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Abstract 

Stepped spillways are a common design for flood release facilities of embankment dams. The steps 

increase the energy dissipation and aeration performances. In the past couple of decades several 

experimental studies provided design guidelines and yielded insights into the complex air-water 

flow structure. Despite this research, an optimum design for embankment dam stepped spillways is 

still unknown and the interplay between free-surface aeration, cavity recirculation and energy 

dissipation is still not completely researched. The present thesis focused therefore on two 

objectives, i.e. the investigation of aeration and energy dissipation on alternative stepped spillway 

designs and the improved understanding of the microscopic and macroscopic two-phase flow 

properties. Twelve different stepped spillway configurations were investigated in three different 

experimental facilities with slopes of 8.9° and 26.6° comprising flat uniform steps, non-uniform 

steps, pooled steps, porous pooled steps and combination of flat and pooled steps. The experiments 

comprised the observation of the flow patterns for a wide range of discharges and measurements of 

the full range of air-water flow properties with phase-detection intrusive probes for all step edges 

downstream of the inception point in transition and skimming flows.  

The experimental findings on the flat stepped spillways agreed well with previous studies and 

showed scale effects for both Froude and Reynolds similitudes. All air-water flow data were in 

accordance with self-similar equations and an extrapolation to prototype scale seemed possible. 

Detailed analyses of the microscopic air-water interfaces within the bulk of the flow for air 

concentration of 50% highlighted the effect of the free-surface aeration upon the flow processes in 

the intermediate flow region. The air-water flow properties on the non-uniform stepped 

configurations agreed well with the corresponding flat stepped spillways, but larger aeration and 

small instabilities were observed downstream of a large step drop. The experiments with acoustic 

displacement meters on a non-uniform stepped spillway showed the possibility to record the free-

surface profiles and fluctuations in both aerated and non-aerated flow regions. On the pooled 

stepped spillways, some instabilities were observed for small discharges including pulsations in the 

first step cavity. For the 8.9° slope pooled stepped spillway, the instabilities impacted upon the air-

water flows comprising jump waves propagating downstream and irregular cavity recirculation and 

ejection processes. These instationary air-water flows were also reflected in the air-water flow 

properties and unrealistically large turbulence levels were recorded. A triple decomposition 

approach for the square wave voltage raw signal was developed to identify the contribution of the 

slow and fast fluctuating motion upon the turbulence velocity fluctuations in the instationary air-

water flows. The triple decomposition was also applied to hydraulic jumps highlighting the 
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possibility for further applications in (pseudo-)periodic air-water flows. With introduction of pores 

into the pool weir walls, the instabilities disappeared and the flow became more stable, but the 

aeration within the step niche was reduced. The air-water flow processes within the step cavities for 

the flat and pooled stepped spillways were investigated in detail at several positions along and 

within the step cavities. The experiments highlighted the cavity recirculation and the momentum 

exchange between shear layer and mainstream flows. Self-similarities of the shear layer velocities 

were observed independently of cavity shape and pooled weirs. The observations of microscopic 

air-water flow properties and of the integral turbulent scales showed the cavity recirculation 

processes.  

The comparative analyses of all stepped spillway configurations in the present thesis showed a 

strong energy dissipation and aeration performance. The largest rate of energy dissipation rate was 

observed for the pooled stepped spillway with flatter chute slope. However, the instable flow 

processes might not allow a safe operation and the preferred design is the flat uniform stepped 

spillway. For more complex stepped spillway designs, the present results provided design 

guidelines and highlighted the importance of physical modelling before implementation in a 

prototype environment. The comparison of the present experiments with previous data for 

embankment stepped spillways identified a chute slope of 21.8° as optimum for air entrainment. 

The aeration efficiency was calculated based upon air-water flow measurements and a self-similar 

relationship between aeration efficiency and energy dissipation rate was found. The findings 

highlighted the important role of the intermediate flow region for the energy dissipation 

performance. 
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Lr geometric scaling ratio; 

Lxx advection turbulent length scale (m); 

(Lxx)max maximum advection turbulent length scale (m) in a cross-section; 

Lxz transverse integral turbulent length scale (m); 

(Lxz)max maximum transverse integral turbulent length scale (m) in a cross-section; 

(Lxz_cavity)max maximum transverse integral turbulent length scale (m) within a step cavity; 

l horizontal step length (m); 

lm Prandtl's mixing length (m); 

lw pool weir length (m); 

Mo Morton number defined as Mo = g × μw
4/(ρw × σ3); 

N power law exponent; 

Nab number of particles; 

n number of samples; 

Qw water discharge (m3/s); 

qw water discharge per unit width (m2/s); 
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P pressure (Pa); 

Po porosity of pooled stepped spillway; 

R local radius of curvature of a streamline (m); 

Re Reynolds number defined in terms of the hydraulic diameter: Re = ρw×Uw×DH/μw; 

Re1 Reynolds number upstream of the hydraulic jump: Re1 = w×V1×d1/w; 

Rxx Auto-correlation function; 

Rx'x' normalised auto-correlation function of band pass filtered signal; 

Rx"x" normalised auto-correlation function of high pass filtered signal; 

Rx'x" normalised auto-correlation functions of cross-product of band pass and high pass 

filtered signals; 

Rx"x' normalised auto-correlation functions of cross-product of high pass and band pass 

filtered signals; 

Rxx' auto-correlation function of band pass filtered signal: Rxx' = ϑ × Rx'x'; 

Rxx'' auto-correlation function of high pass filtered signal: Rxx'' = ς × Rx"x"; 

Rxx
(1) sum of auto-correlation functions of band pass and high pass filtered signals: Rxx

(1) = 

ϑ × Rx'x' + ς × Rx"x"; 

Rxy normalised cross-correlation function between two probe output signals separated in 

streamwise direction; 

Rx'y' normalised cross-correlation function of band pass filtered signal; 

Rx"y" normalised cross-correlation function of high pass filtered signal; 

Rx'y" normalised cross-correlation functions of cross-product of band pass and high pass 

filtered signals; 

Rx"y' normalised cross-correlation functions of cross-product of high pass and band pass 

filtered signals; 

Rxy' cross-correlation functions of band pass filtered signal: Rxy' = A × Rx'y'; 

Rxy'' cross-correlation functions of high pass filtered signal: Rxy'' = B × Rx"y"; 

Rxy
(1) sum of cross-correlation functions of band pass and high pass filtered signals: Rxy

(1) 

= A × Rx'y' + B × Rx"y"; 

(Rxy)max maximum cross-correlation between two probe output signals separated in 

streamwise direction; 

(Rxy)'max maximum cross-correlation between two probe output signals of the band pass 

filtered signal component; 

(Rxy)''max maximum cross-correlation between two probe output signals of the high pass 

filtered signal component; 
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(Rxy)
(1)

max maximum cross-correlation between two probe output signals for the sum of the 

cross-correlation functions of band pass and high pass filtered signals; 

((Rxy)max)max maximum value of maximum cross-correlation in a cross-section (also used in 

sensitivity analysis); 

((Rxy)max)min minimum value of maximum cross-correlation in sensitivity analysis; 

Rxz normalised cross-correlation function between two probe output signals separated in 

transverse direction; 

(Rxz)max maximum cross-correlation between two probe output signals separated in transverse 

direction; 

rcrest upstream rounded corner (m) of broad-crested weir; 

Sf friction slope: Sf = - ∂H/∂x; 

T time lag (s) for which Rxy = (Rxy)max; 

T' time lag (s) for which Rxy' = (Rxy)'max; 

T'' time lag (s) for which Rxy'' = (Rxy)''max; 

T(1) time lag (s) for which Rxy
(1) = (Rxy)

(1)
max; 

Tu turbulence intensity defined as: Tu = u'/V; 

Tu' turbulence intensity of the band pass filtered signal component; 

Tu'' turbulence intensity of the high pass filtered signal component; 

Tu(1) turbulence intensity of the sum of the cross-correlation functions of band pass and 

high pass filtered signals; 

Tumax maximum turbulence intensity in a cross-section (also used in sensitivity analysis); 

(Tumax)shear maximum turbulence intensity in a given cross-section within the shear layer; 

Tumin minimum turbulence intensity in sensitivity analysis; 

TK temperature in Kelvin; 

Tint transverse integral turbulent time scale (s); 

(Tint)max maximum transverse integral turbulent time scale (s) in a cross-section; 

(Tint_cavity)max maximum transverse integral turbulent time scale (s) within a step cavity; 

Tscan sampling duration (s); 

Txx auto-correlation time scale (s); 

Tx'x' normalised auto-correlation time scale (s) for the band pass filtered signals; 

Tx"x" normalised auto-correlation time scale (s) for the high pass filtered signals; 

Txx' auto-correlation time scales (s) for the band pass filtered signals: Txx' = ϑ × Tx'x'; 

Txx'' auto-correlation time scales (s) for the high pass filtered signals: Txx'' = ς × Tx"x"; 
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Txx
(1) sum of auto-correlation time scales (s) for the band pass and high pass filtered 

signals: Txx
(1) = ϑ × Tx'x' + ς × Tx"x"; 

(Txx)max maximum auto-correlation time scale (s) in a cross-section (also used in sensitivity 

analysis); 

(Txx)min minimum auto-correlation time scale (s) in sensitivity analysis; 

Txy cross-correlation time scale (s) of two probe signals with streamwise separation; 

Tx'y' normalised cross-correlation time scale (s) for the band pass filtered signals; 

Tx"y" normalised cross-correlation time scale (s) for the high pass filtered signals; 

Txy' cross-correlation time scales (s) for the band pass filtered signals: Txy' = A × Tx'y'; 

Txy'' cross-correlation time scales (s) for the high pass filtered signals: Txy'' = B × Tx"y"; 

Txy
(1) sum of cross-correlation time scales (s) for the band pass and high pass filtered 

signals: Txy
(1) = A × Tx'y' + B × Tx"y"; 

(Txy)max maximum cross-correlation time scale (s) in a cross-section (also used in sensitivity 

analysis); 

(Txy)min minimum cross-correlation time scale (s) in sensitivity analysis; 

Txz cross-correlation time scale (s) of two probe signals with transverse separation; 

T0.5 characteristic time lag τ (s) for which Rxx = 0.5; 

T'0.5 characteristic time lag τ (s) for which Rxx' = 0.5; 

T''0.5 characteristic time lag τ (s) for which Rxx'' = 0.5; 

T(1)
0.5 characteristic time lag τ (s) for which Rxx

(1) = 0.5; 

t time (s) or inter-particle arrival time; 

tch chord time (s); 

U mean velocity component in triple decomposition of instantaneous velocity (m/s); 

UPo stream wise velocity (m/s) through pores of porous pooled weirs; 

Uw mean flow velocity (m/s): Uw = qw/d; 

u(t) instantaneous velocity (m/s); 

u(t)' slow fluctuating velocity component (m/s); 

u(t)" fast fluctuating velocity component (m/s); 

u' turbulent velocity fluctuations (m/s);  

V interfacial velocity (m/s); 

V' interfacial velocity (m/s) of the band pass filtered signal component; 

V'' interfacial velocity (m/s) of the high pass filtered signal component; 

V(1) interfacial velocity (m/s) for the sum of the correlation functions of the band and 

high pass filtered signal components; 
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V* shear velocity (m/s); 

Vc critical flow velocity (m/s) : Vc = (qw
 × g)1/2; 

Vcrest depth-averaged velocity on the broad-crested weir (m/s); 

Vmax maximum interfacial velocity (m/s) in a cross-section (also used in sensitivity 

analysis); 

Vmin minimum interfacial velocity (m/s) in sensitivity analysis; 

V0 free-stream velocity (m/s): V0 = 0.9 × V90; 

V1 upstream flow velocity on a hydraulic jump (m/s): V1 = qw/d1; 

V50 interfacial velocity (m/s) where C ≈ 50%; 

V90 characteristic interfacial velocity (m/s) where the void fraction is 90%; 

v local velocity (m/s); 

vx local velocity in streamwise direction (m/s); 

W channel width (m); 

w weir height in pooled stepped spillway configuration (m), also called pool height; 

X length of step cavity (m); 

x distance along the channel bottom (m); 

xs distance along a single step cavity (m); 

x1 distance (m) between channel intake and hydraulic jump toe; 

YFmax characteristic depth (m) with maximum bubble count rate; 

Y90 characteristic depth (m) where the void fraction is 90%; 

y distance (m) measured normal to the invert (or channel bed); 

y50 characteristic depth (m) where V/V0 is 50%; 

z transverse distance (m) from the channel centreline; 

zcrest height of broad-crested weir (m); 

ΔH total head loss (m): ΔH = Hmax - Hres; 

Δx streamwise separation distance (m) between probe sensors; 

Δz transverse separation distance (m) between probe sensors; 

Δzo height (m) from the calculated step edge at the downstream end to the weir crest; 

 discriminant for a solution of the Boussinesq equation;  

Λ pressure correction coefficient; 

α inclination angle of a streamline with the channel; 

α(C) parameter for adjustment of different average chord sizes of bubbles and droplets; 

β momentum correction coefficient or Boussinesq coefficient; 

β(C) parameter for variation of bubble and droplet chord sizes with void fraction; 
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δ boundary layer thickness (m): δ = 0.99 × V0; 

δBL boundary layer thickness (m); 

δ1 displacement thickness (m); 

δ2 momentum thickness (m); 

 resistance coefficient for a perforated thick plate used for flow through pores; 

θ angle between pseudo-bottom formed by the step edges and the horizontal; 

λ dimensionless constant; 

λa air particle size (m); 

λw water particle size (m); 

μ dynamic viscosity (Pa×s); 

ρ density (kg/m3); 

ς factor for triple decomposition of high pass filtered auto-correlation function; 

σ surface tension between air and water (N/m); 

τ time lag (s); 

τ0 bed shear stress (Pa); 

τ0.5 characteristic time lag τ (s) for which Rxy = 0.5 × (Rxy)max; 

τ'0.5 characteristic time lag τ (s) for which Rxy' = 0.5 × (Rxy)'max; 

τ''0.5 characteristic time lag τ (s) for which Rxy'' = 0.5 × (Rxy)''max; 

τ(1)
0.5 characteristic time lag τ (s) for which Rxy

(1) = 0.5 × (Rxy)
(1)

max; 

χ factor for triple decomposition of cross-product of high pass and band pass filtered 

auto-correlation functions; 

χ0 curvature parameter of the free-surface; 

χ1 slope parameter of the free-surface; 

ω wake time scale (s) of the leading particle for pseudo-spherical particles; 

ϑ factor for triple decomposition of band pass filtered auto-correlation function; 

Ø probe sensor diameter (m); also diameter of holes in porous pooled weirs. 
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c critical flow conditions; 

cluster cluster properties; 

crest broad-crested weir; 

d/s downstream; 
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lead leading tip of a double-tip conductivity probe; 

max maximum value; 

mean mean signal component; 

min minimum value; 

Po porosity; 

shear shear layer; 

trail trailing tip of a double-tip conductivity probe; 

u/s upstream; 

w water properties; 

xx auto-correlation of reference probe signal; 

x'x' auto-correlation of band pass filtered signal component; 

x''x'' auto-correlation of high pass filtered signal component; 

x'x'' auto-correlation of the cross-product of band pass and high pass filtered signals; 

x''x' auto-correlation of the cross-product of high pass and band pass filtered signals; 

xy cross-correlation; 

x'y' cross-correlation of band pass filtered signal component; 

x''y'' cross-correlation of high pass filtered signal component; 

x'y'' cross-correlation of the cross-product of band pass and high pass filtered signals; 

x''y' cross-correlation of the cross-product of high pass and band pass filtered signals; 

1 leading tip; 

2 trailing tip; 

90 90% air concentration. 
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1 Introduction 

1.1 Presentation 

A hydraulic structure must be designed to discharge the waters safely to avoid any damage of the 

structure and surroundings. For a dam structure, a flood release facility is needed to prevent damage 

or collapse of the dam from overtopping. This facility must safely dissipate the kinetic energy of the 

flow (Figure 1-1). In Figure 1-1, significant damage of the reach just downstream of a flood release 

spillway facility is visible with large scour and damage. One type of flood release facility is the 

stepped spillway which is characterised by its large energy dissipation capacity above the staircase 

chute. The design of stepped spillways is known for at least 3,500 years (CHANSON 2001b). Stepped 

spillways were used as flood release facilities of dams, as drop structures in Roman aqueducts and 

water ways and also in water staircases and public fountains of famous gardens (CHANSON 

1995b,2001b). Throughout the centuries, stepped chutes were a common design of hydraulic struc-

tures, but at the beginning of the 20th century breakthroughs in the understanding of hydraulic 

jumps favoured the design of stilling basins and the interest in stepped spillway design vanished 

then. With the development of a new and more efficient construction technique (roller compacted 

concrete (RCC)) in the 1970s to 1980s, the design of stepped spillways regained interest (HANSEN 

& REINHARDT 1991; CHANSON 1995b,2001b; DITCHEY & CAMPBELL 2000).  

