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A B S T R A C T

A positive surge is an unsteady open channel flow motion characterised by a sudden rise in water surface
elevation. The literature is focused primarily on rectangular channels. Herein, the free-surface features of po-
sitive surges propagating upstream were investigated in an asymmetrical canal. The surge propagation was a
three-dimensional unsteady flow motion, resulting in a complicated transient secondary motion compared to
positive surge propagating in rectangular canals. The present results may be relevant to surge propagation in
man-made trapezoidal canals and natural irregular-shaped channels.

1. Presentation

A positive surge is an unsteady, rapidly-varied and highly turbulent
open channel flow, characterised by a sudden rise in water surface
elevation (Henderson, 1966; Liggett, 1994; Chanson, 2004). Environ-
mental applications encompass tidal bores and tsunami propagation up-
river (Tricker, 1965; Lighthill, 1978; Tanaka et al., 2012). Industrial
situations include rejection surges in hydropower and water supply
canals (Favre, 1935; Cunge, 1966). Recent experimental works de-
monstrated the intense mixing induced by the surge propagation, and
coupling between free-surface deformation and turbulent Reynolds
stress tensor (Khezri and Chanson, 2012; Leng and Chanson, 2016).

To date, most research focused primarily on positive surges propagating
in rectangular channels, except for limited free-surface observations in
symmetrical trapezoidal channels (Sandover and Taylor, 1962; Benet and
Cunge, 1971; Treske, 1994) and numerical computations in non-rectan-
gular channels (Mitchell, 2010; Shi et al., 2014). The literature on positive
surges and jumps in asymmetrical channels is very limited, despite the
relevance to natural channels. Additionally a number of physical studies
were conducted in stationary hydraulic jumps in non-rectangular symme-
trical canals (Mohed and Sharp, 1971; Wanoschek and Hager, 1989).

Herein, the upstream translation and free-surface characteristics of
positive surges are investigated in an asymmetrical prismatic channel.
The geometry was selected as a simplified distorted scaling of a natural
channel where tidal bores are observed. It is shown that the surge
propagation is a three-dimensional unsteady flow motion, with com-
plicated free-surface features, compared to positive surge propagation

in rectangular canals. Its properties are developed, and physical ob-
servations are discussed.

2. Theoretical background

Called a hydraulic jump in translation, a positive surge is char-
acterised by an abrupt front (Fig. 1). The surge front may be analysed
using the equations of conservation of mass and momentum (Lighthill,
1978; Liggett, 1994). For a smooth horizontal irregular channel, the
system of equations provides a relationship between the surge Froude
number and the ratio of conjugate depth (Chanson, 2012). In a system
of reference in translation with the surge, it gives:
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where A is the channel cross-sectional area measured perpendicular to
the flow direction, B1 is the initial free-surface width, the subscripts 1
and 2 refer to the flow conditions immediately before and after the
surge respectively (Fig. 1B), Fr1 is the surge Froude number:
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with V the flow velocity positive downstream, U the surge celerity
positive upstream, g the gravity acceleration. In Eq. (1), B and B' are
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characteristic widths related to the cross-sectional shape:
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with d the flow depth (Fig. 1B). Eq. (1) gives an analytical expression of
the ratio of cross-sectional areas A2/A1 as a function of the surge Froude
number and dimensionless cross-sectional characteristics B'/B and B1/B.

In the present study, the propagation of positive surges was in-
vestigated in an asymmetrical non-rectangular channel with a trans-
verse bed slope (Fig. 1B). The initial flow cross-section area and free-
surface width are respectively:
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where λ−1 is transverse slope of the bed, W is the total width and D is the

transverse difference in bed elevation, i.e. D = W/ λ (Fig. 1B). For this
geometry, three boundary conditions may occur depending upon the initial
and new (conjugate) flow depths: (a) d1 < d2 < D, (b) d1 < D < d2,
and (c) D < d1 < d2. Analytical solutions are detailed in Appendix I for
all three cases. The third case is trivial, since B1 = B = B' = B2.

