)

(B)

(C)

Fig. 3  Compression wave propagation in a non-rectangular asymmetrical channel. a Surge propagation 
from right to left—view through the right sidewall, with an series acoustic displacement meter (ADM) units 
(light blue arrow) mounted above the free-surface across the channel width and an acoustic Doppler veloci-
meter (ADV) Vectrino II Profiler (red arrow) sampling beneath the surge front. b Three-dimensional sketch 
of compression wave and conjugate flow motion behind the surge front. c Cross-sectional view looking 
upstream
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3.2  Experimental facility and instrumentation

New experiments were conducted in a 19  m long and 0.7  m wide rectangular tilting 
flume equipped with 0.52 m high glass sidewalls, previously used by [25, 26]. The chan-
nel bed was modified by the installation of a 1 V:5H transverse slope, made out of PVC 
(Fig.  3). The 1  V:5H transverse slope extended for the full breadth of the channel as 
sketched in Figs. 1b and 3b, with the deep section along the right sidewall. The trans-
verse slope invert was installed between x = 2  m and 17  m. Smooth transitions from 
rectangular to trapezoidal cross-sections, and from trapezoidal to rectangular cross-
sections, were installed at x < 2  m and x > 17  m, where x is the longitudinal distance 
from the start of the flume, positive downstream. Water flow was supplied at a steady 
rate by an upstream water tank, followed by a series of flow straighteners and smooth 
convergent. A fast-closing Tainter gate was located at the channel’s downstream end 
(x = 18.1  m). A movie of the surge propagation is presented in Appendix I (Movie 
CIMG3470.mov). The channel slope was constant for all experiments  (So = 0.002216).

The water discharge was measured using a magneto-flow meter. In steady flows, the free-
surface elevations were measured using rail mounted pointer gauges. The velocity meas-
urements were conducted with a Dwyer® 166 Series Prandtl-Pitot tube (= 3.18 mm) and a 
Nortek™ acoustic Doppler velocimeter (ADV) Vectrino II Profiler (Serial number P27338, 
Hardware ID VNO 1366).

The unsteady free-surface water elevations were recorded using non-intrusive acoustic dis-
placement meters (ADMs) Microsonic™ Mic + 25/IU/TC and Microsonic™ Mic + 35/IU/TC, 
as shown in Fig. 3a. The three-dimensional surge flow pattern was recorded using ten ADMs, 
with two ADMs along the centreline at x = 6.96 m and x = 9.96 m, and six ADMs at x = 8.5 m, 
spaced evenly in the transverse direction, and two ADMs placed immediately upstream and 
downstream of the Tainter gate to record the gate closure time. All ADM sensors were cali-
brated against rail mounted pointer gauge water depth data. For each unsteady experiment, the 
free-surface elevation measurements were sampled at 100 Hz.

Unsteady velocity measurements were conducted using the Nortek™ acoustic Doppler 
velocimeter Vectrino II Profiler (Serial number P27338, Hardware ID VNO 1366) in the deep-
water sections of the channel and a Nortek™ acoustic Doppler velocimeter Vectrino + (Serial 
No. VNO 0436) in the shallow-water sections. The ADV Profiler was equipped with a three-
dimensional down-looking head, capable of taking simultaneous velocity measurements 
in a 30 mm profiling range at 1 mm increments. (The physical experiments were conducted 
in 2017, after a manufacturer’s re-calibration in January 2017.) The velocity range was set 
at 1.0  m/s for the lowest flow rates and 1.2  m/s for the higher flow rates. The ADV Vec-
trino + was equipped with a side-looking head and recorded velocity measurements at a single 
point. The velocity range was set at 1.0 m/s. The ADV mount was installed at x = 8.6 m. For 
each experiment, the velocity measurements were sampled at 100 Hz for the ADV Profiler and 
at 200 Hz for the ADV Vectrino + .

The ADV signals were post-processed in steady flows [21]. The unsteady velocity meas-
urements were not post-processed, behind a careful synchronisation for ensemble-averaging.