Today the stepped spillway design is commonly used in hydraulic structures with a wide range of 

applications. Stepped spillways are used as flood release facilities and overflow weirs of embank-

ment and gravity dams with various channel slopes to allow a safe discharge of flood waters and to 

prevent the downstream water body from erosion (Figures 1-2 to 1-5). The construction of small 

stepped weirs and spillways is compatible with the simple gabion technique. Stepped chutes are 

mostly equipped with flat horizontal steps of uniform step height. But in some cases the steps might 

be upwards or downwards inclined or pooled. The heights of the steps or the channel slope might 

vary along the spillway (Figure 1-5). Furthermore stepped chutes are used to improve the water-

quality, e.g. in water treatment plants to enhance the re-oxygenation and removal of volatile organic 

compounds. They are also common as artificial cascades in parks and in cities (CHANSON & 

TOOMBES 2002d; TOOMBES & CHANSON 2005) (Figure 1-6). In alpine regions, stepped chutes are 

used as debris dams to hold back debris torrents (CHANSON 2001b).  
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(A) View in upstream direction: Note the significant damage in the foreground and the dam spillway releasing white 
waters in the background  

 
(B) View in downstream direction: Note the damage on the river banks in fore- and background 

Figure 1-1: Damage of the Brisbane river downstream of the Wivenhoe dam spillway after the January 2011 flood 
event with maximum spillway release of Qw = 7464 m3/s (Queensland, Australia) 
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Figure 1-2: Stepped spillway of the Urft dam: Completed in 1905; curved gravity dam with a height of 58.5 m; spillway 

with 33 steps with height h = 1.5 m (Germany) 

 

 
Figure 1-3: Stepped spillway at the Obersee (Ruhrsee); Note the concrete blocks at the first step edge and the smooth 

spillway upstream in the top right corner (Germany) 
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Figure 1-4: Stepped spillway of Gold Creek dam: Completed in 1890; embankment dam with height of 26 m; 12 steps,  

h = 1.5 m; uncontrolled broad-crest; view of the chute toe, no downstream energy dissipation structure 
(Queensland, Australia) 

 

 
Figure 1-5: Stepped spillway of  New Victoria dam; Completed in 1991; RCC arch-gravity dam with height of 52 m; 

Changing slope of spillway (downstream stepped face θ = 51.3º, h = 0.325 m; upstream face with steeper 
slope) (Western Australia) 
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(A) Artificial cascade in Regent’s Park (London, UK) 

(B) Artificial staircase at Discovery Square (Vancouver, Canada) 

Figure 1-6: Artificial stepped cascades in cities and parks 

 

1.2 Key bibliography of stepped spillway research 

1.2.1 Introduction 

Since the introduction of RCC, the design of stepped spillways regained interest because of the ad-

vantages compared to other types of flood release facilities. The steps act as large rough elements 

which increase the air entrainment, the flow resistance and the energy dissipation significantly. The 
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size of the downstream stilling basin can be reduced and the construction is cheaper. In addition, the 

cavitation risk is minimised due to the large amount of entrained air. However the design of stepped 

spillways is complicated and numerous experimental studies have been conducted in research cen-

tres around the world.  

The first experimental studies of stepped spillway flows and energy dissipation dissipations were 

conducted by HORNER (1969), SORENSEN (1985), RAJARATNAM (1990) and PEYRAS et al. (1992). 

These studies provided basic definitions of the flow patterns, the energy dissipation processes and 

stepped spillway designs. In the following decades many more experimental studies were conducted 

on stepped spillways. So far, most of the research focused on stepped spillways with steep channel 

slopes typical for gravity dams (e.g. HORNER 1969; SORENSEN 1985; CHRISTODOULOU 1993; TOZZI 

1994; ELVIRO & MATEOS 1995; OHTSU & YASUDA 1997; CHAMANI & RAJARATNAM 1999; BOES 

2000a; MATOS 2001; BOES & HAGER 2003a,b; OHTSU et al. 2004; AMADOR et al. 2006,2009; 

SANCHEZ-JUNY et al. 2007; FRIZELL & RENNA 2011; TAKAHASHI & OHTSU 2012). In the last dec-

ade, several studies were also conducted on stepped spillway models with moderate slopes (PEYRAS 

et al. 1992; CHANSON & TOOMBES 2002a,b; TOOMBES 2002; ANDRÉ 2004; OHTSU et al. 2004; 

GONZALEZ & CHANSON 2004; KÖKPINAR 2004; GONZALEZ 2005; CHANSON & CAROSI 2007b; 

THORWARTH 2008; FELDER & CHANSON 2009a,b,2011a,b; BUNG 2009,2011a; MEIRELES & MATOS 

2009; HUNT & KADAVY 2010; FRIZELL & RENNA 2011; TAKAHASHI & OHTSU 2012).  

These experimental studies have yielded a better understanding of the air entrainment, of the flow 

processes in the high-velocity two-phase flows and of the energy dissipation capabilities. Further-

more they led to design guidelines which are applicable for stepped spillways with both moderate 

and steep stepped slopes with flat steps and with uniform step heights.  

 

1.2.2 Air entrainment in high-velocity air-water flows 

A characteristic of high-velocity flows on stepped spillways is the air entrainment process which 

has been studied first in numerous experiments on smooth spillways (e.g. STRAUB & ANDERSON 

1958; CAIN & WOOD 1981; CHANSON 1988). The air entrainment processes on stepped spillways 

are very similar, but due to the larger roughness, i.e. the steps, the air entrainment occurs much ear-

lier compared to smooth spillways for identical channel slope and discharge. 

At the upstream end of a spillway, the water is glassy and smooth. A boundary layer is created at 

the upstream inlet and it develops along the chute. When its outer edge reaches the free-surface the 

air entrainment starts. This location is called the inception point of free-surface aeration and is char-

acterised as the point where turbulence forces within the boundary layer are larger than both surface 
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tension and buoyancy (CAIN 1978; WOOD 1991; CHANSON 1997a). Figure 1-7 illustrates the devel-

opment of the boundary layer and the inception point of free-surface aeration on a stepped spillway 

in a skimming flow regime, where the flows skim over the steps edges (see section 1.2.3). The de-

velopment of the boundary layer on a broad-crested weir was highlighted by ISAACS (1981). 

FELDER & CHANSON (2012b) conducted detailed measurements of the boundary layer development 

on a broad-crested weir upstream of the first step edge. 

 
Figure 1-7: Sketch of developing boundary layer and inception point of air entrainment in a skimming flow regime 

 

Downstream of the inception point air is continually entrained caused by large turbulence fluctua-

tions within the air-water flow mixture (CHANSON 1997a; CHANSON & TOOMBES 2003). Air bub-

bles are entrained, they break-up and coalesce; air bubbles and water droplets of various sizes and 

shapes exist in the chaotic two-phase flow. The free-surface of the flow becomes undetermined and 

the flow is characterised by a large amount of air-water interfaces (TOOMBES & CHANSON 2000; 

CHANSON & TOOMBES 2002d; FELDER & CHANSON 2009a). Downstream of the inception point the 

flow looks white and the air-water interface area appears chaotic with large amounts of ejected wa-

ter droplets in the spray region (CAROSI & CHANSON 2006). For the understanding and design of 

stepped spillway flows, the measurement of the air-water flow properties is essential and several 

successful studies highlighted first insights in the air entrainment on stepped spillways (CHANSON 

1993c; RUFF & FRIZELL 1994; CHANSON & TOOMBES 1997,1998; CHAMANI & RAJARATNAM 1999; 

MATOS et al. 1999,2000). Figure 1-8 shows a photo of the inception point of air entrainment and the 

downstream air-water flow region in skimming flows in the present study. 

The air entrainment leads to flow bulking which is caused by an increase of volume in the air-water 

flow (Figure 1-8). CAIN & WOOD (1981) introduced Y90 as a characteristic depth where the air con-



8 1 Introduction 

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

centration C is 90% in a homogeneous air-water flow. The equivalent clear water depth d can then 

be defined as: 

 
90Y

0

dy)C1(d  (1-1) 

(CHANSON 1988), where y is the distance perpendicular to the pseudo-bottom formed by the step 

edges. The depth-averaged air concentration Cmean was calculated as: 

90

Y

090
mean Y

d
1dyC

Y

1
C

90

   (1-2) 

and the average flow velocity Uw as: 

d

q
U w

w   (1-3) 

where qw is the water discharge per unit width (CAIN & WOOD 1981). 

 
Figure 1-8: Inception point of air entrainment; skimming flow on a stepped spillway with uniform flat steps (h = 10 cm, 

θ = 26.6º) - flow conditions: dc/h = 1.37, qw = 0.159 m2/s, Re = 6.31 × 105 
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1.2.3 Flow regimes in stepped spillway flows 

The flows on stepped spillways can be divided into different flow regimes, i.e. nappe flow, transi-

tion flow and skimming flow regimes with increasing discharge for a given chute geometry. The 

changes between flow regimes depend on the spillway configuration including the channel slope, 

the step height and the discharge. Eventually the quantity of energy dissipation is related to the flow 

regime. At small flow rates, water cascades down the steps in a succession of free-falling jets in the 

nappe flow regime. It can be divided into three nappe flow sub regimes (CHANSON 1995b). In the 

past, detailed observations with a special focus on this regime were conducted (e.g. HORNER 1969; 

PEYRAS et al. 1992; CHAMANI & RAJARATNAM 1994; CHANSON 1994a; CHANSON & TOOMBES 

2002b; TOOMBES 2002; TOOMBES & CHANSON 2008a). 

For intermediate discharges, the transition flow regime exhibits a chaotic behaviour with strong 

splashing and numerous droplet ejections downstream of the inception point of free-surface aeration 

(CHANSON 2001b). This flow regime was described by ELVIRO & MATEOS (1995) and CHANSON 

(1996) and first defined by OHTSU & YASUDA (1997). A few experimental studies were performed 

to characterise the specific transition flow properties (e.g. CHANSON & TOOMBES 

2001a,2002c,2004; TOOMBES 2002). CHANSON & TOOMBES (2004) defined two transition flow sub-

regimes which differed in the profiles of the void fraction distributions. Some investigations high-

lighted instabilities in the transition flow regime for pooled stepped spillways (THORWARTH & 

KÖNGETER 2006; THORWARTH 2008; FELDER & CHANSON 2012a). A typical photo of a transition 

flow regime in the present study is illustrated in Figure 1-9.  

 
Figure 1-9: Side view of a transition flow regime on a stepped spillway with uniform flat steps (h = 10 cm, θ = 26.6º) - 

flow conditions: dc/h = 0.66, qw = 0.053 m2/s, Re = 2.09 × 105; Note the strong splashing downstream of 
the inception point  
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For large flow rates, the waters cascade as a coherent stream and skim over the step edges in a 

skimming flow regime. It was first defined by RAJARATNAM (1990) who reanalysed the data of 

SORENSEN's (1985) experiments. In the step cavities, intense and stable recirculating vortices devel-

op through the transmission of shear stress from the mainstream flows; most of the flow energy is 

dissipated in this process (CHANSON 1994b,1995b; OHTSU et al. 2004). Most spillways are designed 

for maximum discharges in the skimming flow regime and therefore the majority of experimental 

studies were performed for this flow regime (see references in section 1.2.1). At the downstream 

end, the air-water flow may be fully developed and under such uniform equilibrium conditions, the 

air concentration, flow depths and velocity would reach constant values. However, it was argued by 

CHANSON & TOOMBES (2001), p. 36, CHANSON (2006a), p. 55 and FELDER & CHANSON (2009a) 

that the concept of uniform equilibrium flow might not apply for stepped spillways. Their hypothe-

sis is supported by observations of a seesaw pattern of several characteristic air-water flow parame-

ters (e.g. Y90 and Cmean) in skimming flows on stepped spillways (BOES 2000a; CHANSON & 

TOOMBES 2002a; YASUDA & CHANSON 2003; FELDER & CHANSON 2009a,b). The seesaw pattern 

was also observed in the present thesis. Figure 1-10 illustrates a typical photo of a skimming flow 

regime. 

 
Figure 1-10: Side view of skimming flow regime on a stepped spillway with flat uniform steps (h = 10 cm, θ = 26.6º) - 

flow conditions: dc/h = 1.51, qw = 0.183 m2/s, Re = 7.27 × 105; inception point of air entrainment at step 
edge 7 

 

1.2.4 Energy dissipation and flow resistance 

A key characteristic of stepped spillways is the large rate of energy dissipation along the chute. The 

steps act as large rough elements that increase the flow resistance and lead to a larger rate of energy 
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dissipation compared to smooth spillways. The largest energy dissipation performances can be 

achieved in the nappe and transition flow regimes, but flow instabilities can occur and therefore 

most stepped spillways are designed for a maximum discharge in the skimming flow regime 

(CHANSON 2001b). 

In air-water skimming flows, several flow processes affect the energy dissipation including the re-

circulation movements in the step cavities which are maintained by shear from the mainstream flow 

(GONZALEZ & CHANSON 2004; FELDER & CHANSON 2011a). The interactions between the flow and 

the free-surface lead to energetic processes of air bubble break-up, formation and ejection of water 

droplets, agglomerations and collisions of bubbles and droplets. In this intermediate flow region, 

large turbulence levels and large integral turbulent scales were observed for void fractions between 

30% and 70% indicating strong turbulent and energy dissipation (CAROSI & CHANSON 2008; 

FELDER & CHANSON 2009b).  

Many studies in stepped spillway models have been conducted to quantify the energy dissipation in 

skimming flows (e.g. PEYRAS et al. 1992; CHRISTODOULOU 1993; TOZZI 1994). MATOS et al. (2000) 

first provided a design guideline for the most efficient energy dissipation. Depending on the dis-

charge and the channel slope, the spillway might dissipate up to 90% of the total energy (BOES 

2000a). CHANSON (2001b) suggested that it is more appropriate to consider the residual energy than 

the rate of energy dissipation for practical applications. On moderate stepped spillways, a compari-

son for different channel slopes indicated a lower characteristic residual energy for the larger mod-

erate channel slopes (FELDER & CHANSON 2009a). The finding was independent of the step heights 

and it shows that there is a possibility to adjust the channel slope for optimum energy dissipation 

performance and in the present thesis the energy dissipation performances for stepped spillways 

with slopes between 3.4° and 26.6° are compared. 

The energy dissipation is closely linked with the flow resistance. The flow resistance in skimming 

flows is dominated by the recirculation process and by unsteady momentum exchanges between the 

mainstream and cavity flows. The air entrainment process has an important effect on the resistance 

(CHANSON 1993b). Skimming flows are characterised by a large flow resistance which is mainly 

caused by form losses (CHANSON et al. 2000,2002). A friction factor is used to quantify the flow re-

sistance (WOOD 1985; CHANSON 1993a; YASUDA & OHTSU 1999). Flow resistance on stepped 

spillways depends on the channel geometry and is consistently larger than on smooth invert chan-

nels. 
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1.2.5 Stepped spillway designs 

Design guidelines for stepped spillways are normally based upon the skimming flow regime for 

maximum discharge capabilities; instable flows in the transition flow regime should be avoided 

(CHANSON 2001b). For a stepped spillway design with known spillway height, width, step height 

and slope, the guidelines can provide information about the onset of skimming flows, the location 

of the inception point of air entrainment LI, the equivalent clear water flow depth in the two-phase 

flow d, the averaged flow velocity Uw, the equivalent friction factor fe for both fully developed and 

gradually varied flow, the mean air concentration Cmean and the characteristic flow depth Y90. With 

this information it is possible to calculate the energy dissipation along the stepped spillway and to 

determine the residual head at the downstream end of the spillway for an adequate design of the 

stilling basin. Furthermore, the sidewall heights of the stepped spillway can be calculated using a 

safety factor.  

Several guidelines have been proposed based upon different experimental data which provide suita-

ble guides for stepped channels with smooth flat steps and for a wide range of slopes in the skim-

ming flow regime (e.g. CHANSON 1995b,2001a,b; MATOS 2000; BAKER 2000; BOES & MINOR 

2002; BOES & HAGER 2003b; OHTSU et al. 2004; GONZALEZ & CHANSON 2007b; ANDRÉ 2004 et al. 

2008; AMADOR et al. 2009; BUNG 2011a). Despite the large amount of design criteria, it must be 

stressed that their accuracy is limited to pre-design calculations only, and physical experiments in a 

large size model give more accurate results for a complete design. Furthermore, the design guide-

lines are for flat steps and further investigations are required for different step configurations. Sev-

eral stepped spillway designs are investigated in the present study with typical embankment dam 

slopes and with configurations of uniform flat steps, non-uniform flat steps and various pooled step 

configurations. 

