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Abstract: In a free-surface spillway, the upstream flow is non-aerated and the flow becomes a strong air-water mix downstream of
the onset location of air entrapment. Field observations were conducted over a large dam's spillway during a major flood event.
The wastewaterway system was a smooth converging chute with a longitudinal slope of 11.3°: the Chinchilla Minimum Energy
Loss weir on the Condamine River (Australia). Detailed quantitative measurements were undertaken in the high-speed chute flows
with strong turbulence and high Reynolds numbers at the early part and later part of a major flood event. During this exceptional
flood, the spillway passed nearly three times the design discharge capacity at the peak for the event. Down the smooth chute, the
observations indicated that the onset of free-surface aeration was a complicated transient three-dimensional process. A robust
optical flow (OF) technique was applied and delivered physically-meaningful surface velocities in the air-water flow region. The
streamwise surface velocities were reasonably close to backwater calculations. The data presented large streamwise surface
velocity fluctuations in the aerated flow region, with Tus ~ 150-200%, on the centreline consistent with self-aerated flow
measurements using dual-tip phase detection probe in laboratory. Overall, the study demonstrated the application of optical
techniques to prototype smooth spillway flows, as well as some intrinsic difficulties with field investigations.

Keywords: Prototype velocity measurements; Smooth converging chute; Self-aeration; Optical techniques; Minimum Energy Loss
weir.

1. Introduction

In most overflow spillways, the upstream flow is non-aerated and a strong air-water mix develops downstream of the
onset region of air entrapment (Halbronn et al. 1953, Wood et al. 1983). At the upstream end of an un-controlled
spillway, the flow is rapidly accelerated as it changes from a critical motion at the weir crest to a supercritical motion
on the chute in a relatively smooth manner (Halbronn 1952, Keller and Rastogi 1975). A turbulent boundary layer
develops along the invert from the upstream end (Ippen et al. 1955, Chanson 1997a). On a steep spillway chute, the
onset of free-surface aeration is typically observed when the outer edge of the boundary layer starts to interact with
the free-surface (Lane 1936, Rao and Rajaratnam 1961). These interactions can be explosive with strong air-water
ejections (Chanson 2013, Zabaleta and Bombardelli 2020). On flat chutes, in contrast, the inception region presents a
rippled surface with small free-surface instabilities tending to become a choppy water surface once aeration takes
place (Michels and Lovely 1953, Chanson 1997b). It was argued that the onset of aeration on flat spillways results
from a combination of longitudinal vortices' breakdown and of gravity waves produced by roughness and irregularities
at the boundaries (Levi 1965,1967, Anwar 1994). Yet, the two theories are not exclusive as discussed by Toro et al.
(2017) and Chanson (2021), based upon three-dimensional CFD computations and detailed prototype observations
respectively. The onset processes of free-surface aeration on spillway chutes are illustrated in Figure 1 by high-shutter
speed photographs of the inception region in steep (Fig. 1A) and flat (Fig. 1B) prototype chutes.

During the last five decades, a number of overflow embankment designs were developed including earth dam spillway
with precast concrete blocks (Pravdivets and Bramley 1989, Chanson 2001), concrete protection of the downstream
embankment slope (McLean and Hansen 1993, FEMA 2014) and Minimum Energy Loss weir (McKay 1971). The
Minimum Energy Loss (MEL) weir design was developed specifically for the river catchments affected by heavy
tropical and sub-tropical rainfalls with very flat gradients, i.e. So ~ 0.1% (McKay 1971, Turnbull and McKay 1974).

In the current contribution, a series of field observations were conducted in a large protype MEL weir during a major
flood event in late 2021. The data were analysed, and the results are discussed herein. Detailed quantitative
measurements were performed in terms of the surface velocity field in the high-speed, high-Reynolds-number
overflow. Some key features of the inception region of free-surface aeration were described, showing the onset of air
entrapment being a complicated process, while the air-water flow was characterised by large streamwise surface
velocity fluctuations.
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Figure 1. High-shutter speed photographs of the inception region of free-surface aeration on prototype chute spillways. (A)
Explosive burst at and air-water ejections above the water surface at Hinze dam (Australia) on 27 March 2021 (6 = 37.5° [at
inception], Re = 2.34x107, Shutter speed: 1/8,000 s). (B) Rippled/choked water surface at the water surface of the inception
region at Chinchilla MEL weir (Australia) on 27 November 2021 (0 = 11.3°, Re = 2.3x10° [at inception], Shutter speed: 1/8,000

s).