3. Physical study

New experiments were conducted in a 19 m long 0.7 m wide tilting
flume, previously used by Leng and Chanson (2015, 2016) with a rec-
tangular cross-section. The channel bed was modified with the in-
stallation of a 1 V:5H transverse slope (i.e. λ = 5), made out of PVC
(Fig. 1B & 2) and the longitudinal bed slope was quasi-horizontal
(So = 0.22%). The channel geometry was based upon a simplified,
distorted scaling of the Arcins Channel of the Garonne River, France,
where extensive field observations were conducted (Chanson et al.,
2011; Keevil et al., 2015; Reungoat et al., 2014, 2017a, 2017b). The
natural channel was about 70 m wide with a 1:35 (λ ~ 35) transverse
slope. In laboratory, the horizontal scaling ratio was Xr ~ 100:1 and the
vertical scaling ratio was Zr ~ 15:1.

The laboratory water was supplied by a feeding tank, in which the flow

Fig. 1. Positive surge propagation in an asymmetrical channel.
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was streamlined before entering a smooth 3D convergent leading to the
0.7 m wide flume. A fast closing gate was located at the downstream end
of the channel: x = 18.1 m, where x is measured from the test section's
upstream end. The experimental flow conditions are summarised in
Table 1 where Q is the initial water discharge, So is the bed slope, h is the
Tainter gate opening after closure, U is the transverse-averaged surge
celerity positive upstream. High-speed video observations were performed
using a digital camera CasioTM Exlim EX-10 set at 120 fps. Photographs
were taken during the surge propagation, using a dSLR PentaxTM K-3 with
prime lenses, producing photographs with a low degree of distortion.

In steady flows, the water depths were measured using rail mounted
pointer gauge. The unsteady surge free-surface pattern was recorded using
a series of eight acoustic displacement meters (ADMs) MicrosonicTM

Mic + located along and above the channel, 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: y = 0.100 m, 0.200 m, 0.300 m,
0.400 m, 0.500 m and 0.600 m (Fig. 2). The six ADM units located
at x = 8.5 m were set up such that they emitted signals in a multiplex
fashion to prevent signal interference between adjacent sensors. Ad-
ditionally, two ADMs were placed immediately upstream and downstream
of the Tainter gate to capture the gate closure time. All ADM sensors were
calibrated against rail mounted pointer gauge water depth data. For each
unsteady experiment, the free-surface elevation measurements were sam-
pled at 100 Hz. The surge celerity was measured with the acoustic dis-
placement meters located at x = 6.96 m, 8.5 m and 9.96 m, and the data
were checked against video-camera recordings through the glass-sidewalls.

Experiments were performed with initially-steady discharges
Q= 0.030 m3/s to 0.10 m3/s (Table 1). The positive surges were generated
by the fast closure of the Tainter gate and the surge propagated upstream
against the initially-steady flow (Fig. 1A). Although the generation process
was highly turbulent, the surge formed very rapidly immediately after gate
closure and became fully-developed, i.e. a translating surge, for x < 15 m.
Its shape and mean properties did not vary along the sampling section

(6.96 m < x < 9.96 m). For each flow condition, experiments were
repeated 25 times and the results were ensemble-averaged.

4. Results (1) flow patterns

Visual observations were conducted with initial depths d1 ranging
from<0.13 m to>0.2 m, d1 being measured next to the right sidewall
(Fig. 1B). Basic dimensional considerations suggested that the surge
flow patterns are functions of the surge Froude number (V1 + U)/
(g × A1/B1)1/2, the initial relative depth d1/D and the surge Reynolds
number ρ×(V1 + U) × A1/B1/μ, where D is the maximum height of the
transverse bed slope: D = 0.140 m (Fig. 1B). Within the range of in-
vestigated flow conditions (Table 1), the present observations showed
that the flow features were mostly affected by the Froude number and
initial relative depth. Fig. 1A presents a photograph of the advancing
surge. Appendix II lists a series of movies available in the Digital Ap-
pendix. Appendix III refers to the supplementary material with com-
parative photographs of positive surge propagation in rectangular and
asymmetrical canal configurations for some identical flow condition.