3.3  Experimental flow conditions

The steady flow conditions were characterised through a series of experiments for three 
discharges: Q = 0.015  m3/s, 0.050  m3/s and 0.1017  m3/s. Detailed measurements included 
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free-surface elevations, velocity distributions, and Reynolds shear stress distributions at 
x = 8.6 m for several transverse locations y.

Unsteady flow experiments were conducted to characterise the changes in velocity and 
free-surface profile during the passage of the bore at x = 8.6 m. This included experiments 
at various vertical and transverse locations along the channel cross section for a range of 
flow conditions (Table 1). In Table 1, Q is the initially steady flow rate,  Re1 is the surge 
Reynolds number, h is the gate opening after closure,  d1 is the initial steady flow water 
depth measured along the right sidewall, y is the transverse location, (z−zo) is the local 
elevation above the bed and  zo is the bed elevation at a transverse location y. All present 

Table 1  Summary of positive surge experiments in a non-rectangular asymmetrical channel

d1: water depth measured next to right sidewall;  Fr1: surge Froude number:  Fr1 = (V1 + U)/(gA1/B1)1/2;  Re1: 
surge Reynolds number:  Re1 = ρ(V1 + U)A1/B1/μ;  So: bed slope  (So = 0.002216);  zo: local bed elevation; 
Unless stated, all experiments included ADM measurements

Q Re1 h d1 Fr1 y z−zo Instrumentation
m3/s m m m m

0.030 7.5104 0 0.13 1.59–1.63 0.050 0.006–0.035 ADV Profiler
0.100
0.200
0.050 0.031–0.060
0.350 0.006

0.021
0.041

ADV Vectrino + 

0.400 0.006
0.450 0.006

0.024
0.500 0.006
0.550 0.006

6.6104 0.016 1.36 N/A N/A ADM only
0.050 1.3105 0 0.156 1.63 N/A N/A ADM only
0.055 1.4105 0 0.164 1.53–1.64 0.050 0.006–0.035

0.051–0.080
ADV Profiler

0.100 0.006–0.035
0.051–0.080

0.200 0.006–0.035
0.300 0.006–0.035

1.2105 0.032 0.164 1.30–1.34 0.050 0.006–0.035
0.051–0.080

ADV Profiler

0.100 0.006–0.035
0.051–0.080

0.200 0.006–0.035
0.300 0.006–0.035

0.100 3105 0 0.209 1.60–1.80 0.100 0.006–0.035
0.76–0.105

ADV Profiler

0.350 0.006–0.035
0.450 0.006–0.035

1.7105 0.055 0.209 1.30 N/A N/A ADM Only
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experiments were conducted with relatively large Reynolds numbers, ranging from 7.5104 
to  3105, to minimise potential scale effects.

The positive surge was generated by closing rapidly the Tainter gate, and the surge prop-
agated upstream until it reached the intake structure. Sampling was stopped once the surge 
reached x = 0 m. The Tainter gate closure time was less than 0.15–0.2 s [25] and had a neg-
ligible effect on the propagation of the surge. For each flow condition, the unsteady flow 
experiments were repeated 25 times, the ADM and ADV data were synchronised within 
1  ms, and the results were ensemble-averaged following CHANSON and DOCHERTY 
[10] and [25, 26]. Based upon the data ensembles, the instantenous median and fluctuations 
were obtained. The latter was calculated as the interquartile range, or difference between 
third and first quartiles.

Herein, a number of experimental cases were selected to cover a wider range of con-
ditions, including to compare differences depending upon the initial flow cross-sectional 
shape (triangular or trapezoidal). The results showed a drastic impact of the cross-sectional 
shape, i.e. triangular for  d1/D < 1 or trapezoidal for  d1/D > 1 (Sect. 4). For a limited number 
of cases, the experiments were repeated 25 times in the current study and an ensemble 
statistical analysis was conducted to extract mean and fluctuating quantities. Such a rigor-
ous methodology is difficult to achieve high quality data sets [9]. In turn, the approach 
restricted the spatial coverage of the data, and the secondary flow maps could not be gener-
ated with the current metrology.