2. Study site and Methodology

2.1. Study site

The Chinchilla MEL weir (QLD, Australia) is located on the Condamine River, on the northern part of the Murray-
Darling basin. The weir was completed in 1973 to provide irrigation water, and it is listed as a "large dam" by ICOLD
(1984). The catchment area is 19,192 km?. The structure is a 14 m high earthfill embankment with a 410 m long dam
crest (incl. abutments) and equipped with an overflow spillway (Figs. 2A & 2B) (Turnbull and McKay 1974). The
design spillway capacity is 850 m*/s corresponding to bank full. The spillway consists of a broad crest, 3.05 m long,
and 213.4 m wide, followed by a 60.6 m long smooth converging chute with a 11.3° slope (1V:5H) and no dissipation
structure was built. The downstream width of the chute is 81.2 m and the chute convergence is 0B/0x = -2.18. The
overflow section is concrete-lined, with a series of drains to reduce seepage pressure. The Chinchilla weir was
designed to pass the design discharge (Ques = 850 m’/s, bank full) with an afflux of less than 1.83 m. Between 1973
and 2022, the weir was overtopped by a number of large flood events, including a number of overflows larger than
the design flow. The weir operated safely and properly, and inspections after the flood showed no damage.
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Figure 2. Chinchilla Minimum Energy Loss (MEL) weir (QLD, Australia). (A) Overflow on 27 November 2021 (Q = 121 m?/s);

(B) Hydraulic jump at the chute toe on 27 November 2021 (Q = 121 m%/s, Shutter speed: 1/2,500 s); (C) Camera tripod setup on
the lower right bank; (D) High-water marks on the right bank on 15 December 2021

2.2. Instrumentation

The water discharge was deduced from the measured reservoir elevation, using the predicted discharge coefficient,
based upon the drawings as constructed (Irrigation and Water Supply Commission 1972).

Visual, photographic and cinematographic records were undertaken from the right bank of the spillway and from the
right river bank downstream of the spillway toe. Figure 2 present hand-held photographs taken from several locations.
The observations were conducted using three dSLR Pentax™ cameras with sensor resolutions between 12 Mpx and
24 Mpx, a digital camera Sony™ RC100VA and an iPhone XI. The dSLR cameras were equipped with full-frame
prime lenses producing photographs and movies with negligible barrel distortion. The dSLR camera movies were
recorded in high definition (1920x1080 px) at 30 fps and 60 fps.



The analyses of surface features were conducted using both high-shutter speed photographs and video movies. For all
the cases, the tracking and measurements of the water surface features were conducted manually to guarantee the best
quality control, owing to the complexity of the prototype flow's turbulent motion, characterised by very rapid and
unpredictable changes with time and space. Further, a number of movies were taken from downstream and analysed
using an optical flow (OF) technique, with the camera fixed on a sturdy professional-grade tripod (Fig. 2C). The
Optical Flow (OF) is a set of tools, detecting the flow motion between consecutive frames based upon brightness
intensity gradients (Bung and Valero 2017, Zhang and Chanson 2018). In the current study, Farnebéck's (2003) OF
technique was applied to calculate the surface velocity field. The Farneback OF technique was applied with OF
parameters previously validated in laboratory for surface velocity field (Arosquipa Nina et al. 2022) and used for the
Hinze Dam prototype spillway data sets (Chanson 2022). It is acknowledged that the OF calculations were not truly
'calibrated' owing to the significant number of intrinsic difficulties with field observations during flood events,
including un-controlled optical conditions (Chanson 2021). Since the camera field of view was perpendicular to the
spillway chute, the raw data included the vertical and horizontal transverse surface velocity components recorded at
various vertical elevations. The streamwise surface velocity was deduced from the vertical surface velocity component
and invert slope based upon geometric considerations, assuming a two-dimensional flow.