For Fr1 > 1.5 and d1/D > 1.5, the positive surge was breaking
(Digital Appendix, movie Video_9.mov). The roller region was quasi-
two-dimensional. Air bubble entrainment was observed through the
glass sidewalls, with the bubble being entrapped by and convected in
the large-scale coherent structures of the roller shear layer.

For all other flow conditions, i.e. Fr1 < 1.5 or d1/D < 1.5, the surge
was undular with some breaking, and marked three-dimensional features.
Namely, the positive surge was undular in the deep-water (right) side, and
some breaking was observed towards the left sidewall in the shallow-water
section. The surge leading edge arrived first in the shallow-water side and
trailed in the deep-water section (Digital Appendix Movie
CIMG2384.MOV). That is, the surge front propagated upstream at an angle
to the sidewall, although the surge celerity was the same on both sides of
the flume. Complicated flow features were observed behind the surge
front, with surface scars implying transverse mixing in the wake of the
shallow-water surge front. For Fr1 < 1.5 and Re1 < 1.5× 105, the surge
features were three-dimensional. In the shallow-water section, the
breaking bore front was characterised by a sharp increase in the free-
surface elevation and the roller region was associated with air bubble
entrainment. In the deep-water side, the undular surge front was char-
acterised by a gradual increase in the free-surface elevation, sometimes
with partial breaking. Quasi-periodic secondary currents were observed
behind the surge front. Across the channel width, from the deeper section
to the shallower section, the undulation amplitude aw, wave length Lw and
wave period decreased, before transitioning to a breaking surge. Detailed

Table 1
Experimental investigation of positive surge propagation in an asymmetrical
canal.

Q d1 So h U Fr1

(m3/s) (m/s) (m) (m/s)
0.100 0.207 0.002216 0–0.067 0.2–1.1 1.3–1.8
0.055 0.167 0.67 1.53
0.030 0.130 0.4–0.6 1.11–1.15

Notes: d1: initial water depth; Fr1: surge Froude number; h: Tainter gate
opening after closure; So: bed slope; U: surge celerity.

Fig. 2. Three-dimensional sketch of the experimental channel and experimental setup, with initially steady flow direction from left to right. Top: intake structure and
upstream end of flume; Bottom: downstream end of flume and Tainter gate.
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experimental observations are presented in Table 2, including the surge
characteristics at several transverse locations for several flow conditions.
Despite the three-dimensional features, the conjugate free-surface eleva-
tion was the same across the channel width.

For d1/D < 1, visual observations highlighted characteristic three-
dimensional features, with strong transverse mixing illustrated by large-
scale vortices and surface scars behind the surge front (Digital
Appendix, movie CIMG2384.mov). Dye was injected in the initially
steady flow and its dispersion in the positive surge was visualised. The
dye injection experiments showed drastically different conjugate mo-
tions between the left and right sides. In the deeper side (right), the
conjugate flow motion continued to flow downstream, while, in the
shallower (left) side, the flow changed direction after the surge, moving
upstream (Digital Appendix movie CIMG3467.mov). The transient flow
pattern is sketched in Fig. 3. The unsteady flow pattern led to some
complicated secondary currents and shear zone about the channel
centreline. The occurrence of flow reversal in the shallower part of the
asymmetrical canal was a major difference in comparison to similar
experiments in rectangular channels.

Altogether, the present findings presented some similarity with
positive surge propagation in a compound channel (Pan and Chanson,
2015). The current observations showed also some similarity with field
observations of tidal bore in natural trapezoidal channels, e.g. Garonne
River at Arcins (Keevil et al., 2015; Reungoat et al., 2017a).

5. Results (2) Free-surface observations

Free-surface measurements were conducted at × = 8.5 m for a
range of flow conditions at various transverse locations, and the results
were ensemble-averaged. Fig. 4 presents three-dimensional ensemble-
averaged free-surface measurements of the propagating surge, in terms of
the ensemble-median water depth. In Fig. 4, the longitudinal axis is the
dimensionless time t(gA1/B1)1/2. The free-surface fluctuations were
characterised in terms of the difference between the third and first
quartiles d75-25. For a Gaussian distribution of ensemble-averaged data,
this inter-quartile range d75-25 would be equal to 1.3 times the standard
deviation (Spiegel, 1972). Leng and Chanson (2015) showed that the
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Fig. 3. Sketch of transient velocity field behind a positive surge in the asym-
metrical channel for Q = 0.030 m3/s.
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inter-quartile range data compared favourably with free-surface fluc-
tuations observed in breaking bores and stationary hydraulic jumps.
Fig. 5 presents typical dimensionless ensemble-median water elevation
d50/d1 and dimensionless fluctuation in water elevation d75-25/d1 during
the surge passage for discharges Q = 0.1017 m3/s and 0.055 m3/s.

