10™ International Symposium on Hydraulic Structures Zurich, Switzerland 17-19 June 2024
ISSN 0374-0056  DOI: 10.3929/ethz-b-000675997

Self-Aeration and Energy Dissipation on Concrete Gravity Dam Stepped Spillway: Hybrid
Modelling Mark 11

H. Chanson' & J. Hu!
IThe University of Queensland, School of Civil Engineering, Brisbane QLD 4072, Australia
E-mail: h.chanson@uq.edu.au

Abstract: For the last decades, a number of overflow stepped spillways were built because the staircase shape is conducive to
reduced construction costs and increased rate of energy dissipation. Stepped spillways are characterised by highly turbulent air-
water flows and a significantly larger rate of energy dissipation compared to smooth chutes. Herein, detailed measurements were
performed in a large-size 1V:0.8H stepped spillway model and complemented with 1V:0.8H stepped spillway prototype data. The
steep slope is typical of modern concrete gravity dams. The laboratory facility was a 15:1 scale model of the large dam's stepped
spillway where field observations were conducted between 2013 and 2024. Froude similar experiments were conducted based upon
the 2021 flood conditions and detailed two-phase flow measurements were undertaken to characterise finely the self-aeration and
rate of energy dissipation. The hybrid modelling Mark Il combined physical and field measurements and it delivered herein a
composite approach yielding some robust estimates directly relevant to design engineers.
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1. Introduction

During the last six decades, a number of dam spillways were built with a stepped profile because the staircase bywash
shape is conducive to an increased rate of energy dissipation and reduced construction costs (Sorensen 1985, Chanson
1995). During operation, the stepped spillway flows are characterised by a highly turbulent motion and intense self-
aeration together with a large rate of energy dissipation compared to smooth chutes (Chanson 2001, Boes and Hager
2003). In major floods, the energy dissipation rate may exceed the electrical outputs of large nuclear power plants
(Chanson 2015). While stepped spillways have been built for several millennia, the advancements in concrete
construction technology, including roller compacted concrete (RCC) and immersion vibrated roller compacted
concrete (IVRCC), has led to a strong interest for the stepped spillway design with concrete gravity dams during the
last 60 years (Fig. 1) (Matos and Meireles 2014). Figure 1 presents an overflow stepped spillway at a modern concrete
gravity dam; note the small size of the downstream energy dissipator.

The hydraulic design of stepped spillways is fairly complicated owing to the hydrodynamic challenges, with several
distinctive flow regimes, some intricate air-water fluid dynamics, and the huge amounts of energy dissipation above
the steps (Chanson 1995,2001). The hydraulic modelling may be conducted physically, computationally, or in
combination. All approaches have some limitations (Bombardelli 2012). Recent developments encompass two types
of hybrid modelling: Mark I combining physical and CFD modelling, and Mark II with a complementary usage of
laboratory data and field observations (Chanson 2022a). Although challenging, the latter has a potential to deliver
accurate scientifically-based energy dissipation predictions and hence robust and reliable spillway design guidelines.

Field observations were conducted at the Hinze Dam stepped spillway (Australia) between 2013 and 2024 (Fig. 2). In
complement, new physical measurements were conducted in a 15:1 three-dimensional physical model with Froude
similar experimental flow conditions corresponding to 2021 major flood conditions. Detailed air-water flow
measurements were undertaken to characterise the self-aeration and rate of energy dissipation. The physical results
are discussed in comparison to some prototype observations of large flood flows at the Hinze Dam stepped spillway.

2. Study Site and Physical Modelling

The Hinze Dam is located on the Nerang River in the Gold Coast Hinterland, in eastern Australia. The present spillway
comprises of a compound ogee crest followed by a 1V:0.8H steep stepped chute ending in an energy dissipator with
baffle blocks (Phillips and Ridette 2007). The stepped chute is equipped with 1.5 m high 1.2 m long steps made of
conventional concrete (Fig. 2). Its operation was extensively documented between 2013 and 2024 (Chanson 2022b).
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Figure 1. Concrete gravity dam stepped spillway: Riou Dam (France) in 2004, h = 0.43 m, 1V:0.6H slope.