 

1.2.5.1 Stepped spillways of embankment dams 

A common dam design is the embankment structure which is made out of earth fill materials such 

as soil, sand, clay and/or rock and which has typically gradients of 1V:2H to 1V:3H. The re-

evaluation of maximum design flood events in recent years showed that some of the dams were de-

signed for smaller design floods, which could lead to an overtopping and collapsing of the em-

bankment dam (CHANSON 2001b). An overtopping protection system may be constructed with con-

crete steps on the embankment slope and the discharge capacity can be increased. Figure 1-11 illus-

trates a typical stepped spillway on an embankment dam with a downstream slope of 21.8°.  
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In the past two decades, a number of experimental studies have been performed for embankment 

dam slopes (PEYRAS et al. 1992; CHANSON & TOOMBES 2002a,b; TOOMBES 2002; GONZALEZ & 

CHANSON 2004; ANDRÉ 2004; KÖKPINAR 2004; GONZALEZ 2005; CHANSON & CAROSI 2007b; 

THORWARTH 2008; FELDER & CHANSON 2009a,b; BUNG 2009,2011a; MEIRELES & MATOS 2009; 

HUNT & KADAVY 2010; FRIZELL & RENNA 2011). Several experimental studies yielded simple de-

sign guidelines for embankment dam stepped spillways with flat uniform steps (OHTSU et al. 2004; 

GONZALEZ 2005; GONZALEZ & CHANSON 2007b; BUNG 2009,2011a). 

In the present study, physical experiments were conducted on large size stepped spillway models 

with slopes typical for embankment stepped spillways of 8.9° and 26.6° to investigate the air-water 

flow properties in great detail. Furthermore, additional data sets of air-water flow experiments on 

flat stepped spillways with 3.4°, 15.9° and 21.8° slopes were available (CHANSON & TOOMBES 

2002a,b; TOOMBES 2002; GONZALEZ & CHANSON 2004; GONZALEZ 2005; CAROSI & CHANSON 

2006; FELDER & CHANSON 2008a,2009b). The reanalysis of these data complemented the air-water 

flow observations in the present study and allowed a detailed comparison of embankment designs 

with a wide range of slopes. 

 
Figure 1-11: Stepped spillway of Salado Creek Dam Site 15R (Courtesy of Craig SAVELA, USDA-NRCSNDCSMC), 

RCC construction, θ = 21.8º, h = 0.61 m 

 

1.2.5.2 Stepped spillways with non-uniform step heights 

Some prototype spillways are equipped with non-uniform step heights: e.g. Malmsburry (1870) and 

Upper Coliban (1903) stepped spillways in Australia (CHANSON 2001a). These spillways were de-

signed with drops of 2 m to 4 m followed by smaller steps of 0.305 m. The long operation of the 

spillways indicate that the design is sound although a nappe flow exists for the large drops and a 

skimming flow regime for the small step heights for the design flow (CHANSON 2002b). However, 
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flow instabilities and shock waves might occur for the non-uniform step heights as reported by 

TOOMBES & CHANSON (2008a) in the nappe flow regime. A prototype stepped spillway with non-

uniform step heights is illustrated in Figure 1-12. The only experimental test of non-uniform step 

heights was conducted by STEPHENSON (1988) on a model with a slope of 45°. In a test with occa-

sionally large drops, STEPHENSON (1988) observed an increase in the rate of energy dissipation of 

10%.  

In the present thesis, the effects of non-uniform step heights on the air-water flow properties and the 

energy dissipation performance were tested systematically. For a range of discharges, various non-

uniform stepped spillway models with a slope of 26.6° were investigated (FELDER & CHANSON 

2011b). 

 
Figure 1-12: Stepped spillway of the Tillot dam in France with non-uniform step height (Courtesy of Professor Hubert 

CHANSON) 

 

1.2.5.3 Pooled stepped spillways  

A further design is the pooled stepped spillway, in which a weir at the step edge creates a pool 

(Figure 1-13). Pooled stepped spillways are known for large energy dissipation performance and in-

stable flow conditions for some discharges. Experiments on pooled stepped spillways have been 
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conducted in the last decade to provide a better understanding of the free-surface aeration, the flow 

regimes and the energy dissipation performance (EMIROGLU & BAYLAR 2003; KÖKPINAR 2004; 

ANDRÉ et al. 2004,2008; CHINNARASRI & WONGWISES 2004,2006; THORWARTH & KÖNGETER 

2006; THORWARTH 2008; TAKAHASHI 2008 et al.; FELDER & CHANSON 2012a; FELDER et al. 

2012a,b). Furthermore, flow instabilities were investigated by GANZ (2003) and PREMSTALLER 

(2006) on inclined pooled stepped spillways with slopes ranging from 0.5 to 5.5°. THORWARTH 

(2008) highlighted self-induced instabilities on pooled stepped spillways with slopes of 8.9° and 

14.6° and with various pool weir heights. 

In the present thesis, the air-water flow processes on pooled stepped spillways with slopes of 8.9° 

and 26.6° were investigated with same ratio of pool weir height to step length w : l = 1 : 6.45. The 

air-water flow experiments provided new insights into the energy dissipation and aeration perfor-

mances and instationary flow processes (FELDER & CHANSON 2012a; FELDER et al. 2012a,b). Addi-

tional experiments were performed on two porous pooled stepped spillways with slope θ = 26.6°.  

(A) Sorpe dam pooled stepped spillway in Germany (B) Pooled stepped spillway of Le Pont dam in France 

Figure 1-13: Prototype pooled stepped spillways (Courtesy of Professor Hubert CHANSON) 
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1.2.6 Flow properties on stepped spillways 

Flows on stepped spillways can be divided into the non-aerated region upstream of the inception 

point and the downstream air-water flow region. The measurement of the flow properties in the two 

regions is fundamentally different. In the non-aerated flow region, measurement can be conducted 

with classical instrumentations (e.g. pointer gauge, Pitot tube, PIV, LDA, ADV) while in the air-

water flow region, the same techniques do not provide accurate readings because of the entrained 

air. Therefore experiments in the air-water region are typically performed with intrusive phase-

detection probes, i.e. single-tip and double-tip conductivity and optical probes. 

In the non-aerated region, the collection of the flow properties is simpler than in the aerated region, 

and several studies have yielded data for the characterisation of the non-aerated region (e.g. OHTSU 

& YASUDA 1997; AMADOR et al. 2006; MEIRELES & MATOS 2009; HUNT & KADAVY 2010). Exper-

iments with a Prandtl-Pitot tube and a pointer gauge yielded the time-averaged velocity and the 

clear-water flow depth which were used for the calculation of the energy dissipation (MEIRELES & 

MATOS 2009). The experiments by OHTSU & YASUDA (1997) with a one-dimensional laser-doppler 

velocity meter provided the velocities and turbulence intensities in two-directions. A detailed study 

was performed with PIV and resulted in the mean velocity field, the development of the boundary 

layer, the turbulence intensities, the flow resistance, shear strain and vorticity and the ejection pro-

cesses in skimming flows (AMADOR et al. 2006).  

The measurements of the air-water flow properties are much more difficult and most studies have 

focused on the calculation of the air concentration C and interfacial time-averaged velocity V. The 

air concentration data are used for the calculation of the equivalent clear-water flow depth d, the 

characteristic depth Y90 and the mean velocity Uw (e.g. CHAMANI & RAJARATNAM 1999; BOES 

2000a; MATOS 2001; OHTSU et al. 2004; ANDRÉ et al. 2005; THORWARTH 2008; PFISTER 2009). 

KÖKPINAR (2004) and BUNG (2009,2011a) measured additionally the bubble count rate F. To date 

only studies at the University of Queensland focused upon a better understanding of the flow pro-

cesses and further air-water flow properties were investigated including the air bubble and water 

droplet chord sizes, the clustering of the air bubbles and water droplets and the turbulence levels 

(e.g. CHANSON & TOOMBES 2001,2002a; TOOMBES 2002; YASUDA & CHANSON 2003; GONZALEZ 

& CHANSON 2004; GONZALEZ 2005; FELDER & CHANSON 2012a). Advanced studies yielded infor-

mation about the large scale turbulence structures, i.e. the cross- and auto-correlation time scales 

and the integral turbulent time and length scales (CHANSON & CAROSI 2007b; FELDER & CHANSON 

2008b,2009b,2011a). Recently a novel triple decomposition technique for instationary air-water 
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flows was developed by FELDER & CHANSON (2012a) and applied to unsteady air-water flows on a 

pooled stepped spillway with θ = 8.9°. 

 

1.3 Objectives 

In the past three decades, several experimental studies have been performed to find design guide-

lines for stepped spillways and to understand the flow processes in the highly complex two-phase 

flow. The experimental studies yielded design guidelines for stepped chutes with flat horizontal 

steps and for a wide range of channel slopes. Key characteristics for practical engineering applica-

tions were identified including guidelines for the inception point of air entrainment, different flow 

regimes, energy dissipation and aeration, velocities, air concentration distributions and flow depths. 

It is well accepted that the stepped spillway design has great advantages in terms of energy dissipa-

tion performance, amount of entrained air and prevention of cavitation damage. Even though there 

is a good understanding of the design for stepped spillways with uniform flat horizontal steps, there 

is a lack of understanding for stepped chutes with more complex designs. Finding an optimum 

stepped spillway design could enhance the future use of stepped spillways as energy dissipators and 

aerators. Therefore, several alternative stepped spillway designs are tested in this thesis including 

non-uniform, pooled and porous pooled steps for channel slopes of 8.9º and 26.6º. For these de-

signs, there exist examples of prototype stepped spillways, but design guidelines are incomplete or 

non-existent. The thesis investigates if any of these alternative spillway designs might enhance the 

energy dissipation or/and the air entrainment performances and delivers design guidelines. Compar-

ative analyses of the present stepped spillway configurations are performed with several further data 

sets of stepped spillways with 3.4º ≤ θ ≤ 30º. The comparison identifies an optimum stepped chute 

slope of 21.8° for air entrainment and a dimensionless relationship between energy dissipation rate 

and aeration efficiency independent of channel slope and step configuration. 

Currently there is still a limited understanding of the flow processes in the air-water flows on 

stepped spillways despite breakthroughs in terms of the microscopic flow structure in experiments 

conducted at the University of Queensland. In several studies, the chord sizes, the turbulence levels 

and integral turbulent scales were recorded yielding challenging insights in the two-phase flow pro-

cesses. Despite these findings, the basic mechanisms of air entrainment, the interplay between cavi-

ty recirculations and momentum exchange with the mainstream air-water flows and the energy dis-

sipation processes is still not completely understood. Therefore, detailed experiments and advanced 

signal processing techniques are conducted in this thesis to provide better insights into the full range 

of micro- and macroscopic air-water flow properties. All air-water flow properties are calculated for 
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all stepped spillway configurations comprising a wide range of flow conditions. The scale effects 

are investigated for a range of flow conditions. Special emphasis is given to the cavity recirculation 

processes on flat and pooled stepped spillways yielding novel insights into the recirculation mo-

tions. Furthermore, the intermediate air-water flow region is investigated for the first time high-

lighted the effect of the free-surface aeration upon the bulk of the air-water flow. 

For some flow rates and stepped spillway geometries, instabilities in the air-water flows may be 

present. The instabilities can be linked to (pseudo-)periodic waves, irregular cavity recirculation 

and ejection processes. The calculation of the time-averaged air-water flow properties may be af-

fected and the true turbulence properties not known. In this thesis, it is shown that a triple decompo-

sition approach might identify the turbulence velocity fluctuations by splitting the square wave raw 

voltage signal into components reflecting the mean, the slow and the fast fluctuating component of 

the instationary air-water flows. The novel triple decomposition approach is also applied to periodic 

air-water flows in a hydraulic jump highlighting the suitability of the new approach to a range of in-

stationary and unsteady aerated flows. 

The Ph.D. project aims to achieve two core points. Firstly, the project focuses on the experimental 

testing of different stepped spillway designs to investigate optimum designs for energy dissipation 

and aeration performances on stepped chutes with embankment dam slopes. Secondly, the study 

aims to achieve an improved understanding of the air-water flow processes in highly turbulent free-

surface flows including the cavity recirculation, the air entrainment performance and the energy 

dissipation processes. A new triple decomposition approach for instationary air-water flows is used 

for the first time for the characterisation of turbulence fluctuations in (pseudo-)periodic flows on a 

pooled stepped spillway.  

 

1.4 Thesis outline 

The thesis presents results from experiments conducted for a range of discharges in three stepped 

spillway facilities with slopes of 8.9° and 26.6° and for various step configurations comprising flat 

uniform, flat non-uniform, pooled and porous pooled steps. Table 1-1 shows the outline of the the-

sis and lists the contents of the chapters. Table 1-2 outlines the results of several appendixes provid-

ing additional outcomes of the Ph.D. project. 
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Table 1-1: Outline of thesis 

Chapter Description 

1 Introduction 

Presentation of key features of stepped spillways and bibliographic review. 

2 Physical modelling, experimental facilities, data analysis and experimental pro-
gram 

Description of the experimental facilities and instrumentation; detailing of the signal pro-

cessing techniques including the measurement accuracy and the introduction of the triple de-

composition approach for instationary air-water flows; overview of the experimental program. 

3 Flow characteristics of flat stepped spillways with uniform step heights 

Presentation of air-water flow patterns on the stepped spillways with uniform step heights and 

channel slopes of 8.9º and 26.6º, experimental results of conductivity probe experiments in-

cluding macro- and microscopic air-water flow properties; investigation of scale effects; char-

acteristics of air-water flows with air concentration of 50%. 

4 Flow characteristics of stepped spillways with non-uniform step heights 

Presentation of air-water flow patterns, macro- and microscopic air-water flow properties on 

stepped spillway configurations with non-uniform step heights and channel slope of 26.6°; 

comparison with corresponding uniform stepped spillways; presentation of non-intrusive 

measurements in aerated and non-aerated flow regions. 

5 Flow characteristics of pooled stepped spillways with 8.9° and 26.6° slopes 

Presentation of air-water flow patterns, macro- and microscopic air-water flow properties on 

pooled stepped spillways with channel slopes of 8.9° and 26.6° and porous pooled stepped 

spillways with θ = 26.6°; application of the triple decomposition approach to instationary air-

water flows on a pooled stepped spillway with θ = 8.9°. 

6 Air-water flows in step cavities on stepped spillways with 8.9° and 26.6° slopes 

Detailed description of macro- and microscopic air-water flow properties in step cavities of 

flat and (porous) pooled stepped spillways with channel slopes of 8.9° and 26.6°; self-

similarity of shear layer characteristics. 

7 Comparative performance of the stepped spillways 

Summary and comparison of several stepped spillway studies with channel slopes of 3.4° to 

26.6° in terms of basic air-water flow properties; comparison of flat versus pooled stepped 

spillways; summary of energy dissipation performance, flow resistance and aeration efficien-

cy; design implications.  

8 Conclusion 

Summary of key findings in the thesis and outlook for future work. 
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Table 1-2: Outline of Appendixes 

Appendix Description 

A Self-designed data acquisition and data analysis software 

Description of the data analysis software of conductivity probe signals and the data acquisi-

tion program developed and used in the thesis. 

B Air-water flow measurements: Sensitivity analysis of key two-phase flow pa-
rameters 

Detailed investigation of several parameters on the analysis of the air-water flow properties 

including sampling time, sampling duration and threshold levels. 

C Broad-crested weir: Free-surface profiles, velocity and pressure distributions 

Presentation of experiments on the broad-crested weir identifying the boundary layer devel-

opment and the distributions of velocity and pressure; comparison of free-surface fluctua-

tions on broad-crested weirs of different experimental facilities. 

D Triple decomposition technique of instationary air-water flows 

Introduction of the triple decomposition approach for instationary air-water flows; presenta-

tion of methodology, validation of approach and sensitivity analysis of cut-off frequencies. 

E Triple decomposition approach in air-water flows in a hydraulic jump 

Application of the triple decomposition technique to (pseudo-)periodic air-water flows in a 

hydraulic jump. 

F Comparison of air-water flows on two stepped spillways with identical slope 

Comparative analyses of the air-water flow properties on two stepped spillways with same 

channel slope and step heights, but different inflow conditions and channel widths. 

G Dynamic similarity and scale effects in air-water flows on a flat stepped spillway 

Investigation of scale effects in geometrically scaled stepped spillways using Froude and 

Reynolds similitudes respectively; presentation of self-similar equations in stepped spillway 

flows. 

H Characterisation of air-water flows with 50% void fraction 

Investigation of the microscopic characteristics of an air-water flow with 50% air concentra-

tion on a stepped spillway. 

I Non-intrusive measurements of free-surface profiles on a stepped spillway 

Presentation of experimental results for free-surface measurements of aerated and non-

aerated stepped spillway flows using acoustic displacement meters. 