2.3. Flow conditions

From mid-November 2021, some solid rain fell in the Condamine River catchment area upstream of Chinchilla. Some
widespread major flooding was reported in the upstream catchment. The Chinchilla weir overflowed for more than
one month, with the peak headwater observed on 5 December 2021 morning. Observations of overflow discharges are
presented in Figure 3. For seven days, the spillway discharged a flow rate greater than the design discharge, with a
peak flow about 1,930 m*/s corresponding to 2.3 times the design discharge. Note that the inspection on 15 December
2021 confirmed that the abutments were overtopped by nearly 3 m of water at the peak of the flood, without damage
(Fig. 2D)

The Chinchilla weir overflow was documented on 27 November 2021 and 15 December 2021 (Table 1). The first data
set was obtained at the start of the flood event, while the second took place after the peak of the flood (Fig. 3). The
flow conditions at the time of observations are detailed in Table 1. Note that the weir overflow could not be witnessed
at the peak of the flood, because the access road become submerged when the tailwater elevation exceeds about 290-
291 m AHD. The afflux, difference between recorded HWRL and TWRL, was 3.25 m at the peak of the flood event.

Table 1. Overflow observations at Chinchilla Minimum Energy Loss weir (QLD, Australia) during the major flood with its peak
on 5 December 2021

Date Time Headwater | Tailwater Q Re
(m AHD) (m AHD) (m¥/s) (at spillway crest)
27 November 2021 | 12:45-13:20 296.23 287.20 121 2.3x10°
15 December 2021 | 12:30-13:30 296.29 287.52 144 2.7x10°
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Figure 3. Spillway discharge at Chinchilla Minimum Energy Loss weir (QLD, Australia) during the major flood with its peak on

5 December 2021. Overflow discharge over the spillway chute, excluding the abutment overflows.




3. Basic observations

On both occasions (Table 1), the approach flow was very smooth, and this was confirmed by aerial footages on 21
December 2018 and 3 December 2021. The reservoir flow converged smoothly towards the weir crest and the water
surface was waveless and almost still. On both 27 November and 15 December 2021, the flow was critical at the
spillway crest which acted as a broad-crested weir, with a ratio of crest length to upstream head over crest of 6.2 and
5.54 respectively. The smooth change on water surface elevation between the upstream reservoir and spillway crest
was nicely documented with photographs (Fig. 4A). Immediately downstream of the broad-crest, the water surface
was smooth and glassy (Figs. 2A, 2B & 4A). On 27 November 2021, a few logs were trapped at the crest, and their
wake was clearly seen at the surface of the non-aerated flow. Further downstream, the wake progressively disappeared
in the self-aerated air-water flow region (Fig. 4B).

As the flow accelerated down the smooth converging chute, the glassy free-surface become rough and choppy, before
becoming self-aerated, i.e. the inception region. The inception region showed a progressive transition of the surface
roughness, from a smooth glassy surface, to a rough, coarse-sand-paper-like appearance and later to a very-rough
choppy surface (Fig. 4). The self-aerated region presented a beige colour, evidence of a three-phase air-water sediment
motion. Such an observation was well-documented visually on both 27 November and 15 December 2021, as well as
during an earlier overflow on 8 November 1997 (Toombes and Chanson 2007).

The location x; of the inception region of self-aeration was recorded during both overflows, and the data are reported
in Table 2 (column 5). The corresponding water depth d; was deduced for the backwater calculations (Table 2, column
6). The observations are compared to the correlations of Cain and Wood (1981) for a smooth prismatic channel,
assuming ks = 1 mm as for the backwater calculations (see below). The comparative results (Table 2) showed a close
agreement in terms of the water depth at inception, while the observed location data presented more scatter, possibly
caused by the wide spread of the inception region, while the flow convergence was expected to induce a slower growth
in bottom boundary layer compared to prismatic chutes.
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Figure 4. Photographic observations of the spillway operation at Chinchilla Minimum Energy Loss weir (QLD, Australia)
during the major flood with its peak on 5 December 2021. (A) Upstream flow viewed from downstream on 15 December 2021;
(B) Timber logs blocked at the spillway crest on 27 November 2021.



Table 2. Location and water depth at the inception of free-surface aeration at Chinchilla Minimum Energy Loss weir (QLD,
Australia) during the major flood with its peak on 5 December 2021

Date Time Q |Head above| xg di  |xi predicted|d: predicted
crest (" Q) Q) Q)
(m’/s) (m) (m) | (m) (m) (m)
27 November 2021 |12:45-13:20| 121 0.49 7.5 0.11 10.2 0.10
15 December 2021 [12:30-13:30| 144 0.55 134 | 0.12 11.6 0.12

Notes: (!) statistical median of photographic and movie data; (?) water depth estimate deduced from present backwater
calculation; (%) Correlations of Cain and Wood (1981).