New physical experiments were performed in a stepped spillway physical model located at the University of
Queensland (UQ). The laboratory chute was designed as a simplified three-dimensional 15:1 scale model of the Hinze
Dam stepped spillway. The water was supplied by three adjustable altering currents (AC) pumps feeding a 1.7 m deep
and 5 m wide concrete basin. The flow was smoothly converged into a symmetrical sidewall convergent before
entering the 0.985 m wide test section (Fig. 3). The convergent ensured a smooth and waveless flow into the upstream
broad-crested weir (Chaokitka and Chanson 2022). The crest controlled the flow over the 1.4 m high stepped chute,
equipped with 0.10 m high and 0.08 m long steps made of smooth PVC.

The flow rate was deduced from the measured head above crest using a carefully-calibrated stage discharge
relationship (Chaokitka and Chanson 2022). Clear-water flow depths were measured with a pointer gauge mounted
over the channel centreline. The air-water flow measurements were performed using a two-tip phase-detection probe,
designed, developed and manufactured at the University of Queensland. The probe was equipped with two identical
needles (&= 0.25 mm) separated by a streamwise distance Axgp = 9.0 mm. Each needle was sampled at 20 kHz for
45 s. The air-water flow properties were measured at several cross sections downstream of the inception region of
free-surface aeration. The translation of the phase-detection probe in the direction normal of the invert slope was made
with a Mitutoyo™ digital scale unit (accuracy £0.025 mm).

The air-water flow signals were post-processed using a single threshold technique set at 50% of the air-water voltage
(Cartellier and Achard 1991, Toombes 2002). The time-averaged void fraction C equaled the average time spent by
the needle in air relative to the total sampling time. The bubble count rate F was the average number of detected
particles per unit time. The air-water interfacial velocity V was derived from a cross-correlation technique, based upon
the time lag corresponding to the maximum cross-correlation coefficient between leading and trailing needle signals
(Serizawa et al. 1975, Cain and Wood 1981). The interfacial turbulence intensity was deduced from the broadening
of the cross-correlation function relative to the auto-correlation function (Kipphan 1977, Chanson and Toombes 2002).

In the three-dimensional model of the Hinze Dam stepped spillway, the air-water flow measurements were conducted
for three different water discharges, corresponding to three series of prototype observations undertaken during the
March 2021 floods (Table 1). The corresponding ratios of critical flow depth to vertical step height were d./h = 1.0,
1.33 and 1.58, with d. = (q*/g)'", q the unit discharge, and g the gravity constant. The three flow rates corresponded
to some skimming flow conditions and are listed in Table 1.

Table 1. Froude similar experiments of laboratory and prototype observations of self-aeration at the Hinze Dam stepped spillway

Reference 0 (°) B (m) h (m) q(m¥s) |d/h Comment

Laboratory 51.3 0.985 0.10 0.0954 0.98 University of
0.1523 1.33 Queensland
0.1959 1.58

Hinze Dam spillway|51.3 12.25 1.5 5.86 1.01 27 March 2021
9.05 1.35 23 March 2021
114 1.58 24 March 2021
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Figure 2. Hinze dam stepped spillway (Australia) in 2021, h = 1.5 m, 1V:0.8H slope - From left to right: de/h = 1.0 (27 March
2021), shutter speed: 1/2,000s; de/h = 1.35 (23 March 2021), shutter speed: 1/1,000s; de/h = 1.58 (24 March 2021), shutter speed:
1/2,000s.

74

Figure 3. Laboratory experiments at the University of Queensland, h =0.10 m, 1V:0.8H slope - From left to right: d./h = 0.98,
1.33 and 1.58 - Step edge numbering shown in the left photograph.

3. Air-Water Flow Features

3.1. Flow Patterns

Visual observations were conducted for unit discharges between 0.009 m%/s and 0.195 m?/s in the laboratory. At low
flow rates, the water flowed down the stepped spillway model as a series of free-falling nappes without hydraulic
jump: i.e. a nappe flow regime NA3 observed for dimensionless discharges d./h < 0.45. For a range of intermediate
flow rates, i.e. 0.45 < dc/h < 0.9, the stepped chute flow was highly turbulent, with very strong splash and intense
spray, i.e. a transition flow regime. For large discharges, corresponding to dimensionless discharges d./h > 0.9, the
flow skimmed over the pseudo-bottom formed by the step edges and the mainstream was about parallel to the pseudo-
invert: i.e., a skimming flow regime SK3 (Fig. 3).