J Comparison of different cluster analysis criteria on a stepped spillway 

Comparative analyses of effects of different approaches for cluster analyses in an air-water 

flow on a stepped spillway. 

DVD Digital Appendix 

Compilation of experimental results of the conductivity probe measurements in ASCII for-

mat; Fortran source code of self-designed data analyses software in ASCII format. 
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2 Physical modelling, experimental facilities, data analysis and experimental program 

2.1 Physical modelling of stepped spillway flow  

With the development of faster computers the interest in numerical modelling in hydraulic engi-

neering and fluid mechanics increased significantly. Many complex flow processes and turbulent 

flows can be computed today. However, the numerical modelling of stepped spillway flows is still 

in its infancy despite first attempts (CHENG et al. 2006; QIAN et al. 2009; MEIRELES et al. 2009; 

BOMBARDELLI et al. 2011). Numerous successful experimental studies have led to a better 

knowledge of stepped spillway flows (section 1.2) and physical modelling is still the only possibil-

ity to enhance the understanding of the micro- and macroscopic air-water flow properties. 

Stepped spillway flows are characterised by a number of different parameters which cannot be 

modelled completely unless working at full scale. A dimensional analysis of the relevant parameters 

can identify the most relevant air-water flow properties (CAROSI & CHANSON 2006): 
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where C is the local void fraction, V is the local velocity, g is the gravity acceleration, d is the 

equivalent water depth at uniform equilibrium, u' is a characteristic turbulent velocity, Tint is a tur-

bulent time scale, Lxz is a turbulent length scale, dab is a characteristic size of entrained bubbles, x is 

the coordinate in the flow direction measured from the step edges, qw is the water discharge per unit 

width, DH is the equivalent pipe diameter or hydraulic diameter, ρw and μw are the water density and 

dynamic viscosity respectively, σ is the surface tension between air and water, W is the chute width, 

h is the step height, θ is the angle between the pseudo-bottom and the horizontal and ks' is the skin 

roughness height (CHANSON 1997a). Equation (2-1) comprises the air-water flow properties on the 

left hand side including several turbulence parameters and on the right hand side, geometric factors 

as well as the Froude Fr, Reynolds Re and Weber We numbers. One might be replaced with the 

Morton number Mo (WOOD 1991) since: 
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  (2-2) 

Typically the Weber number is replaced by the Morton number and the Morton number is a con-

stant when the same fluids are used in both model and prototype. However, the Froude and Reyn-
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olds numbers cannot be simultaneously identical in model and prototype unless working at full 

scale and a true dynamic similarity is not achievable. 

In free-surface flows, including stepped spillways, studies are typically based upon a Froude simili-

tude (HENDERSON 1966; CHANSON 2004) because the gravity effect is the most dominant mecha-

nism. However the air entrainment process is adversely affected by significant scale effects in small 

size models (KOBUS 1984; WOOD 1991; CHANSON 1997a; CHANSON & GUALTIERI 2008; MURZYN 

& CHANSON 2008; CHANSON 2009a). Therefore stringent scale conditions in the model architecture 

and the systematic observation of the flow structure are important to minimise and to characterise 

these scale effects. Earlier studies, systematically conducted at geometrical similar stepped spillway 

models, showed significant scale effects using the Froude similitude (BOES 2000a,b; GONZALEZ 

2005; CHANSON & GONZALEZ 2005; FELDER & CHANSON 2009b). FELDER & CHANSON (2009b) 

highlighted furthermore scale effects in experiments based upon an undistorted Reynolds simili-

tude.  

The present study was conducted based upon a Froude similitude and Equation (2-1) could be sim-

plified taking constant parameters into account: 
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where dc is the critical depth dc = qw
2/3/g1/3, and Re is the Reynolds number defined in terms of the 

hydraulic diameter DH. Equation (2-3) gives a dimensionless expression of the local air-water turbu-

lent flow properties as function of independent parameters that include both Froude and Reynolds 

numbers (CAROSI & CHANSON 2006). The Froude number is represented by the dimensionless term 

dc/h (critical flow depth over step height) since (dc/h)3/2 is a Froude number for a rectangular chan-

nel. This term characterises a dimensionless form of the discharge in the Froude similitude. 

 

2.2 Experimental facilities 

A large set of present experiments were conducted on two different large scale stepped spillway 

models at the University of Queensland (UQ). Further experiments on a (pooled) stepped spillway 

were performed at the Institute of Hydraulic Engineering and Water Resources Management 

(IWW) at RWTH Aachen University in Germany. Table 2-1 summarises the flow conditions and 

the experimental facilities in the Ph.D. project. 
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Table 2-1: Summary of stepped spillway facilities and experimental flow conditions in the present study 

Stepped 
spillway 

Configurations θ 
[°] 

W 
[m] 

h 
[cm] 

w 
[cm]

qw       
[m2/s] 

dc/h       
[-] 

Re             
[-] 

I (UQ) Flat steps, 
Non-uniform flat steps 

26.6 1.0 Ia: 10 
Ib: 5 

N/A 0.005-0.241 0.18-3.51 1.9×104-9.6×105 

II (UQ) Flat steps,  
Pooled (porous) steps 

26.6 0.52 10 3.1 0.003-0.282 0.10-2.01 1.3×104-1.1×106 

III 
(IWW) 

Flat steps,  
Pooled steps 

8.9 0.5 5 5 0.004-0.234 0.24-3.54 1.6×104-9.3×105 

 

2.2.1 Experimental facilities at UQ 

Two different stepped spillway facilities were used at the University of Queensland. First experi-

ments were conducted in the Gordon McKay Hydraulic Laboratory of the School of Civil Engineer-

ing at UQ (referred to as spillway I). After closure of the lab, a new stepped spillway facility was 

available at UQ with the same channel slope (referred to as spillway II). 

 

2.2.1.1 Stepped spillway I in the McKay Hydraulics Laboratory at UQ 

For the first set of experiments, a large size stepped spillway facility was used which worked well 

in several previous studies (e.g. CHANSON & TOOMBES 2002a; YASUDA & CHANSON 2003; 

GONZALEZ 2005; CHANSON & CAROSI 2007b; FELDER & CHANSON 2009b). The facility consisted 

of a large upstream basin with a height of 1.5 m and with width and length of 4.8 and 6.8 m respec-

tively. The basin supplied a constant discharge through a sidewall convergent with a 4.8:1 contrac-

tion ratio to the stepped spillway test section. At the upstream end, the test section comprised of a   

1 m wide broad-crested weir with length Lcrest = 0.62 m and upstream rounded corner (rcrest = 0.057 

m) followed by a 1 m wide and 1 m high stepped spillway section with a slope of 26.6°, i.e. with a 

ratio of step height to step length 1V:2H. The spillway section was either equipped with identical 

plywood steps of uniform height (h = 5 cm or h = 10 cm) or with various non-uniform configura-

tions of these step heights. The stepped spillway with uniform steps of h = 10 cm are referred to as 

spillway Ia and the uniform 5 cm high steps as spillway Ib. The sidewalls of the test section were 

made of transparent Perspex. At the downstream end of the spillway, a flat concrete channel dis-

charged the water into a dissipation pit with pump sump, from where the water was pumped to the 

upstream feeding basin. Figure 2-1 illustrates the experimental facility with the upstream basin. De-

tails of the experimental test section are visible in Figure 2-2.  

The pump supplied a constant water flow rate 0 < Qw < 0.3 m3/s with an accuracy of 2% controlled 

by an AC motor drive. The discharge was measured with a pointer gauge installed upstream of the 

broad-crested weir using a discharge calibration function (GONZALEZ & CHANSON 2007a): 
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where H1 is the upstream total head above the weir crest elevation. 

 
Figure 2-1: View of the experimental facility I at the McKay hydraulics laboratory at UQ; upstream basin in fore-

ground 

 

 
Figure 2-2: Side view of the experimental test section in stepped spillway facility I at the McKay Hydraulics Laboratory 

at UQ (h = 10 cm, θ = 26.6º); Skimming flow regime, dc/h = 1.7 

 

2.2.1.2 Stepped spillway II in the Civil Engineering Hydraulics Laboratory at UQ 

A new stepped spillway facility was designed in the Hydraulics Laboratory at UQ. The experi-

mental facility had a size of 7 m × 3 m and consisted of a 7 m long, 0.52 m wide test section with a 

slope of 26.6° (Figure 2-3). The channel consisted of 10 plywood steps with step height h = 10 cm 

or of 9 (porous) pooled steps with weir height w = 3.1 cm (Figure 2-4). The channel sides were 

made of Perspex to allow a good visualisation of the flows. Constant flow rates were supplied by a 
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large upstream intake basin with a size of 2.9 m × 2.2 m and a depth of 1.5 m. Smooth inflow was 

supplied by a long sidewall convergent with a 4.23:1 contraction ratio to enable a smooth waveless 

inflow into the test section. At the upstream end of the test section, the flow was controlled by a 

broad-crested weir with height zcrest = 1 m, width W = 0.52 m and length Lcrest = 1.01 m and an up-

stream rounded corner (rcrest = 0.08 m). The discharge was calibrated based upon detailed velocity 

and pressure measurements (FELDER & CHANSON 2012b): 
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   for 0.02 < H1/Lcrest < 0.3 (2-5) 

More details about the flow rate calibration can be found in section 2.3 and Appendix C. 

 
Figure 2-3: View of stepped spillway facility II at the Civil Engineering Hydraulics Laboratory at UQ (h = 10 cm, θ = 

26.6°); upstream basin with cover in background; downstream stilling basin in foreground 

 

 
Figure 2-4: Test section in stepped spillway facility II with pooled steps (h = 10 cm, w = 3.1 cm, θ = 26.6°) 
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2.2.2 Stepped spillway facility at IWW in Aachen 

Further stepped spillway experiments were performed on a large size experimental facility at the In-

stitute of Hydraulic Engineering and Water Resources Management (IWW) at RWTH Aachen Uni-

versity in Germany. The stepped spillway model was previously used by THORWARTH & 

KÖNGETER (2006) and THORWARTH (2008), who studied instabilities on pooled stepped spillways 

with slopes of 8.9° and 14.6°.  

The experimental facility consisted of a 12 m long channel with 0.5 m width (Figure 2-5). At the 

upstream end, a stilling tank and a following uncontrolled broad-crested weir provided a uniform 

discharge 0.002 < Qw < 0.117 m3/s in a closed water circuit. The test section consisted of 21 PVC 

steps with heights h = 5 cm and length l = 0.32 m, i.e. a channel slope of 8.9° (Figure 2-5). For an-

other set of experiments, the stepped spillway was equipped with pooled steps with a weir height w 

= 5 cm (Figure 2-5) or with a combination of flat and pooled steps. At the downstream end of the 

experimental channel, a sharp-crested weir was used for the discharge measurement. An acoustic 

displacement meter was installed before the weir sampling with a frequency of 5 Hz. More details 

about the experimental facility can be found in THORWARTH & KÖNGETER (2006) and THORWARTH 

(2008). 

 
Figure 2-5: Experimental facility III at IWW in Aachen with pooled steps (h = w = 5 cm, θ = 8.9°) 

 

2.3 Broad-crested weirs and inflow conditions 

CHANSON (2006a) tested the effects of the inflow conditions upon the inception point of air en-

trainment and highlighted the importance of the inflow conditions onto the stepped chute flow. In 

all three stepped spillway facilities, the inflow into the stepped spillway test section happened 

through uncontrolled broad-crested weirs. For all set-ups and all experiments, critical flow depth 

was observed on the broad-crested weirs and the flow turned supercritical at the first step edge at 

the downstream end of the broad-crest. The inflow conditions in the present study were comparable 

to earlier stepped spillway studies with broad-crested weirs (e.g. CHANSON & TOOMBES 2002a; 

OHTSU et al. 2004; GONZALEZ 2005; THORWARTH 2008; BUNG 2009).  
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The flow patterns and the free-surface fluctuations on the broad-crested weirs of stepped spillway 

facilities I and II highlighted differences between the clear water flows on the broad-crests. For 

stepped spillway I, large three-dimensional tornado eddies and strong instabilities were observed as 

previously reported by GONZALEZ & CHANSON (2007a). Smaller three-dimensional eddies were still 

observed when a net installed upstream of the weir was removed. The flows along the broad-crested 

weir on stepped spillway II were much smoother and waveless, but for the largest flow rates which 

showed small free-surface fluctuations and large scale eddies. Detailed measurements of the free-

surface profiles and fluctuations on the broad-crested weirs showed the close agreement of the flow 

depths on the broad-crested weirs. However, a smaller flow depth was recorded in the centre of the 

weir of stepped spillway II which seemed to indicate different flow patterns on the longer broad-

crested weir possibly linked with the boundary layer development. The geometries of the two 

broad-crested weirs differed and the effects of channel width and upstream inflow conditions upon 

the flow patterns were not investigated. More details about the comparison of the broad-crested 

weir flows (and of the air-water flows) on stepped spillways I & II are presented in Appendix F. 

Detailed experiments were conducted with a Prandtl-Pitot tube (Ø = 3 mm) on the broad-crested 

weir of stepped spillway II calibrating the discharge (Equation (2-5)) and highlighting the free-

surface profiles and the velocity and pressure distributions on the broad-crest. Both pressure and ve-

locity distributions were affected by the free-surface curvature and the friction of the crest. In the 

region at the downstream end of the broad-crest, the pressure and velocities differed from a theoret-

ical solution of the Boussinesq equation (MONTES & CHANSON 1998) and were close to the obser-

vations of an over fall (HENDERSON 1966). The velocity and the pressure distributions were affected 

by the streamline and free-surface curvatures in the region close to the brink. The velocity distribu-

tion highlighted the development of the boundary, displacement and momentum thicknesses. In the 

downstream region of the broad-crested weir, the boundary layer differed from the smooth turbulent 

boundary layer theory which might be caused by velocity redistributions induced by the free-

surface and streamline curvature of the flow. The dimensionless boundary stress was calculated us-

ing the best fit to the log-law and momentum integral equations. Independent of the measurement 

technique the shear stresses were on average τ0/(ρ×g×H1) ~ 0.0015 to 0.0025 for all measurement 

positions along the broad-crested weir. Further details about the experimental observations on the 

broad-crested weir in stepped spillway II can be found in FELDER & CHANSON (2012b) and in Ap-

pendix C. 
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2.4 Instrumentation 

2.4.1 Single-tip and double-tip conductivity probes 

The measurements of the air-water flow properties in two-phase flows were measured using phase-

detection intrusive probes, which were first developed by NEAL & BANKOFF (1963). The working 

principle of the probes is based upon the different resistivity of air and water (SERIZAWA et al. 

1975; HERRINGE & DAVIS 1976; CHANSON 1995a): the resistivity of air is 1000 times larger than 

that of water. The needle-tip design includes one electrode which is the exposed tip of an insulated 

wire and the second electrode which is the supporting tube (CHANSON 1988). When the probe tip 

and the surrounding metal are in contact with water at the same time, current flows between the two 

electrodes. Every time an air bubble gets pierced by the probe tips, the voltage signal drops imme-

diately. The signal is not completely rectangular because of the small size of the probe tips, the wet-

ting and drying time of the tip and the response time of the instrumentation and the data acquisition 

system (CHANSON 2002a). A different type of instrumentation for air-water flows is an optical fibre 

probe which was also used in some studies (e.g. BOES 2000a; ANDRÉ 2004). In the present study, 

conductivity probes were used to measure the air-water flow properties and Table 2-2 summarises 

the details of the conductivity probes. 

 

Table 2-2: Summary of phase-detection intrusive probes in the present study 

Conductivity 
probes 

Diameter 
[mm] 

Δx 
[mm] 

Δz      
[mm] 

Sampling 
rate [kHz] 

Sampling 
duration [s] 

Probe 
design 

Experiments 

Double-tip  0.25  7.2(*) 2.1 20 45  UQ Stepped spillways   
I & II 

Array of          
2 single-tip 

0.35 0 3.3 - 80.8 20  45  UQ Stepped spillways   
I & II 

Double-tip  0.13 5.1 1 20 45  IWW Stepped spillway III 

(*) some double-tip conductivity probes in the present study had slightly different Δx 

2.4.1.1 Double-tip and single-tip conductivity probes in stepped spillways I and II (UQ) 

In the experiments at the University of Queensland (UQ), conductivity probes were used, which 

were developed at UQ and worked successfully in earlier two-phase flow studies of plunging jets 

(CUMMINGS 1996), of two-dimensional water jets (BRATTBERG et al. 1998), of stepped spillways 

(CHANSON & TOOMBES 2002b; TOOMBES 2002; GONZALEZ 2005; CAROSI & CHANSON 2006; 

FELDER & CHANSON 2008a,2011a) and of hydraulic jumps (CHANSON & BRATTBERG 2000; 

CHANSON 2007b). Most experiments were conducted with a double-tip conductivity probe with a 

diameter Ø = 0.25 mm. The leading and trailing tips of the 2-tip probe were offset in longitudinal 

direction Δx = 7.2 mm and had a transverse separation of Δz = 2.1 mm (Table 2-2). Further experi-
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ments were performed with an array of two identical single-tip probes (Ø = 0.35 mm) with various 

transverse distances 3.3 mm ≤ Δz ≤ 80.8 mm. Both probe tips were positioned at the same vertical 

and horizontal distance within the channel. Figure 2-6 shows photos from both single-tip and dou-

ble-tip conductivity probes used in the experiments on stepped spillways I and II and Figure 2-7 il-

lustrates the positioning of the probes. 