At the toe of the spillway chute, the high-velocity self-aerated flow impinged into the tailwater and a hydraulic jump
formed (Fig. 2C). The jump was stationary and very stable, located on the underwater sloping chute on both days. The
position of the jump was controlled by the tailwater conditions and the very-flat Condamine River channel bed slope
downstream of Chinchilla. The jump roller was highly turbulent and fluctuating about its mean position. Both visual
and video movie observations indicated strong three-dimensional large-scale vortices in the roller. The interactions of
these large turbulent structures with the roller free-surface created large scars and surface features, with length-scales
comparable to the roller height.

4. Surface velocity measurements

Based upon the video movies taken from downstream, the Optical Flow (OF) data encompassed the surface velocity,
measured in the plane parallel to the invert. Both the longitudinal velocity component V; and the transverse surface
velocity component V; were extracted on the left chute centreline. In the current study, the data provided meaningless
results in the non-aerated flow region. This was most likely caused by the shiny surface glare, seen in Figures 2 and
4, upstream of the inception region. Meaningful OF results were achieved in the self-aerated flow region (see below).
The finding differed from the OF observations at the Hinze Dam spillway (Chanson 2021,2022).

For the left chute, the centreline OF surface velocities were compared to the ideal fluid flow theory and to the
backwater equation. On an uncontrolled chute spillway, the flow is accelerated by the gravity force component in the
flow direction, and the ideal velocity Vmax at a sampling location on the chute is derived from the Bernoulli principle:

Vmaxz\/2><g><(H1—d><cosG) (D

where H; is the upstream total head above the sampling point, 0 is the channel slope and d is the water depth (Chanson
2004). For a non-uniform and steady real fluid flow, the backwater calculations are based upon the differential form
of the energy equation and performed assuming that the flow is gradually varied. For a rectangular channel of non-
constant width and slope, the backwater equation yields (Chanson 2004, pp. 377-381):
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With d the water depth, St the friction slope, 6 the invert slope and B the free-surface width. At Chinchilla weir, the
channel is rectangular, with constant slope and a reducing width. Thus, the backwater equation becomes:
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with cos® = 0.9806, sin® = 0.196, and 0B/0x = -2.1805 at the Chinchilla MEL weir.



The results showed a relatively close agreement between the streamwise OF surface velocity and the backwater-
calculated velocity downstream of the onset region, both qualitatively and quantitatively (Fig. 5). Figure 5 presents a
typical comparison in terms of streamwise surface velocity component Vi, with data for one movie. The ideal fluid
flow estimates are shown with a solid green curve and the backwater calculations are the dashed red curve. In Figure
5B, the streamwise surface velocity standard deviation v¢' and transverse surface velocity standard deviation v{' are
added for completeness. In Figure 5, the data were collected on the centreline of the field of view and the vertical axis
is the vertical elevation in m AHD.

First, the OF streamwise surface velocity increased with decreasing vertical elevation (Fig. 5). Second the OF data
showed some poor outcome in the non-aerated developing flow region. For z, > 294 m AHD, the poor OF results were
caused by the surface glare seen in Figures 2A and 4. Third, the surface velocity data agreed relatively well with the
backwater calculations developed for the converging chute (see above). For z, <288 m AHD, a lack of match with
backwater estimate might be caused by optical artifacts above the hydraulic jump roller, caused by spray and splashing
seen in Figure 2B. Fourth, the OF data output quality was closely linked to the quality of the original movies. This
encompassed the camera position ideally placed perpendicularly to the spillway chute, and the camera body and lens
equipment, with all the present data set acquired with professional-grade full-frame prime lenses, following earlier
studies (Arosquipa Nina et al. 2022, Chanson 2021,2022). Furthermore, the movie definition delivered improved
outputs with higher spatial resolutions, i.e. less millimetres per pixel. It is worth to mention that both field data sets
were filmed under good weather conditions, hence decent lighting conditions.
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Figure 5. OF surface velocity data at Chinchilla Minimum Energy Loss weir (QLD, Australia) during the major flood with its
peak on 5 December 2021. Comparison with ideal fluid flow velocity and backwater calculations. Analyses of image centreline.
Streamwise surface velocity and standard deviations of streamwise and transverse velocity components on 27 November 2021,
Camera: Pentax K-3 with Pentax FA*300mm 4.5 lens & HD TC 1.4x, HD movie (1,920x1080 px), 30 fps, Number of analysed
frames:840, Spatial resolution: 5.15mm/px, Reference 1136.