In skimming flow conditions typical to large flood flows, a turbulent boundary layer formed along the staircase invert
downstream of the spillway crest, and the free surface appearance varied longitudinally. Once the outer edge of the
developing boundary layer interacted with the free-surface, the turbulent Reynolds stresses acting in the vicinity of
the water surface overcame the combined effects of surface tension and buoyancy, leading to self-aeration (Hino 1961,
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Ervine and Falvey 1987, Zabaleta et al. 2020). Downstream of the inception region, the skimming flow was self-
aerated and the velocity distributions were fully-developed. In the laboratory model, a close inspection of the
recirculating eddies in the step cavities suggested some irregular ejections of fluid out of the cavity into the main flow,
combined with some replacement of cavity fluid near the step edge. The visual and photographic observations
highlighted a high degree of main flow-cavity interactions, previously discussed by Rajaratnam (1990), Matos et al.
(2001) and Chanson et al. (2002).

A systematic visual comparison between prototype and model flows was undertaken by the authors. Qualitatively, the
laboratory flows presented a similar appearance to the prototype overflow events. One may compare Figures 2 and 3,
with a geometric scaling ratio between prototype and laboratory model of 15:1 and a chute aspect ratio B/h equals to
8.2 and 9.85 in the prototype and model respectively, with B the chute breadth. There were however a few key
differences between laboratory and prototype observations, namely (1) the extreme brightness of the air-water flow in
the prototype, (2) the intense nature of air-water turbulence in the self-aerated flow region of the prototype spillway,
and (3) the dark brown colour of the prototype overflow upstream of the inception region. The first point was
qualitatively and quantitatively documented through the exposure and white balance settings of the dSLR cameras.
The brightness of the 'white waters' at the Hinze Dam spillway generated high to very-high light values (LVs), even
during overcast and heavy rain episodes, that were difficult to predict and could change very rapidly with atmospheric
conditions. The second point hinted a very dynamic air entrainment process in the prototype, combined with energetic
bubble-turbulence two-way coupling. The finding implied that the air bubble diffusion process in laboratory might
not be in similitude with that in large prototype spillways, as discussed by Chanson (1997) and Zhang and Chanson
(2017). The last and third point reflected upon the sediment-laden inflow at the prototype spillway that is a common
feature in prototype hydraulic structures.

3.2. Inception Region of Free-Surface Aeration

On a steep spillway, the onset of free-surface aeration is a very dynamic transient process in prototypes (Chanson
2013). Several studies emphasised the role of longitudinal vortices developing during the rapid flow acceleration at
the spillway crest and from the first step edge (Levi 1965, Toro et al. 2017, Chanson 2022b). At the Hinze Dam, the
location of the inception region of free-surface aeration was constantly fluctuating about a mean location. At a given
instant, the inception point was not a straight line, but rather a surface plane with some transient pattern, called herein
the inception region. In both prototype and laboratory spillways, the data indicated an increasing distance of the
inception region from the crest with increasing flow rate. Both prototype and model data are presented in Figure 4,
with the dimensionless location of and water depth at the inception region as functions of the dimensionless Froude
number F defined in terms of the step roughness height:

E:q/\/gxsinﬁx(hxcose)3 (1)

where g is the gravity acceleration, and @ is the angle between the pseudo-invert and the horizontal. In Figure 4, both
prototype and laboratory data sets are compared to a semi-theoretical solution of the developing boundary layer
(Chanson 1994,1995). The present data were in agreement with the literature, although the data sets indicated a shorter
flow development region than predicted by the theoretical solution. In spite of some differences among the stepped
spillway data sets, one must emphasise the good accuracy of the prototype data set at Hinze Dam, and a difference in
crest shape between prototype and simplified laboratory model.

4. Air-Water Flow Characteristics

Downstream of the inception region, the air-water flow properties were recorded at all step edges. In the direction y
normal to the main stream, the measurements were obtained above the pseudo-bottom formed by the step edges up to
the upper spray area. Typical results are presented in Figures 5, 6, 7 and 8, where Yoo is the characteristic distance
where the sir concentration equal 90%, Voo is the characteristics air-water velocity at y = Yoo, Frmax 1S the maximum
bubble frequency in the section, and d. and V. are the critical flow depth and velocity respectively.