All free-surface elevation data showed a rapid rise in water eleva-
tion at all transverse locations (Figs. 3 & 4). Similarly, the free-surface
fluctuation data showed a marked increase, by an order of magnitude,
immediately following the arrival of the surge, characterising the
highly turbulent process. With a breaking bore, the surge front passage
showed a sharp increase in the free-surface fluctuations immediately
following the arrival of the surge, as shown in Fig. 5A. Free-surface
fluctuations in undular surge sections showed an increase, followed by
some quasi-periodic oscillation with the same period as the secondary
free-surface elevation oscillations, but out of phase, as shown in Fig. 5B.
The maxima and minima in free-surface fluctuations roughly corre-
sponded to the greatest rate of change in the free-surface elevation.
Fig. 5B illustrates the fluctuations in free-surface elevation during the
passage of an undular surge with slight breaking.

For all experiments, the maximum free-surface fluctuations were
observed with a time lag Δt, following the passage of the surge's leading
edge, as illustrated on Fig. 5A for the location y/W = 0.43. This

phenomenon has been previously observed by Leng and Chanson (2016).
The time lag between the maximum fluctuation and surge's leading edge,
and the magnitude of the maximum fluctuation differed across the
channel, suggesting strongly three-dimensional free-surface features.

6. Discussion

The free-surface data were compared to past laboratory studies in
rectangular and trapezoidal channels, past field investigations in man-
made canals and natural channels, and analytical solutions. Key features
of the positive surge included the conjugate cross-section area A2 and
characteristics widths (B2, B1, B and B’) (section 2). The full data set of
positive surge features is reported in Kiri et al. (2018). Theoretical con-
siderations showed that the dimensionless conjugate area, A2/A1 is a
function of the surge Froude number (Eq. (1)). Fig. 6 presents a com-
parison between present experimental data and theoretical results. Fig. 6
also includes field investigations of tidal bores in irregular channels, a
field investigation in hydropower canal, and laboratory studies in rec-
tangular and trapezoidal channels. (In rectangular channels, the ratio of
the conjugate depth d2/d1 is equal to the ratio of the conjugate area A2/
A1.) Details are summarised in the figure caption. In addition, the Bé-
langer equation for rectangular channel is shown as a solid line.

Fig. 4. Dimensionless time-variations of three dimensional ensemble-averaged free-surface measurements during surge propagation. Measurements at x = 8.5 m.

Fig. 5. Dimensionless time variation of median free-surface elevation and free-surface fluctuations across the channel.
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Data set name Reference Description Channel cross-section

Daly River Wolanski et al.
(2004)

Tidal bore (Field) Trapezoidal, irregular

Dee River Simpson et al. (2004) Tidal bore (Field) Trapezoidal, irregular
Garonne River

2010
Chanson et al. (2011) Tidal bore (Field) Trapezoidal, asymme-

trical
Sélune River

2010
Mouaze et al. (2010) Tidal bore (Field) Triangular, asymme-

trical
Sée River 20-

12
Furgerot et al. (2013) Tidal bore (Field) Trapezoidal, irregular

Garonne River
2012

Reungoat et al.
(2014)

Tidal bore (Field) Trapezoidal, asymme-
trical

Garonne River
2013

Keevil et al. (2015) Tidal bore (Field) Trapezoidal, asymme-
trical

Garonne River
2015

Reungoat et al.
(2017a)

Tidal bore (Field) Trapezoidal, asymme-
trical

Garonne River
2016

Reungoat et al.
(2017b)

Tidal bore (Field) Trapezoidal, asymme-
trical

Oraison Ponsy and
Carbonnell (1966)