4  Steady open channel flow properties

Steady flow measurements were conducted at various longitudinal and transverse loca-
tions. The free-surface was horizontal in the transverse direction for all flow conditions. 
The free-surface was basically parallel to the longitudinal bed, i.e. d/x = 0, indicating uni-
form-equilibrium flow conditions. For the smallest flow rate (Q = 0.015  m3/s), the chan-
nel cross-section was triangular with d < D, where d is the steady flow depth measured at 
x = 8.6 m. For the larger flow rates, the channel cross-section was trapezoidal. The applica-
tion of the momentum equation for uniform-equilibrium flows provided a quantitative esti-
mate of the cross-sectional average boundary shear stress. The results yielded a dimension-
less shear stress The Darcy-Weisbach friction factor is related to the boundary shear stress 
as: f = 8τo/(ρVmean

2) between 0.016 and 0.018 depending upon the discharge, where  Vmean 
is the cross-sectional average velocity.

At the sampling cross-section (x = 8.6 m), the velocity data showed that the flow was three-
dimensional, owing to the asymmetrical shape of the channel cross-section. Figure 4 presents 
typical velocity profiles measured using a Prandtl-Pitot tube and ADV unit for one discharge at 
two transverse locations. The experimental data are compared to the theoretical log-wake law 
velocity profile [8, 32, 38]. In Fig. 4, the local bed elevation  zo is shown with a black dashed 
line and the free-surface elevation is the thick blue horizontal line. Overall, there was a close 
agreement between Pitot tube and ADV data, as well as between physical data and theory. The 
velocity data fulfilled the no-slip boundary condition: that is, the longitudinal velocity was 
zero at the bed:  Vx(z = zo) = 0. The steady flow was fully developed and three-dimensional at 
the sampling location. Within the lower flow region, the vertical distributions of longitudi-
nal velocity component followed a power law profile (Fig. 4). Next to the free-surface in the 
deep-water parts of the cross-section, a velocity dip was observed, with the maximum velocity 
recorded below the free-surface: e.g., at z/d 0.74 in Fig. 4 (Left). This phenomenon is believed 
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to be linked to intense secondary motion and transverse momentum exchange [34]. Further the 
Prandtl-Pitot tube measurements showed hydrostatic pressure distributions.

Detailed contours plots of the time-averaged longitudinal velocity were derived. Figure 5 
presents typical examples. The velocity contour plots were integrated to yield the cross sec-
tional flow rate:

The results (Eq.  (10)) were in close agreement with the discharge measurements within 
3.5% [21]. The velocity contour plots showed that the velocity was not uniformly distrib-
uted. For d/D < 1, the flow cross-section was triangular (Fig. 5a) and low velocity areas were 
observed along the wetted perimeter. The highest velocity region was towards the triangle’s 
centre about y/W = 0.2, where W is the full channel width (W = 0.7 m), as previously reported 
for a triangular channel [12]. For d/D > 1, the flow cross-section was trapezoidal and the pat-
terns were asymmetrical, with two distinct regions of high velocity regions observed at y/W 
0.2 and y/W 0.6 respectively (Fig. 5b). This may be associated with the existence of stream-
wise vortices, as a result of momentum transfer from high velocity regions to low velocity 
regions, previously documented in laboratory and in the field [35, 42, 44].

(10)∬A

Vx × dy × dz
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Fig. 4  Vertical profiles of time-averaged longitudinal velocity—Flow conditions: Q = 0.1017  m3/s, 
d = 0.209  m, x = 8.6  m, y = 0.100  m (Left) and y = 0.400  m (Right)—Comparison between Prandtl-Pitot 
tube, ADV Profiler data and theoretical log-wake law
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5  Unsteady flow properties: (1) Free‑surface and velocity 
measurements