The air concentration profiles followed an inverted S-shape, illustrated in Figure 5A. The air concentration
distributions compared favourably to the advective diffusion theoretical model:
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Figure 4. Inception of free-surface aeration in steep stepped spillway: comparison between Hinze Dam prototype data, 15:1
physical model and semi-analytical expressions of the turbulent boundary layer development (Chanson 1994,1995) - Same
legend for both graphs.
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with y' = y/Ys, D' the dimensionless turbulent diffusivity and D, a function of the depth-averaged air concentration
Chean (Chanson and Toombes 2002). The air concentration results highlighted a strong flow aeration and air-water
turbulent mix of the skimming flow, with increasing aeration with increasing distance downstream of the inception
region of free-surface aeration, illustrated by the increased slope of the data seen in Figure SA. At the downstream
end of the steep stepped chute, the depth-averaged air concentration Cpean reached about 40% for all three discharges.

The interfacial velocity data presented continuous air-water velocity profiles up to 95% to 99% of air concentration.
The data showed a power law for void fractions less than 90% and an uniform profile above:

V 11/N

—= 0<y<1 (4
Ve y y “4)
1%

=1 '>1 (5
Vo YV (%)

This is illustrated in Figure 5B. In the present study, the inverse of the power law exponent N varied between 3.5 and
6, a result close to early steep stepped spillway data sets (Matos 1999, Boes 2000) and in contrast to data sets on
embankment dam stepped spillway models where N varied between 7 and 12 (Gonzalez 2005, Bung 2009). Such
difference in velocity distribution shape was related to different step cavity shapes, different step cavity recirculation
processes and in turn different momentum exchange mechanism between the free-stream and cavity. The longitudinal
variation of characteristic air-water velocity data Vo, highlighted the air-water flow acceleration down the steep chute.
The trend is presented in Figure 6, in which the present air-water flow data are compared with clear-water surface
velocity data Vs measured at the Hinze Dam spillway (Chanson 2022b), a theoretical solution of the Bernoulli principle
(Chanson 2001, pp. 340-341) and laboratory data (Amador 2005, Zhang 2017). The overall longitudinal trend is
fascinating, with the complementary nature of prototype data, theoretical estimates and laboratory data sets. The
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results (Fig. 6) further showed that the effects of boundary resistance were nil on the free-surface velocity in the non-
aerated developing flow region (Fig. 6). Downstream of the inception region, on another hand, the surface velocity
was smaller than ideal fluid flow estimates because of the effects of flow resistance and form drag caused by the steps.
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Figure 5. Dimensionless distributions of air concentration C and air-water velocity V in steep stepped spillway flow. (A)
Comparison between physical model data (de/h = 1.58) and advective diffusion equation. (B) Comparison between physical
model data (de/h = 1.58) and 1/4th power law.
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Figure 6. Dimensional longitudinal distribution of surface velocities in steep stepped spillway flow: clear-water surface velocity
Vs upstream of inception region (Hinze Dam, Theory, Laboratory) and characteristic air-water velocity Voo (Laboratory data).

The fragmentation of the air-water flow was quantified by the bubble frequency (Fig. 7). At each step edge, the bubble
frequency profile presented a marked maximum Fma.. The relationship between bubble frequency and air
concentration presented a pseudo-parabolic shape, although it was biased close to the invert under the influence of
large-scale coherent structures (Fig. 7A) and reaching a maximum for void fraction between 0.35 and 0.5 (Toombes
and Chanson 2008). All the data indicated an increasing maximum bubble frequency with increasing longitudinal
distance (Fig. 7B) and the data did not reach an asymptotic value. The result was an important finding because it
demonstrated that the air-water flow structure and the bubble-turbulence interactions evolved along the chute and did
not reach any form of 'equilibrium'. This longitudinal pattern might have some implication in terms of up-scaling and
model-prototype compliance.

Typical distributions of interfacial turbulence intensity are shown in Figure 8A. The profiles of turbulence intensity
Tu exhibited a relatively high turbulence level across the entire air-water column, i.e. 0 <y' < 1, typically larger than
monophase flow values, e.g. Ohtsu and Yasuda (1997), Amador (2005). Although large, the current values of
turbulence intensity were of the similar order of magnitude as data in wake flows between rocks and separated flows
past cavities. At each step edge and for all flow rates, the relationship between bubble frequency and turbulence
intensity presented a monotonic increase in turbulence intensity with increasing bubble frequency:
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Tu — Ttt, o« FM 0<y' <1 (6)