(A) Double-tip probe with streamwise separation Δx; UQ 
design (Ø = 0.25 mm) 

(B) Two single-tip probes side by side with transverse sep-
aration Δz; UQ design (Ø = 0.35 mm) 

Figure 2-6: Photos of conductivity probes used in experiments in stepped spillways I & II (UQ design)  

 

 
(A) Positioning of the double-tip probe 

 
(B) Positioning of the two single-tip probes 

Figure 2-7: Sketches of the positioning of the conductivity probes 

 

All probes were supported by a trolley system and the positioning of the probes normal to the pseu-

do-bottom was performed with a Mitutoyo™ digital ruler mounted on a fine adjustment screw-drive 
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mechanism. The error in the translation of the probe in the direction normal to the flow was less 

than 0.5 mm. The accuracy on the longitudinal probe position was estimated as Δx < +/- 0.5 cm and 

the transverse direction less than 0.1 mm (CAROSI & CHANSON 2006). 

All measurements were conducted with the same electronic system (Ref. UQ82.518). This “air 

bubble detector” was designed to excite the probe and to translate changes in conductivity into a 

raw voltage signal that could be read by a computer. In the experiments on stepped spillway I, the 

data were recorded with a high speed data acquisition system Burr-Brown 20098C-2C ana-

logue/digital converter (100 kHz maximum scanning frequency). For the new channel, the signal 

was acquired with a high speed data acquisition system (NI USB-6251 BNC) and self-designed 

LabVIEWTM data acquisition software. The new data acquisition program enables a simultaneous 

recording of up to eight conductivity sensors and an online analyses code in Fortran is imbedded. 

More details about the data acquisition program are presented in Appendix A. 

Sensitivity analyses of key acquisition parameters were conducted. Based upon the results, a sam-

pling duration of 45 s and a sampling rate of 20 kHz were identified as suitable and all experiments 

were conducted for 45 s and with 20 kHz. More details about the sensitivity analyses are present in 

section 2.6 and Appendix B. The recorded raw data of all experiments were analysed with a self-

designed Fortran data analysis program and all air-water flow properties were investigated. More 

details about the Fortran data analysis program are presented in section 2.5 and Appendix A. 

 

2.4.1.2 Double-tip conductivity probes in stepped spillway III (IWW) 

In the experiments in stepped spillway III at IWW, a double-tip conductivity probe was used. The 

probe was designed by IWW  and was successfully used in previous studies by THORWARTH & 

KÖNGETER (2006), THORWARTH (2008) on the same experimental channel as the present study 

(FELDER & CHANSON 2012a; FELDER et al. 2012a) as well as by BUNG (2009,2011a) in a stepped 

spillway at the University of Wuppertal in Germany. The IWW conductivity probe had an inner di-

ameter of 0.13 mm and an outer electrode diameter of 0.5 mm (Figure 2-8). The separation of the 

two probe tips in flow direction was Δx = 5.1 mm and in transverse direction Δz = 1 mm (Table 2-

2). The probe was mounted parallel to the mainstream flow direction on a trolley with an electronic 

control system (isel®), which enabled an automatic translation in vertical direction with an accuracy 

of 0.2 mm. The positioning of the probe tips of the double-tip probe was equivalent to the experi-

ments at UQ (Figure 2-7A). The double-tip probe was sampled with a frequency of 20 kHz and for 

45 s with a LabVIEWTM program designed by IWW. The raw signals were processed with the same 

self-designed Fortran data analysis software as used for the experiments at UQ (Appendix A). 
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Figure 2-8: Photo of double-tip conductivity probe (Ø = 0.13 mm) used in experiments in stepped spillway III (IWW 

design) – flow from right to left 

 

2.4.2 Acoustic displacement meters 

A series of experiments at UQ were conducted with acoustic displacement meters to measure the 

surface in both non-aerated and aerated flows on a stepped spillway. The displacement meters were 

used successfully in experiments in air-water flows on hydraulic jumps (e.g. MURZYN & CHANSON 

2007,2009; CHACHEREAU & CHANSON 2011b). In the present study, four acoustic displacement me-

ters Microsonic™ were used, three Mic+25/IU/TC with 0.18 mm accuracy and 50 ms response time 

and one Mic+35/IU/TC sensor with 0.18 mm accuracy and 70 ms response time. In the stepped 

spillway experiments, the displacement meters were installed perpendicular to the pseudo-bottom 

formed by the step edges in both aerated and non-aerated areas to record the free-surface profiles. 

The acoustic displacement meters were sampled simultaneously with 100 Hz and for 3 minutes. 

Additional experiments were performed on the broad-crested weirs of stepped spillways I and II 

and the free-surface fluctuations were recorded (Figure 2-9). The results for the displacement meter 

experiments on the stepped spillways and the broad-crested weirs are presented in section 4.5 and 

Appendixes C and I. A similar acoustic displacement meter sampled the flow depth in front of a 

sharp-crested weir with 5 Hz in the experiments on stepped spillway III (IWW) for the adjustment 

of the flow discharge. 

 
Figure 2-9: Acoustic displacement meter on the broad-crested weir in stepped spillway II; H1/Lcrest = 0.15 
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2.4.3 Prandtl-Pitot tube 

In clear-water flows on the broad-crested weir of stepped spillway number II, pressure and velocity 

measurements were performed with a Prandtl-Pitot tube (Figure 2-10). The Prandtl-Pitot tube had a 

diameter of Ø = 3.0 mm and the static pressure tapping was positioned 3 cm behind the Pitot tube 

tip with the opening for the total head measurements. The tapings were connected to an inclined air-

water manometer and readings of the total and piezometric heads allowed the calculation of pres-

sure and velocity of the flow. The translation of the Prandtl-Pitot probe in the vertical direction was 

controlled by a fine adjustment travelling mechanism. The error on the vertical position of the probe 

was less than 0.25 mm. The accuracy on longitudinal position was estimated ±1 mm while the error 

on the probe transverse position was less than 1 mm. The accuracy of the manometer readings was 

about ±2 mm. 

 
Figure 2-10: Prandtl-Pitot tube in experiment on the broad-crested weir of stepped spillway II; H1/Lcrest = 0.18  

 

2.4.4 Further instrumentation 

For all experiments, a detailed visual documentation of the experimental facilities and both mono-

phase and air-water flows was conducted using video and photo recordings. A Canon Digital IXUS 

55 camera was used for the video recordings and a Canon EOS 450D digital SLR camera for the 

photo documentation.  

The measurements of the flow depth upstream and on the broad-crested weir were performed with 

pointer gauges (Figure 2-11). In Figure 2-11, several pointer gauges are illustrated which were used 

for the recording of the flow depth in the centreline of the broad-crested weir. The flow discharge in 

the experiments on stepped spillways I and II was controlled by measurements of the flow depth 

upstream of the broad-crested weir with a pointer gauge. The accuracy of the flow depths measure-

ments was about 1 mm in vertical direction. For larger flow rates on stepped spillway I, flow insta-

bilities on the broad-crested weir might have yielded larger measurement inaccuracies and an aver-

age reading was taken.  
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Figure 2-11: Pointer gauges on and upstream of the broad-crested weir in stepped spillway II; H1/Lcrest = 0.04 

 

2.5 Basic signal processing in air-water flows 

A new signal processing software was self-designed by the author in Fortran to include the full 

range of signal processing techniques which were developed and used in previous studies at the 

University of Queensland (e.g. CHANSON & TOOMBES 2002a; TOOMBES 2002; CHANSON & CAROSI 

2007a; FELDER & CHANSON 2009a). The Fortran data analysis program automated the calculation 

of the air-water flow properties (Table 3-2) and the output included ASCII files with results of void 

fraction, bubble count rate, interfacial velocity, turbulence intensity, chord times and lengths, cross-

correlation functions, auto- and cross-correlation time scales, integral turbulent time and length 

scales, inter-particle arrival times and the full range of cluster properties for three cluster criteria. 

The new code enabled much faster and efficient signal processing and was successfully used in air-

water flow studies (FELDER & CHANSON 2011a,b; CHACHEREAU & CHANSON 2011a; ZHANG et al. 

2012,2013; FELDER & CHANSON 2012a; FELDER et al. 2012a,b; CHANSON & CHACHEREAU 2013).  

The data analyses program was expanded recently to include also the triple decomposition tech-

nique. Therefore new routines were self-designed in Fortran to include high pass, band pass and low 

pass filtering of the raw signal components and the calculation of the decomposed air-water flow 

properties (FELDER & CHANSON 2012a,2013b). The calculations were extensive and the implemen-

tation of the triple decomposition technique would be impossible without the Fortran data analysis 

program. The data analysis methodology for the triple decomposition approach and for the calcula-

tion of the air-water flow properties is explained in the following sub-sections and more details 

about the Fortran data analysis software can be found in Appendix A and the source code is availa-

ble in the Digital Appendix on DVD. 

The basic signal processing of the raw voltage signals of the conductivity probes is based either up-

on a single threshold technique or on statistical analyses. Table 2-3 summarises the air-water flow 

properties in the present study and the corresponding signal processing technique. 
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Table 2-3: Summary of the signal processing techniques of the air-water flow properties 

Parameter Notation Unit Signal processing Basic instrumentation 
Void fraction C - Single threshold Single-tip probe 
Bubble count rate F Hz Single threshold Single-tip probe 
Interfacial velocity V m/s Statistical analysis Double-tip probe 
Turbulence intensity Tu - Statistical analysis Double-tip probe 
Bubble/droplet chord time tch s Single threshold Single-tip probe 
Bubble/droplet chord length ch m Single threshold Double-tip probe 
Auto-correlation function Rxx - Statistical analysis Single-tip probe 
Cross-correlation function Rxy - Statistical analysis Double-tip probe 
Cross-correlation function Rxz - Statistical analysis Array of 2 single-tip probes 
Auto-correlation time scale Txx s Statistical analysis Single-tip probe 
Cross-correlation time-scale Txy s Statistical analysis Double-tip probe 
Cross-correlation time-scale Txz s Statistical analysis Array of 2 single-tip probes 
Integral turbulent time scale Tint s Statistical analysis Array of 2 single-tip probes 
Integral turbulent length scale Lxz m Statistical analysis Array of 2 single-tip probes 
Advection turbulent length scale Lxx m Statistical analysis Double-tip probe 
Cluster analysis - - Single threshold Single-tip probe 
Inter-particle arrival time - s Single threshold Single-tip probe 

 

2.5.1 Single threshold technique 

The single threshold technique is well-suited to an air-water voltage signal with distinctive peaks 

between air and water yielding a bimodal distribution of the voltage signals (CARTELLIER & 

ACHARD 1991). When a voltage is below the air-water threshold, the signal is identified as air and 

otherwise as water. Theoretically the value of the threshold may range between 0 and 100% of the 

air-water voltage range. In practice, it is common to use 45% to 55% of the voltage range for an ac-

curate measurement of flow properties in different flow (e.g. HERRINGE & DAVIS 1974; TOOMBES 

2002). A detailed sensitivity analysis was conducted in the present study showing little differences 

between 40% to 60% of the voltage range (CHANSON & FELDER 2010). Herein the threshold was set 

at 50% of the difference in the two voltage peaks at every location within a cross-section. More de-

tails about the sensitivity analyses are presented in section 2.6.1 and Appendix B. 

The single threshold technique was used to identify the time that the probe tip spent in air and in 

water. Every time the voltage value was below the threshold, the instantaneous void fraction c was 

equal to 1. When the voltage lied above the threshold, c = 0. The instantaneous void fraction data 

were used to calculate the time-averaged void fraction, the bubble frequency, the air bubble and wa-

ter droplet chord times, the bubble and droplet chord lengths and the streamwise particle grouping. 

The instantaneous void fraction was used to calculate the time-averaged air concentration or void 

fraction C as: 
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  (2-6) 

where n is the number of samples defined as the sampling frequency times the sampling duration 

and the instantaneous void fraction c was equal to 0 or 1. The bubble frequency or bubble count rate 

F was defined as the number of water-to-air interfaces per unit time. Note that the numbers of water 

droplets and air bubbles were identical. The air bubble and water droplet chord times were defined 

as the time between the changes of instantaneous void fraction. A multiplication of chord times by 

the mean velocity Uw provided a pseudo air bubble and water droplet chord lengths (CAROSI & 

CHANSON 2006) while a multiplication of chord times by the interfacial time averaged velocity V 

yielded the air bubble and water droplet chord lengths which were used in the present study. The 

chord sizes were not the bubble diameters, but characteristic streamwise air-water sizes (CHANSON 

& TOOMBES 2002a; GONZALEZ et al. 2005). 

Another type of air-water flow property is the particle grouping or cluster characteristics providing 

detailed information about the streamwise structure of the two-phase flow (HEINLEIN & FRITSCHING 

2006; CHANSON & CAROSI 2007a). In the present study, cluster analyses were performed for all ex-

periments based upon the near-wake criterion (CHANSON et al. 2006; GUALTIERI & CHANSON 

2010). Air bubbles and water droplets were considered as travelling in a cluster if the air/water 

chord length/time between two adjacent particles was smaller than a characteristic length/time 

scale. In the near-wake criterion, a cluster occurred when the length scale between successive air 

bubble or water droplets chcluster was smaller than the size of the leading bubble/droplet chlead : 

clusterlead chch   (2-7) 

where the factor ω represents the wake time scale ratio often selected within the range ω = 0.5 – 2 

for pseudo-spherical particles. Herein ω = 1 was selected in the present study following CHANSON 

et al. (2006). The cluster analyses encompassed a wide range of parameters including the percent-

age of bubbles/droplets in clusters, the number of clusters per second, the average number of parti-

cles per cluster, the average clustered chord sizes, the ratio of average clustered chord size and av-

erage chord size, the ratio of lead particle size and average clustered chord size as well as the PDF 

of the number of particles per cluster. Please note, that the same cluster properties were calculated 

for two further cluster definition criteria. The criteria defined the characteristic length/time scales 

between two adjacent particles in a cluster as a constant scale or as a length/time scale of 10% of 

the mean chord size. For all experiments in the present study, the cluster properties were calculated 

for all three cluster definition criteria and a detailed comparison is discussed in Appendix J. It was 
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found that the near-wake criterion was the most meaningful and therefore the experimental results 

of the near-wake cluster criterion are presented for all experiments in the thesis. 

A further air-water flow property is the inter-particle arrival time, which provided information 

about the randomness of the travelling particles (EDWARD & MARX 1995; HEINLEIN & FRITSCHING 

2006; CHANSON 2007b,2008a). The inter-particle arrival time analysis is valid for a dispersed flow 

assuming non-interacting particles, i.e. no particle break-up, no particle collision and no particle 

conglomeration. The inter-particle arrival time analysis was performed for both air bubble and wa-

ter droplets, split into classes of particle chord sizes for which a similar behaviour may be expected 

(EDWARD & MARX 1995). For each class, the PDF of the inter-particle arrival time between succes-

sive particles was calculated and compared with the Poisson distribution. A deviation of experimen-

tally recorded inter-particle arrival times from the theoretical inter-particle time distribution in a 

random ideal dispersed flow indicated particle clustering. The inter-particle arrival time for the ide-

al dispersed flow was calculated based upon a superposition of Poisson processes (HEINLEIN & 

FRITSCHING 2006; CHANSON & CAROSI 2007a): 
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where t is the inter-particle arrival time, Tscan the sampling duration and Nab the number of particles. 

The comparison of Equation (2-8) and experimental data was conducted for typical particle chord 

size classes which were expected to show similar flow behaviour (EDWARD & MARX 1995).  

 

2.5.2 Statistical analyses of the raw voltage signals 

Further air-water flow properties were calculated based upon statistical analyses of the raw conduc-

tivity probe signals. With the double-tip probe, a cross-correlation between the simultaneously 

sampled two probe tip signals yielded the cross-correlation function Rxy and the maximum cross-

correlation (Rxy)max (HERRINGE & DAVIS 1976; CHANSON 1997a; CROWE et al. 1998). The ratio of 

sensor separation ∆x to the average interfacial transit time T where (Rxy)max gave the local time-

averaged interfacial velocity: V = ∆x/T. 