5.1  Free‑surface flow patterns

The propagation of compression waves is a highly turbulent and unsteady process [18]. 
A series of ensemble-average measurements were conducted to study the free-surface 
and velocity characteristics during the passage of the positive surge. Typical outputs 
encompassed the median velocity  V50, median free-surface elevation  d50, and charac-
teristic fluctuation in velocity  V75−25 and free-surface elevation  d75−25, defined in terms 
of the interquartile range. For a Gaussian distribution of an ensemble around its mean, 

Fig. 5  Longitudinal velocity contour plots in steady flow at x = 8.6 m—Colour scale corresponds to  Vx/V1.. 
a Flow conditions: Q = 0.0147  m3/s, d/D = 0.70. b Flow conditions: Q = 0.1017  m3/s, d/D = 1.49
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the interquartile range, e.g.  V75−25 = V75−V25, would be equal to 1.3 times the standard 
deviation [40].

The water surface data showed that the passage of the compression wave was associated 
with a sudden rise of free-surface elevation, together with a marked increase in free-surface 
fluctuations. Figure 6 presents a typical data set, where t is the time since Tainter gate clo-
sure and y/W is the dimensionless transverse location. After the passage of the wave front, 
the free-surface fluctuations remained large, likely because of the complicated transverse 
motion and secondary currents observed on the asymmetrical bed configuration.

Visual observations showed different surge feature depending upon the surge Froude 
number and initial relative depth. For  Fr1 > 1.5 and  d1/D > 1, the positive surge was 
breaking and the roller region was quasi-two-dimensional. For all other flow conditions 
(Table  1), the surge was undular in the deeper side, albeit some breaking was observed 
towards the left side where the water was shallower. The surge leading edge arrived first in 
the shallow water side and trailed in the deep water. A complicated conjugate flow motion 
was observed behind the bore front, with transient secondary currents and surface scars in 
the wake of the shallow-water bore front (Digital Appendix I, movie CIMG3470.mov). For 
 d1/D < 1, visual observations highlighted strongly three-dimensional features, with trans-
verse mixing illustrated by large-scale vortices and surface scars behind the surge front.

5.2  Velocity observations

The passage of the compression wave had a marked effect on the velocity field at all trans-
verse and vertical positions for all flow conditions. This is illustrated in Fig. 7, showing 
typical dimensionless time variations of longitudinal and transverse velocity component 
during the passage of the surge at several transverse and vertical locations. In Fig. 7, Vx, 
50/V1 is the dimensionless ensemble-median longitudinal velocity component,  Vy,50/V1 is 
the dimensionless ensemble-median transverse velocity component,  d50/d1 is the dimen-
sionless ensemble-median water elevation, t(g/(A1/B1)0.5 is the dimensionless time.
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Fig. 6  Dimensionless time variation of median water elevation and water surface fluctuations at several 
transverse locations and at x = 8.6 m—Flow conditions:  Fr1 = 1.57, Q = 0.0548  m3/s, h = 0 m,  d1 = 0.164 m
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The arrival of the positive surge was associated with a marked increase in water 
depth and decrease in the longitudinal velocity component. For all breaking bores, the 
longitudinal deceleration was abrupt and rapid, coinciding with the sharp increase in the 
water elevation at the roller toe. After the passage of the breaking surge, the longitudinal 
velocity was almost constant with large fluctuations, as the conjugate water depth stead-
ied. For undular surges, the longitudinal velocity showed a more gradual deceleration 
at the arrival of the surge front, associated with the slower rate of rise in free-surface 
elevation. During the passage of the free-surface undulations, the longitudinal veloc-
ity oscillated about a mean value. Here, the longitudinal velocity measurements were 
maximum beneath the wave troughs and minimum at the wave crests, as seen in Fig. 7a.
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The vertical velocity component followed a pattern similar to that observed for the free-
surface elevation. Initially oscillating about zero, the vertical velocity  Vz experienced a 
sharp increase at the arrival of a breaking surge, before returning to zero after the surge 
front. During the passage of the undular bore, the vertical velocity component increased at 
the arrival of the bore front and then the vertical velocity oscillated about zero in a quasi-
periodic manner with the same period but out of phase with the free-surface elevation. A 
basic flow net theory in the frame of reference in translation with the surge front tends to 
validate the horizontal and vertical velocity component redistributions in the water column 
when the free-surface is a streamline [33, 36].