The OF surface velocity characteristics were analysed in the self-aerated flow region, in terms of the standard
deviations of the streamwise and transverse surface velocity. The weighted averages are presented in Table 3, together
with the number of analysed frames, the frame rate and the spatial resolutions. The large number of analysed frames
must be noted in the current study (Table 3, 4th column). The streamwise velocity data presented large surface
turbulent intensity Tus = v'/Vs ~ 1.7-2 (Table 3). Such large values were likely caused by a combination of relatively
large velocity fluctuations initiated by surface wave motion and of true turbulence. The data were quantitatively of
the same magnitude as the field measurements in the Hinze Dam spillway (Chanson 2022) and as laboratory self-
aerated flow data (Chanson and Toombes 2002, Arosquipa Nina et al. 2022). In the other hand, the transverse velocity
data exhibited much lower transverse surface turbulent intensity Tu; = v{/Vs~ 0.11-0.17, likely induced by the smooth



convergence of the flow. The ratio v{/ v¢' was between 0.06 and 0.1 (Table 3), implying a strong anisotropy of the
surface turbulence. The observations were close to reported values of v{/vs' in rough turbulent boundary layers
(Schlichting and Gersten 2000) and on the Hinze Dam prototype spillway (Chanson 2022).

Table 3. OF surface turbulence characteristics of self-aerated flow at Chinchilla Minimum Energy Loss weir (QLD, Australia)
during the major flood with its peak on 5 December 2021

Date Q | Framerate | Total Nb of Spatial vs'/Vs vi'/Vs ViV
analysed frames | resolution | (V) ) | OO A | OGO
(m’/s) (fps) (mm/px)
27 November 2021 | 121 30 & 60 6,660 5.15& 7.2 1.71 0.111 0.064
15 December 2021 | 144 30 & 60 92,310 5.8&83 2.09 0.165 0.096

Notes: V,: time-averaged streamwise surface velocity; vi': standard deviation of streamwise surface velocity; vy
standard deviation of transverse surface velocity; (1) weighted average for all analysed movies; (%) analyses of image
centreline; (3) observations for 288 < z, <293 m AHD.

5. Conclusion

The Chinchilla weir in Queensland, Australia is a large dam equipped with an unusual overflow spillway system, i.e.
a minimum energy loss (MEL) design. The approach flow is very smooth and streamlined before it reaches the broad-
crest, and then continues down a converging smooth chute. In the current study, the spillway chute was observed and
documented during two days, at the start and towards the end of a major flood event peaking on 5 December 2021.

The field observations showed the smooth streamlining of the reservoir waters into the spillway crest and chute.
Downstream of the crest, the chute flow presented a very smooth and glassy free-surface. On 17 November 2021, the
presence of large logs, blocked on the crest, had no major impact on the chute flow. Further downstream, the water
surface became rough and choppy, immediately before the flow became self-aerated. The inception region presented
a gradual variation of the surface roughness, from a smooth glassy surface, to a coarse-sand-paper-like appearance
and then a very-rough choppy surface. Both the upstream non-aerated and self-aerated flow regions exhibited a brown
colour indicating a large amount of suspended sediments.

An optical flow (OF) technique was applied to relatively long-duration movies recorded from a sturdy tripod facing
the left section of the spillway chute. The time-averaged streamwise surface velocities were successfully compared to
the application of the backwater calculations for a smooth converging chute, in the self-aerated flow region. The
streamwise velocities were about 8-9 m/s at the chute toe. In contrast, the OF data were physically-meaningless in the
developing flow region because of optical artifacts. The OF data presented large streamwise surface velocity
fluctuations in the aerated flow region, with Tus ~ 150-200%, consistent with the broad literature on self-aerated flow
measurements using dual-tip phase detection probe in laboratory. The ratio of transverse to streamwise surface
turbulence intensity vi/ v¢' was between 0.06 and 0.1, indicating a strong anisotropy of the free-surface turbulence.
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