The shape of the cross-correlation function provided further information on the velocity fluctua-

tions. The broadening of the cross-correlation function compared to the auto-correlation function 

yielded the turbulence intensity (KIPPHAN 1977; CHANSON 2002a). CHANSON & TOOMBES (2002a) 

derived an equation for a dimensionless expression of the turbulence velocity fluctuations: 
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where τ0.5 is the time scale for which the cross-correlation function is half of its maximum value 

such as: Rxy(T+τ0.5) = 0.5 × Rxy(T), and T0.5 is the characteristic time for which the normalised auto-

correlation function equals: Rxx(T0.5) = 0.5. Both the calculation of interfacial velocity and of turbu-

lence intensity were conducted for 15 non-overlapping segments of the raw signal to avoid any bi-

asing of the correlation which might occur for large data sets (HAYES 1996; GONZALEZ 2005).  

The integration of the auto- and cross-correlation functions from the maximum correlation (Rxy)max 

to the first zero-crossing of the correlation curve yielded the integral time scales Txx and Txy: 
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Txx was the auto-correlation integral time scale which characterised the longitudinal air-water flow 

structure (CHANSON & CAROSI 2007a), i.e. it represented a rough measure of the longest longitudi-

nal connection (CHANSON 2007b). The cross-correlation integral time scale Txy characterised the 

vortices advecting the air-water flow structure and was a function of the probe separation distance. 

Txy was the time scale for the double-tip conductivity probe and characterised the flow structure in 

longitudinal direction. A further air-water flow property was the advection integral length scale Lxx 

with 

xxxx TVL   (2-12) 

Lxx was a characteristic longitudinal size of the large advecting eddies (CHANSON & CAROSI 

2007b).  

Further experiments were conducted with two identical single-tip conductivity probes which were 

positioned at the same streamwise position and the same elevation above the pseudo-bottom. Series 

of experiments were conducted with various transverse spacing between the two probes. A cross-

correlation between the raw signals was performed for non-overlapping intervals of 3 s to be con-

sistent with previous studies (CAROSI & CHANSON 2006; FELDER & CHANSON 2008a) even so a 

sensitivity analysis did not show any effect of the sub-sample duration on the flow properties (Ap-

pendix B). For the single-tip probe in channel centreline, the auto-correlation time scale Txx was 

calculated using Equation (2-10). For all data with transverse separations between the single-tip 
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probes, the maximum cross-correlation values (Rxz)max and the cross-correlation integral time scales 

Txz were calculated in analogy to Equation (2-11). An integration of the results of different trans-

verse separations Δz yielded the transverse integral turbulent length scale:  
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Lxz represented a characteristic dimension of the transverse integral turbulent length scale of the 

large vortical structures advecting the air bubbles and air-water packets (CHANSON 2007b; 

CHANSON & CAROSI 2007b). 

The corresponding integral turbulent time scale was: 
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  (2-14) 

 

2.6 Sensitivity analyses and measurement accuracy 

Detailed sensitivity analyses of the effect of some crucial parameters on the air-water flow proper-

ties was conducted. The effect of the air-water threshold, the sampling duration and the sampling 

frequency on the void fraction, sampling frequency, interfacial velocity and turbulence intensity 

was tested. Further sensitivity tests were performed on the effects of the bin size of the PDF of the 

raw voltage signals, of the sub-sampling duration on the turbulence properties and of the cut-off ef-

fects of the air voltage signals on the air-water flow properties (Appendix B). Details of the sensi-

tivity analyses can be found in Appendix B for all tested parameters in both transition and skim-

ming flows. The sensitivity analyses were conducted for double-tip conductivity probe data collect-

ed at several characteristic locations within a cross-section in bubbly, intermediate and spray flow 

regions (Table 2-4) on stepped spillway I with uniform flat steps h = 10 cm. Table 2-4 lists the 

characteristics of the experimental flow conditions for the sensitivity analysis. The sensitivity study 

confirmed the choice of a 50% air-water threshold. The sampling rate of 20 kHz and the sampling 

duration of 45 s were optimum to allow an accurate quantification of the air-water flow properties 

and to limit the amount of collected data. 

 

Table 2-4: Experimental flow conditions for the sensitivity analysis 

Reference qw [m2/s] dc/h Re [-] Flow regime Step edge Measurement locations y [mm]
TRA 0.056 0.69 2.2×105 Transition flow 10 4, 14, 22, 32, 56 
SK 0.161 1.38 6.4×105 Skimming flow 10 7, 37, 50, 60, 72, 90 
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2.6.1 Effect of air-water threshold 

As explained in section 2.5.1, the single threshold technique is well-suited to identify air bubbles or 

water droplets from a raw voltage signal. Previous investigations of the single air-water threshold 

identified an air-water threshold of 45% to 55% as sufficient for the calculation of the air concentra-

tion. TOOMBES (2002) tested the effects of thresholds between 40% and 60% of the voltage range 

and confirmed the findings of HERRINGE & DAVIS (1974) for air-water thresholds between 20% and 

70%. In the present sensitivity analysis, the effect of the air-water threshold on the air concentration 

C and the bubble count rate F was tested for thresholds between 15% and 85% (Figure 2-12). Fig-

ure 2-12 shows typical results for skimming flow data in different flow regions. The values of both 

air-water flow properties confirmed a threshold of 50% of the voltage range as the best possible 

single-threshold. 

 
Figure 2-12: Effect of the air-water threshold on the void fraction and bubble count rate in skimming flows; sampling 

rate 20 kHz, sampling duration 45 s 

 

2.6.2 Effect of sampling frequency 

The effects of the sampling frequency on the air-water flow properties were tested for transition and 

skimming flow data recorded with a frequency of 40 kHz for a sampling duration of 45 s. The ef-

fects of sampling frequencies between 1 and 40 kHz on void fraction, bubble count rate, interfacial 

velocity and turbulence intensity were tested. For the interfacial velocity and the turbulence intensi-

ty, the correlation analyses were conducted for 15 non-overlapping segments. The sensitivity analy-

sis showed clearly the effects of the sampling rate on the bubble count rates and to a lesser extent on 

the other air-water flow properties (Figure 2-13). Little effects were observed for frequencies larger 
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than 10 to 20 kHz which justified the sampling frequency of 20 kHz for all experiments in the pre-

sent study. A larger sampling rate of 40 kHz would yield almost identical results, but the amount of 

data would be doubled. 

(A) Void fraction (B) Bubble count rate 

(C) Interfacial velocity (D) Turbulence intensity 

Figure 2-13: Effect of the sampling frequency on the air-water flow properties in transition and skimming flows; sam-
pling duration 45 s  

 

2.6.3 Effect of sampling duration 

The effects of sampling durations between 1 and 180 s were investigated for a sampling frequency 

of 20 kHz and for a constant sub-sample duration of 3 s in both skimming and transition flows. The 

effects of the sampling period on the void fraction, the bubble count rate, the interfacial velocity 

and the turbulence intensity were tested and typical findings are illustrated in Figure 2-14. Figure 2-

14 confirms the finding of CHANSON (2007a) that the sampling rate had little effects on void frac-
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tion and bubble frequency for periods larger 45 s. Furthermore, for sampling durations larger 45 s, 

the values of interfacial velocity and turbulence levels remained almost constant. 

(A) Void fraction and bubble count rate (B) Interfacial velocity and turbulence intensity 

Figure 2-14: Effect of the sampling duration on the air-water flow properties in transition and skimming flows; sam-
pling frequency 20 kHz 

 

2.7 Triple decomposition technique of instationary air-water flow signals 

2.7.1 Presentation 

When a turbulent flow motion is characterised by slow fluctuations, the turbulence characterisation 

may be based upon a triple decomposition of the instantaneous velocity signal (e.g. HUSSAIN & 

REYNOLDS 1972; LYN & RODI 1994; FOX et al. 2005; BROWN et al. 2011; BROWN & CHANSON 

2013). The data is the instantaneous velocity signal u(t) recorded at a fixed location within the flow 

and it is decomposed into three components: 

)t("u)t('uU)t(u   (2-15) 

where U is a mean velocity component, u'(t) represents the slow fluctuating velocity and u''(t) the 

fast fluctuating velocity component which corresponds the turbulent motion within the flow. The 

decomposition of the instantaneous velocity must be based upon characteristic frequencies which 

are identified in visual observations or the power spectra of the recorded signal. The decomposition 

into the different velocity components is then performed by low, band and high pass filtering. 

In the present experimental study of unsteady air-water flows, no instantaneous velocity signal ex-

ists because the time-averaged interfacial velocity was calculated based upon the cross- correlation 

technique (section 2.5.2). The triple decomposition method known from mono-phase flows (Equa-
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tion (2-15)) was applied herein to the raw probe signals of the double-tip conductivity probe. The 

signals of both leading and trailing tips were split into three components reflecting the mean, slow 

fluctuating and fast fluctuating contributions. The approach was identical to the mono-phase flow 

technique, but it was applied to the phase-detection probe signal rather than to the instantaneous ve-

locity signal. The raw signal decomposition was performed using characteristic cut-off frequencies 

which were identified using visual observations as well as power spectra analyses of raw signals. 

On the 8.9° pooled stepped spillway, visual observation of the flow pattern indicated instabilities 

for a range of flow conditions encompassing transition and skimming flows. In the transition flows, 

the instabilities were clearly seen in the form of self-induced surface jump waves propagating 

downstream. Further instabilities were observed in transition and skimming flow regimes, i.e. sur-

face waves linked with unstable recirculation and cavity ejection processes. These pseudo-periodic 

instationary processes showed characteristic frequencies between 0.5 and 2 Hz. A novel triple de-

composition approach of instationary air-water flow data was developed to split the raw signals into 

different velocity components to identify the fast velocity fluctuations accounting for the turbulent 

energetic dissipation (FELDER & CHANSON 2012a,2013b).  

In this section, the triple decomposition approach is introduced. More details are provided in Ap-

pendix D including the validation of the triple decomposition approach and a sensitivity analysis of 

the cut-off frequencies. Experimental results of the triple decomposition technique on the pooled 

stepped spillway data are presented in section 5.5. The triple decomposition approach was also ap-

plied to some hydraulic jump experiments (Appendix E). A detailed description of the triple de-

composition technique is also presented in FELDER & CHANSON (2012a).  

 

2.7.2 Triple decomposition approach in unsteady air-water flows 

2.7.2.1 Characteristic frequencies of raw signal 

The characteristic frequencies were identified by visual observations of the air-water flow processes 

in the step pools in skimming flows. Typical frequencies were within the range of 0.5–2 Hz. The 

characteristic frequencies were also reflected in the FFT spectral analyses of the probe signals sam-

pled at 20 kHz for 45 s (Figure 2-15). Figure 2-15 shows typical power spectra of the probe signal 

together with a smoothed curve highlighting peaks and troughs in the power spectrum density func-

tions within 0.3–2 Hz. The visual observations and the peaks and troughs in the power spectra indi-

cated characteristic peaks in energies within the range of 0.5–2 Hz, likely linked with unsteady ve-

locities in the pooled stepped spillway flow. Characteristic frequencies of about 0.3–0.5 Hz were 

also observed in the power spectrum of interfacial velocities with element sizes of 0.1 s (10 Hz) 
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(Appendix D). Furthermore a sensitivity analysis was performed in terms of suitable cut-off fre-

quencies and the results are also presented in Appendix D. The sensitivity analysis yielded a suita-

ble lower cut-off frequency of 0.33 Hz and an upper cut-off frequency of 10 Hz. 

(A) C = 0.812, F = 21.0 Hz, V = 1.55 m/s (B) C = 0.751, F = 54.5 Hz, V = 2.37 m/s 

Figure 2-15: Spectral analysis of the fluctuations of raw phase detection probe signal of the leading tip of a double-tip 
conductivity probe in skimming flows on pooled stepped spillway IIIb (θ = 8.9°) - Smoothed signal in red 

 

2.7.2.2 Decomposition of the raw signal using filtering 

Based upon these thresholds, the low pass, band pass and high pass filtering of the raw signals were 

performed based upon a common FFT approach (PRESS et al. 2007). Figure 2-16 illustrates a typical 

raw probe signal (Figure 2-16A) and the resulting components after filtering (Figure 2-16B-D). 

Please note the different time axis range for the low pass filtered signal in Figure 2-16D. Each de-

composed data set was based upon a complete time series of 39 s at 20 kHz, i.e. 780,000 data 

points. A 13 s sub-sample was optimum and it allowed a sufficiently large data sub-set and yielded 

a proper smoothing of the results. The triple decomposition technique calculations were complex 

and implemented in the Fortran program. 
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(A) Raw signal 

 
(B) High pass filtered raw signal (10 - 10000 Hz) 

 
(C) Band pass filtered raw signal (0.33 - 10 Hz) 

 
(D) Low pass filtered raw signal (0 - 0.33 Hz) 

Figure 2-16: Raw and filtered signals for dc/h = 3.0, step 20, y = 92 mm, C =0.445, F = 70.1 Hz, V = 2.55 m/s - Note 
the longer time display for the low pass filtered signal in Figure 2-16D 

 

2.7.2.3 Decomposition of the air-water properties – Void fraction 

The instantaneous void fraction of the raw signal may be expressed in terms of the decomposed fil-

tered components: 

"c'cc~c   (2-16) 
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where c is the instantaneous void fraction, c~  is a mean or low pass filtered component, c' represents 

the slow fluctuating or band pass filtered contribution and c'' is the fast fluctuating or high pass fil-

tered component which was expected to be associated with the 'true' turbulent motion of the flow.  

The time averaged void fraction C is defined as: 

"C'CC
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n

1
C

n

1

   (2-17) 

where n was the number of data samples. When the lower cut-off frequency (0.33 Hz herein) is sig-

nificantly smaller than the characteristic frequencies of the air-water flow fluctuations, it yields: 
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The validation for Equations (2-16) to (2-20) is shown in Appendix D. 

 

2.7.2.4 Decomposition of the air-water properties – Auto- and cross-correlation functions 

The calculations of time-averaged velocity, turbulence intensity and auto- and cross-correlation 

time scales are based upon analyses of the auto- and cross-correlation functions. Using normalised 

auto- and cross-correlation functions and assuming that c~  C in Equation (2-16), the decomposed 

auto- and cross-correlation functions may be written as: 

))(R)(R()(R)(R)(R 'x"x"x'x"x"x'x'xxx   (2-21) 

)(RG)(RD)(RB)(RA)(R 'y"x"y'x"y"x'y'xxy   (2-22) 

where Rxx and Rxy are the auto- and cross-correlation functions for the raw signal and the decom-

posed signals respectively and the factors ϑ, ς and χ and the factors A, B, D and G are the coeffi-

cients of proportionality. It was shown in Appendix D that the correlation functions between band 

pass filtered and high pass filtered signals were negligible since Rx'x'' ≈ Rx''x' ≈ Rx'y" ≈ Rx"y' ≈ 0. The 

auto-correlation functions could be simplified to: 

)(R)("R)('R)(R)(R)(R )1(
xxxxxx"x"x'x'xxx   (2-23) 
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where Rxx' and Rxx'' are the auto-correlation functions of band pass and high pass filtered signals in-

cluding the factors ϑ and ς respectively and Rxx
(1) is the sum. Similarly Equation (2-22) became: 

)(R)("R)('R)(RB)(RA)(R )1(
xyxyxy"y"x'y'xxy   (2-24) 

where Rxy' and Rxy'' are proportional respectively to the cross-correlation functions of band pass and 

high pass filtered signals and Rxy
(1) was the sum of the band and high pass filtered correlation func-

tions: Rxy
(1) = Rxy' + Rxy''. 

The validity of Equations (2-23) and (2-24) is presented in Appendix D. 

 

2.7.2.5 Decomposition of the air-water properties – Interfacial velocity 

It may be shown that the cross-correlation function can be decomposed linearly (Equation (2-16)), 

and the time-averaged interfacial velocity corresponding to the band pass and high pass filtered sig-

nal is: 
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where T' and T" are the time lags for which Rx"y" and Rx'y' were maximum respectively. A further 

time-averaged interfacial velocity may be calculated based upon Equation (2-24): 
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  (2-27) 

where T(1) was the time for which Rxy
(1) is maximum (Rxy)

(1)
max. 

 

2.7.2.6 Decomposition of the air-water properties – Auto- and cross-correlation time scales 

Since the correlation function is a linear function of the auto- and cross-correlation functions re-

spectively of the filtered signals (Equations (2-23) and (2-24)), the definition of the auto- and cross-

correlation integral time scale becomes: 

)1(
xxxxxx"x"x'x'xxx T"T'TTTT   (2-28) 

)1(
xyxyxy"y"x'y'xxy T"T'TTBTAT   (2-29) 

where Txx' and Txy' are the auto- and cross-correlation time scales for the band pass filtered signal, 

Txx" and Txy" for the high pass filtered signal and Txx
(1) and Txy

(1) for the sum of the band pass and 
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high pass filtered correlation scales. It is shown in Appendix D that the correlation time scales of 

the raw function are almost identical to the time scales Txx
(1) (and Txy

(1)) and Txx' + Txx'' (and Txy' + 

Txy'').  