The time-variations of transverse velocity component differed across the channel width, 
as seen in Fig. 7b. For a given discharge, at y/W = 0.14, the transverse velocity component 
showed small oscillations about  Vy/V1 = 0, while, at y/W = 0.43 the transverse velocity 
was negative, and oscillated about -0.05V1. The different behaviour might be induced by 
a combination of the transverse slope gravity effect and transverse and vertical momentum 
transfers across the channel.

A different flow motion was observed for the smallest discharge (Q = 0.030  m3/s) cor-
responding to  d1/D < 1. This is illustrated in Fig.  8A, showing the longitudinal velocity 
component during the passage of the surge at several transverse locations. Following the 
arrival of the surge in the deep-water section, i.e. y/W < 0.64, a gradual deceleration down 
to  Vx/V1 = 0 was observed, as previously reported for all larger discharges. For y/W > 0.64, 
the rapid longitudinal deceleration was stronger, and the longitudinal velocity  Vx became 
negative, with transient negative velocities downs to -0.75V1 at y/W = 0.71 and -0.5V1 
at y/W = 0.57 (Fig. 8a). This pattern indicated a full flow reversal in the shallow section 
behind the positive surge, as well as a transient longitudinal shear zone about y/W 0.5–0.6. 
Such a location is marked with a blue dot in Fig. 8b. For  d1/D < 1, the velocity measure-
ments were complemented by visual observations including video movies. Visualisations 
using dye injection (Digital Appendix I, movie CIMG3470.mov) showed drastically dif-
ferent flow motions across the channel cross-section. In the deep-water section, the flow 
motion remained downstream whereas, in the shallower section, there was a reversal in 
flow direction with upstream dye advection behind the surge, as shown in Fig.  8b. Fig-
ure  8b presents three successive photographs taken immediately behind the surge front; 
on the right, the dye plume continued to flow downstream after the surge, whereas the dye 
flowed upstream in the shallow-water section on the left. The present results were consist-
ent with theoretical considerations (Sect. 2, Fig. 2) and field observations. In many natural 
estuaries, the bore passage is associated with a strong flow reversal in the shallow sec-
tions [3, 22], The circulation patterns may indeed be related to the transverse bed profile 
(Eq. (8)).

5.3  Discussion

The instantaneous velocity fluctuation is a measure of turbulence and energy levels during 
the passage of the positive surge. In the present study, the arrival of the compression wave 
was associated with a marked increase in fluctuations of all velocity components. Close to 
the bed, a marked peak in longitudinal velocity fluctuation was recorded. This peak gener-
ally occurred at the time for which the greatest rate of change in velocity was observed. 
Next to the free-surface, the velocity fluctuations showed a gradual increase following the 
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passage of the bore but with a less clearly observable peak. A similar trend was observed 
for the vertical and transverse velocity fluctuations, but with lower magnitude [21].

Across the channel width, the fluctuation in velocity components increased in magni-
tude towards the shallow-water section. For all results, the peak in velocity fluctuations 
occurred next the bed shortly after the passage of the bore front, rather than at the greatest 
rate of change in the free-surface elevation.

6  Unsteady flow properties. (2) turbulent Reynolds stresses

6.1  Presentation

The normal Reynolds stress components, ρvxvx, ρvyvy, ρvzvz, and tangential Reynold stress 
components, ρvxvy, ρvzvy, ρvxvz, were calculated from the ensemble-average data [10]. 
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Fig. 8  Longitudinal velocity patterns at multiple transverse locations during positive surge passage for an 
initially triangular cross-section  (d1/D < 1)—Flow conditions:  Fr1 = 1.64, Q = 0.030  m3/s and h = 0  m. a 
Time variation of ensemble-median longitudinal velocity and water elevation at multiple transverse loca-
tions and x = 8.6 m during positive surge passage. b Longitudinal flow motion during the propagation of 
the positive surge for  d1/D < 1 highlighted using red dye injection—Looking downstream at about and 
x = 8.6 m, with surge propagation from background to foreground and shallow-water section on the left—
Blue dot marks location of transient shear zone
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Herein, the median (ρvivj)50 and fluctuation in the stress components (ρvivj)75–25 were ana-
lysed for each experimental flow condition.