Hydropower
canal (Field)

Trapezoidal, symme-
trical

Treske Treske (1994) Laboratory Trapezoidal, symme-
trical

Leng & Chan-
son

Leng and Chanson
(2016)

Laboratory Rectangular

Present study Present study Laboratory Trapezoidal/triangular,
asymmetrical

Overall the present data compared favourably to the analytical so-
lution of the momentum equation (Eq. (1)), despite some scatter. An
increase in the surge Froude number was associated with an increase in
the ratio of conjugate areas. The experimental data for the higher dis-
charges followed closely results from previous studies. For the lowest
discharge when the initial cross section was triangular, however, the
present data deviated from field observations and analytical solution.
The trend is not currently explained, although the data were checked
carefully.

7. Conclusion

When a positive surge propagates in an asymmetrical canal, a key
feature is the three-dimensional unsteady flow motion. This aspect was
documented herein based upon detailed free-surface observations per-
formed in a 19 m long 0.7 m wide canal, equipped with a 1 V:5H
transverse bed slope, corresponding to a simplistic distorted scale
model of the Arcins Channel (France) where tidal bores are seen.
Unsteady measurements were conducted using acoustic displacement
meters and the results were ensemble averaged.

The positive surge flow pattern was a function of the surge Froude
number Fr1 and relative initial flow depth d1/D. During the propagation
of the surge front, the leading edge of the surge arrived first in the
shallow-water section. This resulted in three-dimensional turbulent
mixing associated with the formation of surface scars and complicated
transient secondary motion behind the surge front. While the present
observations presented some similarity to earlier observations in rec-
tangular channels, a major difference was the three-dimensional nature
of the surge front in the asymmetrical non-rectangular channel.

The present findings may be directly relevant to positive surge
propagation in man-made trapezoidal waterways and natural irregular-
shaped channels.
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Appendix I. Analytical solutions for an asymmetrical channel (shown in Fig. 1)
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Appendix II. Movies of positive surge experiments in an asymmetrical canal (Digital Appendix)

Video observations of the positive surge experiments were carried out using a digital camera PentaxTM K-3 (50 fps, resolution: 1980p × 1080p)
and a digital camera CasioTM Exilim Ex10 (30 fps, resolution: 1980p × 1080p; 120 fps, resolution: 640p × 480p). Table A1 describes each video
movie available in the digital appendix.

Appendix III. Supplementary material: comparative photographs of positive surge propagation in rectangular and asymmetrical canals

Fig. 6. Ratio of conjugate cross-section areas A2/A1 as a function of the surge
Froude number Fr1 for positive surges propagating in irregular canals.
Comparison between field investigations, laboratory experiments, momentum
equation for irregular channels (Eq. (1)), and traditional Bélanger equation for
rectangular canals.
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Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jher.2020.04.002.
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Table A1
Video observations of positive surge propagation in an asymmetrical canal.

Filename Camera Description

IMGP4248.mov PentaxTM K-3 with lens Carl Zeiss
28 mm f2
Frame rate: 50 fps

Positive surge generation induced by the rapid Tainter gate closure. Gate closure sequence (h = 0). Flow conditions:
Q = 0.032 m3/s, So = 0, h = 0 m. Movie duration: 5 s.

Video_9.mov CasioTM Exilim Ex10
Frame rate: 120 fps

Breaking surge propagation at x = 8.6 m. Flow conditions: Q = 0.10 m3/s, Fr1 = 1.5–1.7. Movie duration: 21 s (replay).
Movie replayed at 30 fps - the 120 fps movie is replayed at 25% normal speed.

CIMG2384.MOV CasioTM Exilim Ex10
Frame rate: 30 fps

Three-dimensional surge propagation at x = 8.6 m, viewed through the right sidewall. Flow conditions: Q = 0.03 m3/s.
Movie duration: 3 s

CIMG3467.MOV CasioTM Exilim Ex10
Frame rate: 30 fps

Three-dimensional surge propagation with dye injection. Flow conditions: Q = 0.032 m3/s, So = 0.002216,
Fr1 = 1.6–1.7, d1/D = 0.93. Movie duration: 23 s.
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