 

2.7.2.7 Decomposition of the air-water properties – Turbulence intensity 

As presented in section 2.5.2, the turbulence intensity could be expressed as: 
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  (2-30) 

Using Equation (2-30), the turbulence intensities for the band pass filtered, the high pass filtered 

signal and for the sum of the cross-correlation functions of band and high pass filtered signals 

(Equation (2-24)) are calculated as: 
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Note that it is not possible yet to justify theoretically the validity of Equations (2-31) to (2-33) as 

the decomposition of Equation (2-30) is highly non-linear. However, the experimental results for all 

data sets in the present study showed that the decomposition of the turbulence levels of the raw data 

was possible and the results yielded (Appendix D; section 5.5): 

)1(TuTu   (2-34) 

 

2.7.3 Discussion 

The theoretical validation of the approach is presented above and in Appendix D. It is shown that 

the auto- and cross-correlations of the respective probe signal components are valid representation 

of the original signal since a linear decomposition was applied (Equations (2-23) and (2-24)). The 

calculations of the auto- and cross-correlation time scales and of the interfacial velocities are theo-

retically justifiable. Yet it was not possible to prove the theoretical validity of the turbulence inten-

sity decomposition because of the non-linearity of the calculation methods (Equation (2-30)). It is 



48 2 Physical modelling, experimental facilities, data analysis and experimental program   

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

shown in the results of the data analyses (section 5.5) that the decomposition of the turbulence in-

tensities based upon Equations (2-31) to (2-33) yielded meaningful results. The present triple de-

composition technique based upon the raw probe signals differs hence from the traditional triple de-

composition of velocity signals.  

A similar approach in terms of correlation analyses of filtered signals is commonly performed in 

acoustics where it is called interaural correlation (TRAHIOTIS et al. 2005; BOEMER et al. 2011) and 

in speech recognition (STERN et al. 2007). In fluid mechanics, the correlation analysis of filtered 

signals is less common. The use of correlation techniques applied to filtered signals in turbulent 

flows is mentioned by FAVRE (1965), COMTE-BELLOT & CORRSIN (1971) and FRISCH (1995). These 

studies tended to support the selection of the signal decomposition technique and its application to 

the correlation of filtered signal components. A different triple decomposition approach was also 

introduced by TELIONIS (1981) in unsteady viscous flows. 

 

2.8 Experimental program 

An extensive number of experiments were conducted on three different stepped spillway facilities 

(section 2.2) and with various step configurations and geometries (Figure 2-17; Tables 2-5 & 2-6). 

Figure 2-17 illustrates the uniform and non-uniform stepped spillways in the present study with flat, 

pooled step and porous pooled step configurations and slopes of 8.9° and 26.6°. For all spillways, 

detailed visual observations of the air-water flow patterns were conducted for a wide range of dis-

charges in the nappe, transition and skimming flow regimes for Reynolds numbers of two orders of 

magnitude (Table 2-5). Table 2-5 summarises the flow conditions for the visual observations. 

Furthermore detailed air-water flow properties were measured with conductivity probes for sam-

pling rates of 20 kHz and sampling durations of 45 s. The experiments were performed at all steps 

downstream of the inception point of air entrainment for both skimming and transition flows for a 

range of discharges. The experimental flow conditions for the air-water flow measurements are 

summarised in Table 2-6. 

Please note that additional experiments were conducted with Prandtl-Pitot tubes, pointer gauges and 

acoustic displacement meters. The results are also presented in the main part of the thesis and in the 

Appendixes.  
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Figure 2-17: Stepped spillway configurations with flat and pooled steps; illustration of step numbering and definition of 

the pseudo-bottom position (y = 0) 
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Table 2-5: Summary of flow condition for the visual observations in the present study 

Configuration Spillway  θ 
[°] 

h  
[cm] 

W 
[m] 

w 
[cm] 

qw 
[m2/s] 

dc/h 
[-] 

Re 
[-] 

Uniform flat steps Ia (UQ)  26.6 10 1 N/A 0.009-0.241 0.20-1.81 3.5×104-9.6×105 

Ib (UQ)  26.6 5 1 N/A 0.005-0.230 0.27-3.51 1.9×104-9.1×105 

IIa (UQ)  26.6 10 0.52 N/A 0.008-0.262 0.18-1.91 3.1×104-1.0×106 

IIIa (IWW) 8.9 5 0.5 N/A 0.004-0.234 0.24-3.54 1.6×104-9.3×105 

Non-uniform flat 
steps 

I: Config. A, 
B & C (UQ) 

26.6 5 & 10 1 N/A 0.005-0.241 0.13-1.81 1.9×104-9.6×105 

Pooled steps IIb (UQ)  26.6 10 0.52 3.1 0.004-0.267 0.11-1.94 1.5×104-1.1×106 

IIIb (IWW) 8.9 5 0.5 5 0.009-0.233 0.39-3.54 3.4×104-9.3×105 

Porous pooled steps IIc & IId 
(UQ) 

26.6 10 0.52 3.1 0.003-0.282 0.10-2.01 1.3×104-1.1×106 

Alternation of flat 
and pooled steps 

IIIc (IWW) 8.9 5 0.5 0 & 5 0.007-0.233 0.52-3.54 5.2×104-9.3×105 

 

Table 2-6: Summary of experimental program of conductivity probe measurements in the present study and sectioning 
in the thesis 

Meas-
urement 

Configu-
ration 

Spill
-way 

θ 
[°] 

h 
[cm] 

W 
[m] 

w 
[cm] 

Conductivity 
probe 

qw 
[m2/s] 

dc/h 
[-] 

Re      
[-] 

Sec
tion

Step 
edges 

Uniform 
flat steps 

Ia  26.6 10 1 N/A Double-tip   
Single-tip array 

0.056-
0.227 

0.69-
1.74 

2.2×105-
9.0×105 

3 

Ib   26.6 5 1 N/A Double-tip   
Single-tip array 

0.020-
0.210 

0.70-
3.30 

8.1×104-
8.3×105 

IIa  26.6 10 0.52 N/A Double-tip   
Single-tip array 

0.073-
0.186 

0.82-
1.52 

2.9×105-
7.4×105 

IIIa 8.9 5 0.5 N/A Double-tip    0.035-
0.234 

1.00-
3.55 

1.4×105-
9.3×105 

Non-
uniform 
flat steps 

I: A 
& B 

26.6 10/5 1 N/A Double-tip   
Single-tip array 

0.056-
0.227 

0.69-
1.74 

2.2×105-
9.0×105 

4 

I: C 5/10 0.020-
0.210 

0.70-
3.30 

8.1×104-
8.3×105 

Pooled 
steps 

IIb  26.6 10 0.52 3.1 Double-tip   
Single-tip array 

0.025-
0.250 

0.40-
1.85 

1.0×105-
9.9×105 

5 

IIIb 8.9 5 0.5 5 Double-tip    0.055-
0.234 

1.35-
3.55 

2.2×105-
9.3×105 

Porous 
pooled 
steps 

IIc & 
IId 

26.6 10 0.52 3.1 Double-tip   
Single-tips 

0.073-
0.249 

0.82-
1.85 

2.9×105-
9.9×105 

Flat/pooled 
steps 

IIIc 8.9 5 0.5 0 & 
5 

Double-tip    0.055-
0.234 

1.35-
3.55 

2.2×105-
9.3×105 

Step 
cavity 

Uniform 
flat steps 

Ia  26.6 10 1 N/A Double-tip   
Single-tip array 

0.143 1.28 5.7×105 6 

IIIa 8.9 5 0.5 N/A Double-tip    0.152 2.66 6.0×105 

Pooled 
steps 

IIb  26.6 10 0.52 3.1 Double-tip 0.144 1.29 5.7×105 

IIIb 8.9 5 0.5 5 Double-tip    0.152 2.66 6.0×105 

Porous 
pooled 
steps 

IIc  26.6 10 0.52 3.1 Double-tip 0.144 1.29 5.7×105 
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3 Flow characteristics of flat stepped spillways with uniform step heights 

3.1 Introduction 

Detailed experiments were conducted on three different experimental facilities equipped with 

uniform flat steps. The experiments comprised two stepped spillway models with slope of 26.6° and 

step heights h = 5 and h = 10 cm as well as a stepped spillway model with a slope of 8.9° and step 

heights h =5 cm. The experiments were conducted for a range of discharges in nappe, transition and 

skimming flows. Visual observations of the air-water flow patterns were performed for discharges  

per unit width 0.004  ≤ qw ≤ 0.262 m2/s and for Reynolds numbers 1.6 × 104 ≤ Re ≤ 1.0 × 106 

(Table 3-1). Table 3-1 lists the experimental flow conditions for the visual observations of the air-

water flows. The flow patterns for the uniform stepped spillways are presented in section 3.2.  

For all stepped spillways, air-water flow experiments were conducted with double-tip conductivity 

probes at the step edges downstream of the inception point of air entrainment for a range of 

discharges 0.02 ≤ qw ≤ 0.227 m2/s in transition and skimming flows. Additional experiments were 

conducted with an array of two single-tip conductivity probes on the stepped spillways with 26.6°. 

The full-range of air-water flow properties was calculated for all experiments and the characteristic 

results are presented in section 3.3 for stepped spillways Ia, Ib and IIa (θ = 26.6°). In section 3.4, 

basic results are presented for stepped spillway IIIa (θ = 8.9°) and further results are shown in 

section 5.4 in terms of the microscopic air-water flow properties.  

 

Table 3-1: Experimental program on stepped spillways with uniform flat steps 

Spillway Location θ [°] h [m] l [m] W [m] qw [m2/s] Re [-] dc/h [-] 

Ia UQ 26.6 0.1 0.2 1 0.009-0.241 3.5×104-9.6×105 0.20-1.81 

Ib UQ 26.6 0.05 0.1 1 0.005-0.230 1.9×104-9.1×105 0.27-3.51 

IIa UQ 26.6 0.1 0.2 0.52 0.008-0.262 3.1×104-1.0×106 0.18-1.91 

IIIa IWW 8.9 0.05 0.319 0.5 0.004-0.234 1.6×104-9.3×105 0.24-3.54 
 

3.2 Air-water flow patterns on flat stepped spillways with 8.9° and 26.6° slopes 

For the three stepped spillways, detailed visual observations were conducted for discharges in 

nappe, transition and skimming flows (Table 3-1). Table 3-1 summarises the experimental flow 

conditions for all configurations including the step geometry, the flow rates and the Reynolds 

numbers.  

For all stepped spillways, typical air-water flow patterns were observed which were similar to 

previous studies on flat stepped spillways. Typical photos of the flow regimes are illustrated in 

Figures 3-1 to 3-3. For the smallest flow rates (i.e. dc/h ≤ 0.95 for θ = 8.9° and dc/h ≤ 0.55 for θ = 
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26.6°), a nappe flow regime existed with free-falling jets (Figure 3-1). The observations were in 

good agreement with the investigations by TOOMBES (2002) and TOOMBES & CHANSON (2008a). 

Figure 3-1 shows typical flow patterns in the nappe flow regime for the slopes with 8.9° and 26.6°. 

 
(A) Nappe flows in stepped spillway IIa (θ = 26.6°, h = 10 cm): dc/h = 0.41; qw = 0.026 m2/s; Re = 1.0 × 105 

 
(B) Nappe flows in stepped spillway IIIa (θ = 8.9°, h = 5 cm): dc/h = 0.88; qw = 0.029 m2/s; Re = 1.2 × 105 

Figure 3-1: Nappe flow regime on flat stepped spillways 

 

With increasing flow discharge (i.e. 0.95 < dc/h < 1.69 for θ = 8.9° and 0.55 < dc/h < 1.0 for θ = 

26.6°), the flow appeared chaotic with strong splashing in the transition flow regime (Figure 3-2). 

For the flatter stepped spillway (θ = 8.9°), no air cavities were observed in the step niches (Figure 

3-2C) while the steeper sloped spillways showed characteristic flapping mechanisms of air pockets 

in the step niches (Figures 3-2A & 3-2B). The transition flow patterns were consistent with 

previous studies on moderately sloped stepped spillways (e.g. CHANSON & TOOMBES 2001a,2004; 

GONZALEZ 2005).  

For the largest flow rates, a skimming flow regime existed, with stable recirculation movements in 

the step cavities (Figure 3-3). The surface of the flow was parallel to the pseudo-bottom formed by 

the step edges as typical for skimming flows. The free-surface air entrainment started at the 

inception point of air entrainment and a complex air-water flow existed downstream. For θ = 26.6°, 



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

 3 Flow characteristics of flat stepped spillways with uniform step heights 53

streaks of air were entrained irregularly and non-permanently in the region close to the inception 

point. Figure 3-3D illustrates the streaks of entrained air close to the inception point of free-surface 

aeration. Air was entrained in a large size three-dimensional structure. The appearance of this pro-

cess seemed chaotic and was caused by strong turbulence fluctuations close to the free surface (Fig-

ure 3-3D). For the smaller skimming flow rates on stepped spillway with θ = 8.9°, the free-surface 

was not completely parallel to the pseudo-bottom and undular free-surface profiles were observed. 

The flow pattern appeared similar to the observations of CHANSON & TOOMBES (2002b) on a 

stepped spillway with θ = 3.4°. For the stepped spillway with θ = 8.9°, the amount of entrained air 

appeared smaller compared to the steeper sloped stepped spillways (Figure 3-3). The differences 

were linked with the different cavity shape.  

For all stepped spillways, the changes in flow regimes were observed and the results are shown in 

Table 3-2. The flow regime changes for the stepped spillways with 26.6° slope were in good 

agreement with flow regime changes between nappe and transition flows for dc/h ≈ 0.55 (NA – 

TRA) and between transition and skimming flows for dc/h ≈ 1.0 (TRA - SK). The findings were 

consistent with stepped spillway studies with similar channel slopes (e.g. CAROSI & CHANSON 

2008; FELDER & CHANSON 2009a). However, the flow regime changes for stepped spillway IIIa 

with θ = 8.9° were significantly larger (Table 3-2), but consistent with previous experiments with an 

identical channel slope (THORWARTH 2008). The observations of flow regime changes differed 

from the observations by CHANSON & TOOMBES (2002b), who reported a change of transition to 

skimming flows for dc/h ≥ 1.2 on a flat stepped spillway with θ = 3.4°. It must be noted, that 

CHANSON & TOOMBES (2002b) observed a deflected nappe at the first drop. For consistency with 

the present experiments, this flow patterns would have qualified the flows as transition flows and 

the change from transition to skimming flows might have appeared closer to the findings in the pre-

sent study for θ = 8.9°.  

For all stepped spillways, the inception points of air entrainment were recorded. The results are pre-

sented in section 7.1 and compared with further experimental configurations and empirical correla-

tions. 