The passage of the positive surge had a marked effect on the turbulent Reynolds 
stresses. Figures  9 and 10 present typical time-variations of median and fluctuation of 
tangential  vxvx and normal  vxvy Reynolds stress components for two different flow condi-
tions. In Figs. 9 and 10,  (vivj)50/V1 is the dimensionless ensemble-median Reynolds stress 
component,  (vivj)75–25/V1 is the Reynolds stress component fluctuation defined in terms of 
the inter-quartile range,  d50/d1 is the dimensionless ensemble-median water elevation. The 
arrival of the compression wave front was followed by a sharp increase in all Reynolds 
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Fig. 9  Dimensionless time variations of Reynolds stress components  vxvx/V1
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stress components, for all flow conditions. The Reynolds stress magnitudes were larger 
close to the bed than next the free-surface. That is, there was a well-defined peak in the 
shear stress amplitude next to the bed, whereas closer to the surface, the stress components 
showed a more gradual increase. The shear stress fluctuations showed also large values 
next the bed, roughly corresponding to the median shear stress maxima. Close to the water 
surface, the fluctuations in shear stress also showed a more gradual increase, with a pattern 
similar to that observed for the median shear stress. Generally the trend was consistent with 
previous observations in positive surges propagating in rectangular channels [5, 24, 25].
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Within the experimental flow conditions (Table 1), the measured median stresses and 
shear stress fluctuations tended to increase with decreasing initial depth  d1/D. This is illus-
trated by comparing Figs. 9 and 10, corresponding respectively to Q = 0.10  m3/s and 0.030 
 m3/s respectively. In comparing results for Q = 0.1017  m3/s  (d1/D > 1) and Q = 0.030  m3/s 
 (d1/D < 1), the median Reynolds shear stress amplitude was nearly an order of magnitude 
larger for Q = 0.030  m3/s and  d1/D < 1, after the bore passage. This derived from an increas-
ing effect of the transverse slope in the shallower cross-section, inducing complex second-
ary currents and flow patterns. Further, the magnitude of the Reynolds stresses and Reyn-
olds stress fluctuations tended to be the largest about the channel centreline (y/W ~ 0.5), 
likely caused by the complex redistribution in velocity across the channel, This was par-
ticularly evidenced for Q = 0.030  m3/s and  d1/D < 1, for which the maximum median shear 
stresses and shear stress fluctuations about the channel centreline were nearly an order of 
magnitude larger than in the deep-water section (Fig. 10).

6.2  Transient secondary motion and shear plane

The present results in the asymmetrical channel showed significantly higher Reynolds 
stress levels, in comparison to previous studies in a rectangular channel (e.g. [24, 25]. This 
was an indication of higher turbulent shearing and mixing induced by the passage of the 
surge as a result of the asymmetrical bed topography.

For  d1/D < 1 and Q = 0.030  m3/s, both velocity and shear stress data showed the exist-
ence of a marked transient longitudinal x–z shear surface, about y/W 0.5–0.6, along which 
strong secondary motion and shear stress occurred behind the surge. This shear plane is 
illustrated in Fig. 3b and c in red. The secondary motion was not unlike secondary motion 
in steady flows in compound channels [23, 31, 39], albeit the present data showed that 
the secondary motion was transient and very intense. Large transverse velocity and veloc-
ity fluctuations were observed during and shortly after the compression wave passage. In 
the shear plane y/W 0.5–0.6, high Reynolds stress magnitudes and shear stress fluctua-
tions were observed behind the surge. Quantitatively, shear stress amplitude |(ρvivj)50| in 
excess of 40 Pa and shear stress fluctuations (ρvivj)75–25 larger than 150 Pa were recorded 
in the present study. Such values of median shear stress magnitudes were one to two orders 
of magnitude larger than boundary shear stress levels in steady flow conditions [21] and 
steady flow measurements in compound channels (e.g. [31]).