with Tumeno @ typical monophase flow turbulence level on macro-roughness. Immediately downstream of the inception
region, all the data suggested M < 1. Further downstream, the results implied M > 1 (Fig. 8B). The strong correlation
between turbulence level and bubble frequency was linked to the quasi-parabolic relationship between bubble
frequency and air concentration, and to the bubble/droplet breakup processes resulting from turbulent interactions
with eddies of similar length scales as the particle (Zhang and Chanson 2016). Zhang and Chanson (2019) further
demonstrated that the void fraction spectra is closely related to the air-water flow composition and fragmentation.
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Figure 7. Flow fragmentation and bubble frequency in air-water flows on steep stepped spillway. (A) Dimensionless
relationships between bubble frequency F and air concentration C for de/h = 1.58. (B) Dimensionless longitudinal distributions of
maximum bubble frequency Fmax.
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Figure 8. Dimensionless distributions of air-water turbulence intensity Tu in steep stepped spillway flow. (A) Physical model
data for de/h = 1.33. (B) Dimensionless relationship between turbulence intensity and bubble frequency.

5. Discussion

In the skimming flows, the dissipation of kinetic energy was primarily a form drag process driven by the recirculation
motion in the step cavities (Rajaratnam 1990, Chanson et al. 2002). In the present study, the rate of energy dissipation
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was estimated, taking into account the air-water flow properties inclusive of the air-water pressure and velocity
correction coefficients. That is, the total head in the air-water flows along the chute was calculated as:

2
Ipx(l—C)xVx L+gxz+V— xdA
px(1-C) 2

H=4 (7
pxgxV x A

mean

with z the vertical elevation, P the pressure and Vmean the cross-section averaged velocity. The rate of energy dissipation
was in turn estimated as

2
H, —| Axdxcos@+z, +a><V’”ﬂ
2xg
= I ®)
1

AH
Hl

with H, the upstream total head, d the equivalent clear-water depth, z, the bed elevation, and ¢ and A some air-water
kinetic energy and pressure correction coefficients respectively (Chanson and Arosquipa Nina 2024). At the
downstream end of stepped chute, the rate of energy dissipation AH/H; ranged from 0.43 to 0.46 (Fig. 9). For a similar
chute slope, chute length and unit discharge range, a smooth-invert chute would be non-aerated, and experimental data
yielded a rate of energy dissipation between 0.1 and 0.2 (Halbronn 1951) (Fig. 9). Simply, the stepped spillway
dissipated 2.5 to 4 times more kinetic energy than a comparable smooth chute for the same range of unit discharges.
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Figure 9. Dimensionless rate of energy dissipation AH/H1 on steep stepped spillway and comparison with steep smooth spillway
data (Halbronn 1951). Same legend as Figures 6 and 7B.

6. Conclusion

The hydraulics of self-aerated flows on a steep stepped spillway was investigated based upon some composite
modelling (Mark II) combining field observations and physical measurements. The spillway slope was 1V:0.8H
typical of modern concrete gravity dam designs. The thrust of this study was to deliver some robust estimates of the
self-aeration and rate of energy dissipation based upon detailed observations at the Hinze Dam spillway and in a 15:1
three-dimensional physical model. The upstream flow motion was accelerated and non-aerated in the skimming flows.
Downstream of the inception region, some strong air entrainment and intense turbulence was recorded in the physical
model. The observations were consistent with the prototype observations for Froude-similar flow conditions.
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In the air-water flow region, detailed air-water flow measurements demonstrated that the air concentration
distributions compared well with a theoretical model. The relationship between void fraction and bubble count rate
presented a quasi-parabolic shape skewed towards the invert. The velocity profiles followed a power law, with an
exponent typical of steep stepped spillways. High turbulence levels were recorded, evidences of complicated bubble-
turbulence interactions and two-way coupling. The rate of energy dissipation was carefully estimated based upon
detailed data sets, showing a massive increase in rate of energy dissipation along the steep stepped spillway compared
to smooth-invert spillway flows, for a similar chute length and unit discharge range.

All in all, the present hybrid modelling Mark II approach combined physical and field measurements, and delivered
some robust estimates directly relevant to practicing engineers. Despite a number of intrinsic challenges, this
represents the ultimate methodology to obtain un-biased data sets for the proper validation of successful hydraulic
designs and of both experimental and computational modelling.
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