The present findings were obtained in a prismatic non-rectangular asymmetrical chan-
nel. They may further apply to positive surge propagation in prismatic symmetrical trap-
ezoidal and triangular channels. Secondary motion down the side slope is likely to be 
observed behind compression waves, with intense shear stresses about mid-slope.

7  Conclusion

An investigation of compression waves was conducted in a prismatic asymmetrical chan-
nel, to better understand the physical processes observed in tidal/tsunami-bore affected 
estuaries with irregular topography. The physical modelling was based upon geometric, 
Froude and Morton similitudes of a prismatic channel equipped with a 1 V:5H transverse 
slope across the whole channel width. The physical observations behave much as theoreti-
cally derived forced flow patterns.
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The unsteady surge flow pattern was a function of both Froude number  Fr1 and rela-
tive initial flow depth  d1/D. The free-surface data presented three-dimensional unsteady 
flow features. The velocity measurements showed a drastic impact of the surge on the 
flow field, with strong three-dimensional features in the asymmetrical channel. The 
compression wave passage induced a rapid flow deceleration, and large and rapid fluc-
tuations of all velocity components behind the compression wave. A key feature was 
the three-dimensional nature of the surge front in the asymmetrical non-rectangular 
flume. The experimental results showed a transient three-dimensional flow associated 
with some transverse mixing induced by unsteady secondary motion. With the arrival 
of the surge front and for all flow conditions, the transverse velocity component became 
large in the shallow-water section, indicating some unsteady secondary motion and 
recirculation during and shortly after the passage of the surge. Fluctuations in all veloc-
ity components increased markedly following the arrival of the bore surge. A sizeable 
peak in velocity fluctuations was consistently observed in the lower water column. The 
Reynolds shear stress data showed that the arrival of the bore was associated with large 
turbulent stresses and shear stress fluctuations. For all flow conditions investigated, the 
measured median Reynolds stresses increased with decreasing initial depth. For experi-
ments conducted with  d1/D < 1, both velocity and shear stress data showed a transient 
longitudinal x–z shear plane was observed about y/W 0.5–0.6, with conjugate transverse 
flow reversal observed for 0.5–0.6 < y/W < 1 (Fig.  3B). In the transient shear plane, 
high Reynolds stress magnitudes and shear stress fluctuations were observed behind the 
surge front, up to one to two orders of magnitude larger than boundary shear stress lev-
els observed in steady flows in compound channels.

Overall the unsteady turbulent field presented marked differences in comparison to 
observations in rectangular channels. The findings may be directly relevant to surge 
propagation in natural irregular-shaped channels and man-made trapezoidal waterways 
in terms of numerical modelling. Classical depth-averaged numerical models, e.g. based 
upon St Venant equations and Boussinesq equations, are inadequate to model the com-
plicated three-dimensional turbulent motion beneath surges in irregular channels. A 
full three-dimensional computational fluid dynamics (3D CFD) model based upon the 
Navier–stokes equations is required, albeit a proper validation is critical and necessi-
tates suitable, high-quality physical modelling data [27, 30].

8  Appendix I: Digital appendix

Visual observations of the experiments were carried out using a digital camera Casio™ 
Exilim EX10. The movie (file CIMGP3470.mov, duration: 113 s) was recorded at 120 
fps (resolution: 640px × 480px) and it is replayed at 30 fps. The movie shows the three-
dimensional propagation of the compression wave for the following flow conditions: 
Q = 0.03  m3/s,  So = 0.002216,  Fr1 = 1.6–1.7,  d1/D = 0.93. Dye injection starting at 15 s 
emphasises the complicated three-dimensional conjugate flow motion, with the conju-
gate flow direction positive (i.e. downstream) in the deep-water section and negative 
(i.e. upstream) in the shallow-water section of the channel.
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