 

Table 3-2: Summary of visual observations and changes in flow regime for the flat stepped spillways 

Spillway θ 
[°] 

h 
[m] 

W 
[m] 

qw         
[m2/s] 

Re                 
[-] 

dc/h         
[-] 

dc/h [-]    
(NA – TRA) 

dc/h [-]      
(TRA – SK) 

Ia  26.6 0.1 1 0.009-0.241 3.5×104-9.6×105 0.20-1.81 0.59 0.91 

Ib  26.6 0.05 1 0.005-0.230 1.9×104-9.1×105 0.27-3.51 0.53 1.06 

IIa  26.6 0.1 0.52 0.008-0.262 3.1×104-1.0×106 0.18-1.91 0.57 0.90 

IIIa 8.9 0.05 0.5 0.004-0.234 1.6×104-9.3×105 0.24-3.54 0.95 1.69 
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(A) Transition flows in stepped spillway Ia (θ = 26.6°, h = 10 cm): dc/h = 0.83; qw = 0.075 m2/s; Re = 3.0 × 105 

 
(B) Transition flows in stepped spillway IIa (θ = 26.6°, h = 10 cm): dc/h = 0.66; qw = 0.053 m2/s; Re = 2.1 × 105 

 
(C) Transition flows in stepped spillway IIIa (θ = 8.9°, h = 5 cm): dc/h = 1.2; qw = 0.046 m2/s; Re = 1.8 × 105 

Figure 3-2: Transition flow regime on flat stepped spillways 



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

 3 Flow characteristics of flat stepped spillways with uniform step heights 55

 
(A) Skimming flow in stepped spillway Ib (θ = 26.6°, h = 5 cm): dc/h = 2.22; qw = 0.116 m2/s; Re = 4.6 × 105 

 
(B) Skimming flows in stepped spillway IIa (θ = 26.6°, h = 10 cm): dc/h = 1.37; qw = 0.159 m2/s; Re = 6.3 × 105 

 
(C) Skimming flows in stepped spillway IIIa (θ = 8.9°, h = 5 cm): dc/h = 3.33; qw = 0.213 m2/s; Re = 8.5 × 105 

 
(D) Streaks of entrained air close to the inception point of free-surface aeration in skimming flows on stepped spill-

way Ia (θ = 26.6°, h = 10 cm): dc/h = 1.74; qw = 0.227 m2/s; Re = 9.0 × 105 (Flow from left to right) 

Figure 3-3: Skimming flow regime on flat stepped spillways 
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3.3 Air-water flow properties on flat stepped spillways with 26.6° slope 

For the stepped spillway models with 26.6° slope, experiments were conducted with a double-tip 

conductivity probe at all step edges downstream of the inception point of air entrainment (Table 3-

3). For selected flow conditions, further experiments were conducted with an array of two single-tip 

conductivity probes with various transverse distances z between the probe tips. Table 3-3 summa-

rises the experimental flow conditions. In this section, the macro- and microscopic air-water flow 

properties are presented including the basic air-water flow properties (section 3.3.1), the integral 

turbulent scales (section 3.3.2) and the microscopic flow properties (section 3.3.3). Most of the re-

sults are presented for the skimming flow regime. However, emphasis is given to the characteristic 

results of transition flow sub-regimes TRA1 and TRA2 (qw(TRA1) < qw(TRA2)). All results are 

shown in dimensionless terms and compared with self-similar equations. Further aspects are dis-

cussed in sections 3.3.4 to 3.3.6 including a comparison for the stepped spillways with same slope, 

a scale effect analyses and flow investigations with C = 50%. 

 

Table 3-3: Experimental flow conditions for the conductivity probe measurements on stepped spillways I and II with flat 
uniform steps (θ = 26.6°) 

Spillway dc/h 
[-] 

qw 
[m2/s] 

Re       
[-] 

Flow 
regime 

Inception 
point 

Conductivity 
probes 

Δx 
[mm] 

Δz   
[mm] 

Measured 
step edges 

Ia                
θ = 26.6°  
W = 1 m    
h = 0.1 m 
 

0.69 0.056 2.2×105 TRA1 3 to 4 Double-tip          
(Ø = 0.25 mm)   

7.2 2.1 4 − 10 
0.83 0.075 3.0×105 TRA2 4 7.2 2.1 4 − 10 
0.97 0.095 3.8×105 SK 5 7.4 2.1 5 − 10 
1.11 0.116 4.6×105 SK 6 7.4 2.1 6 − 10 
1.28 0.143 5.7×105 SK 6 to 7 7.3 2.1 6 − 10 
1.38 0.161 6.4×105 SK 7 to 8 7.2 2.1 7 − 10 
1.49 0.180 7.2×105 SK 8 7.2 2.1 8 − 10 
1.61 0.202 8.0×105 SK 9 to 10 7.2 2.1 9 + 10 
1.74 0.227 9.0×105 SK 10 7.2 2.1 10 
0.69 0.056 2.2×105 TRA1 3 to 4 Array of 2 single-

tip (Ø = 0.35 mm)   
0 3.5 - 80.5 8 + 9 

1.11 0.116 4.6×105 SK 6 0 3.3 - 80.5 6 − 10 
1.28 0.143 5.7×105 SK 6 to 7 0 3.5 - 80.8 9 + 10 
1.38 0.161 6.4×105 SK 7 to 8 0 3.5 - 80.5 10 

Ib                
θ = 26.6°    
W = 1 m    
h = 0.05 m 

0.70 0.020 8.1×104 TRA1 4 Double-tip           
(Ø = 0.25 mm)   

7.2 2.1 4 − 19 
1.14 0.042 1.7×105 SK 6 to 7 7.2 2.1 6 − 19 
1.66 0.075 3.0×105 SK 8 to 9 7.2 2.1 8 − 19 
2.22 0.116 4.6×105 SK 12 7.2 2.1 12 − 20 
2.77 0.161 6.4×105 SK 18 7.2 2.1 18 − 20 
3.30 0.210 8.3×105 SK 20 7.2 2.1 20 
1.14 0.042 1.7×105 SK 6 to 7 Array of 2 single-

tip (Ø = 0.35 mm) 
0 3.3 - 41.4 10 

2.22 0.116 4.6×105 SK 12 0 3.3 - 59.3 16 
IIa               
θ = 26.6°    
W = 0.52 m 
h = 0.1 m 

0.82 0.073 2.9×105 TRA2 4 to 5 Double-tip          
(Ø = 0.25 mm)   

7.15 2.1 4 − 10 
0.96 0.093 3.7×105 SK 5 7.15 2.1 5 − 10 
1.29 0.144 5.7×105 SK 6 to 7 7.15 2.1 6 − 10 
1.52 0.186 7.4×105 SK 7 to 8 7.15 2.1 8 − 10 
1.15 0.122 4.9×105 SK 5 to 6 Array of 2 single-

tip (Ø = 0.35 mm) 
0 3.5 - 81.3 10 

1.45 0.173 6.9×105 SK 7 0 3.5 - 80.5 10 
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3.3.1 Basic air-water flow properties 

The basic air-water flow properties were measured with the double-tip conductivity probe for all 

experiments including the distributions of void fraction C, bubble count rate F, interfacial velocity 

V, turbulence intensity Tu and auto- and cross-correlation time scales Txx and Txy.  

 

3.3.1.1 Void fraction distributions 

Typical distributions of void fraction at all step edges downstream of the inception point of air-

entrainment are shown in Figure 3-4 as functions of the dimensionless distance perpendicular to the 

pseudo-bottom y/Y90 with Y90 the flow depth where C = 90%. The skimming flow data showed typ-

ical S-shape profiles (Figures 3-4A & 3-4B) and compared well with the advective diffusion equa-

tion for air bubbles on stepped spillways (CHANSON & TOOMBES 2002a): 
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where K' is an integration constant and Do is a function of the mean air concentration Cmean only: 
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For the transition flow sub-regimes TRA1 and TRA2, two different types of void fraction distribu-

tions were observed: some step edges showed flat, straight void fraction profiles and others showed 

S-shape distributions (Figures 3-4C & 3-4D). These two profile types differed between adjacent 

step edges and were present in both transition flow sub-regimes, but flat, straight void fraction dis-

tributions were more likely in sub-regime TRA 1 (Figure 3-4C). The S-shape profiles followed the 

advective diffusion solution for skimming flows and Equation (3-1) is added for a few step edges in 

Figures 3-4C and 3-4D. The flat straight void fraction profiles were similar to air concentration dis-

tributions in jets and were best compared to an analytical solution of the advective diffusion equa-

tion for transition flow sub-regime TRA1 (CHANSON & TOOMBES 2004): 
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where K" and λ are functions of Cmean only: 
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Equation (3-5) is valid for Cmean > 0.45 (CHANSON & TOOMBES 2004). Equation (3-4) is added for a 

step edge with a flat straight void fraction profile in TRA1 (Figure 3-4C) and good agreement was 

observed.  

Please note that the void fraction profiles for the first step edge downstream of the inception point 

were above the other distributions. It seemed to be linked with instable free-surface fluctuations 

close to the inception point and the sudden entrainment of air streaks.  

(A) SK: dc/h = 2.22, qw = 0.116 m2/s, Re = 4.6 × 105; 
Stepped spillway Ib, h = 5 cm 

(B) SK: dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 × 105; 
Stepped spillway Ia, h = 10 cm 

(C) TRA1: dc/h = 0.7, qw = 0.020 m2/s, Re = 8.1 × 104; 
Stepped spillway Ib, h = 5 cm  

(D) TRA2: dc/h = 0.82, qw = 0.073 m2/s, Re = 2.9 × 105; 
Stepped spillway IIa, h = 10 cm  

Figure 3-4: Void fraction distributions in transition and skimming flows for flat stepped spillways (θ = 26.6°); compar-
ison with advective diffusion equations for air bubbles (Equations (3-1) & (3-5)) 
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3.3.1.2 Bubble count rate distributions 

Typical dimensionless bubble count rate distributions F×dc/Vc are illustrated in Figure 3-5 for both 

transition and skimming flows as a function of y/Y90, where dc is the critical flow depth and Vc the 

critical flow velocity: 

3 2
wc g/qd   (3-8) 

cc dgV   (3-9) 

For all experiments in both transition (i.e. TRA1 & TRA2) and skimming flows, the maximum 

bubble count rates were observed in the intermediate flow region with void fractions between 35% 

and 65%. With increasing distance from the inception point of air entrainment, the overall number 

of entrained air bubbles increased. The observations were consistent with previous studies on 

stepped spillways with slopes 3.4° ≤ θ ≤ 30° (e.g. TOOMBES 2002; KÖKPINAR 2004; GONZALEZ 

2005; CHANSON & CAROSI 2007b; FELDER & CHANSON 2009b,2011a; BUNG 2009).  

(A) TRA2: dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105; 
Stepped spillway Ia, h = 10 cm 

(B) SK: dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105; 
Stepped spillway IIa, h = 10 cm 

Figure 3-5: Bubble count rate distributions in transition and skimming flows for flat stepped spillways (θ = 26.6°) 

 

The relationship between void fraction and bubble frequency showed self-similarity: 

)C1(C4
F

F

max

  (3-10) 

where Fmax is the maximum bubble count rate in a cross-section. Equation (3-10) was first presented 

by TOOMBES (2002) and CHANSON & TOOMBES (2002a). It is compared with typical experimental 

data in Figure 3-6 for several step edges in transition and skimming flows. All present data sets fit 

reasonably well the parabolic shape.  
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(A) TRA1: dc/h = 0.7, qw = 0.020 m2/s, Re = 8.1 × 104; 
Stepped spillway Ib, h = 5 cm 

(B) SK: dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105; 
Stepped spillway IIa, h = 10 cm 

Figure 3-6: Dimensionless relationship between bubble count rate and void fraction in transition and skimming flows 
for flat stepped spillways (θ = 26.6°) 

 

TOOMBES (2002) and CHANSON & TOOMBES (2008b) demonstrated the validity of Equation (3-10) 

and developed an equation that yielded a better physical explanation for the effects of bubble fre-

quency on void fraction: 

2
Fmax max

C

)C1(C

)C()C(

1

F

F 



  (3-11) 

Equation (3-11) contains two correction factors for flow situations when the maximum bubble 

count rate is observed for C ≠ 0.5. The first parameter α(C) adjusts for the different average sizes of 

the air bubble chord sizes λa and of the water droplet chord sizes λw at every point (TOOMBES 2002): 

C11)C(
a

w 












  (3-12) 

The ratio of λa/λw is assumed to be constant at every vertical location within a cross-section and in-

dependent of C. The variation of λa and λw with air concentration C is addressed by the second pa-

rameter β(C): 

4)C21(b1)C(   (3-13) 

In Equation (3-13), the parameter b is a characteristic value of the maximum variation of β, i.e.       

1 - b ≤ β ≤ 1 (TOOMBES & CHANSON 2007).  
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For all experiments, Equation (3-11) fit reasonably well the experimental data and some typical dis-

tributions are illustrated in Figure 3-7. However, small discrepancies of experimental data and 

Equation (3-11) were visible for transition flows (Figure 3-7A). Overall, the best agreements were 

observed with 1 ≤ λa/λw ≤ 2.4 and 0.4 ≤ b ≤ 0.6 for all transition and skimming flow data in the pre-

sent study. The results differed slightly from previous studies on stepped spillways (Table 3-4).  

(A) TRA2: dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105; 
Stepped spillway Ia, h = 10 cm 

(B) SK: dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 × 105; 
Stepped spillway Ia, h = 10 cm 

Figure 3-7: Self-similar relationship between void fraction and bubble count rate for transition and skimming flows on 
a stepped spillway (θ = 26.6°); comparison with modified parabolic law (Equation (3-11))  

 

Table 3-4: Experimental observations of parameters for the modified parabolic law (Equations (3-11) to (3-13)) 

Study/Reference Flow regime Channel slope λa/λb [-] b [-] 

TOOMBES (2002) NA 3.4° 1.0 – 1.25 0.4 

GONZALEZ (2005) TRA and SK 15.9° 1.75 0.4 – 0.75 

FELDER & CHANSON (2008a) SK 21.8° 1.5 0.5 

Present study TRA and SK 26.6° 1 – 2.4 0.4 – 0.6 
 

3.3.1.3 Interfacial velocity distributions 

At all step edges downstream of the inception point of air entrainment, the measurements of the 

time-averaged interfacial velocity were conducted with the double-tip conductivity probe. Figure 3-

8 illustrates the results of the dimensionless interfacial velocity V/V90 distributions as a function of 

y/Y90 for all experiments in transition and skimming flows. V90 is the characteristic interfacial ve-

locity where C = 90%. At step edges, all skimming flow data in Figure 3-8A were well correlated 

with a power law, which is common for velocity profiles on spillway flows: 
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  0 ≤ y/Y90 ≤ 1 (3-14) 

In Equation (3-14), N was typically N = 10 for skimming flows (e.g. CHANSON & TOOMBES 2002a; 

GONZALEZ 2005; CHANSON & CAROSI 2007b; FELDER & CHANSON 2009a), although other re-

searchers found slightly different values (e.g. BOES 2000a; BUNG 2009; TAKAHASHI & OHTSU 

2012). The value of N may vary from one step edge to the next one for a given flow rate (FELDER & 

CHANSON 2009a). For locations y/Y90 > 1 small scatter of the data was observed (Figure 3-8A), but 

overall a uniform velocity profile fit well the experimental data: 

1
V

V

90

  1 > y/Y90 (3-15) 

In the transition flow regime, the dimensionless velocity profiles showed differences in the region 

close to the step edge (0  < y/Y90 < 0.75) (Figures 3-8B & 3-8C). For void fractions of about 20% to 

50%, a bulk in velocity was observed with maxima of about V/V90 ≈ 1.05. These velocity profiles 

were observed for step edges with straight flat void fraction profiles and seemed to be linked with 

the impact of air-water flows on the step edge. It was therefore more common in TRA1 (Figure 3-

8B). The interfacial velocity distributions were similar to observations in the impact region of a 

stepped spillway device (CHANSON 1988) and in the region immediately downstream of the nappe 

impact in a nappe flow regime (TOOMBES 2002). Furthermore similarities were seen with the find-

ings of PAGLIARA et al. (2009), who observed larger velocities in the region close to the end of 

block ramp elements. The data in the present study differed from observations of CHANSON & 

TOOMBES (2004) who found a best fit correlation between V/Vmax and y/Y90 for the transition flow 

regime for channel slopes between 3.4° and 21.8°.  
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(A) All skimming flow data 

(B) TRA1: dc/h = 0.7, qw = 0.020 m2/s, Re = 8.1 × 104; 
Stepped spillway Ib, h = 5 cm 

(C) TRA2: dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105; 
Stepped spillway Ia, h = 10 cm 

Figure 3-8: Interfacial velocity distributions in skimming and transition flows for flat stepped spillways (θ = 26.6°); 
comparison with self-similar Equations (3-14) & (3-15) 

 

3.3.1.4 Turbulence intensity distributions 

The turbulence intensity Tu was calculated based upon the shape of the cross-correlation functions 

between the two probe sensor signals (CHANSON & TOOMBES 2002a). While Tu was not a true tur-

bulence intensity u'/V as observed in mono-phase flows, it gave valuable information about the tur-

bulence fluctuations within the turbulent two-phase flow. For most transition and skimming flow 

experiments, typical turbulence intensity distributions were observed with largest turbulence levels 

in the intermediate flow region for void fractions between 30% and 55% (Figure 3-9). For most data 
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in the bubbly flow region (C < 30%), Tu had values of about 25-55% which tended to turbulence 

intensity observations in mono-phase flow on stepped spillways (OHTSU & YASUDA 1997; AMADOR 

et al. 2004,2006). In the (upper) spray region (y/Y90 > 1.5), Tu tended to values of about 20-30% 

(Figure 3-9). For some step edges, large turbulence levels were observed close to the step edge 

(Figure 3-9). In transition flows, this was associated with the flat straight void fraction profiles. 

Similar shapes of turbulence intensity distributions in skimming flows were reported by FELDER & 

CHANSON (2009b) at every second step edge on a stepped spillway with θ = 21.8°. FELDER & 

CHANSON (2009b) observed seesaw patterns for several characteristic air-water flow parameters 

which were linked with the interactions between cavity recirculations and mainstream flow, and in-

teractions between adjacent cavity flows. It is believed that the alternation of the turbulence intensi-

ty shapes in the present study reflected the characteristic seesaw patterns in skimming flows. Over-

all the findings were consistent with previous studies of turbulence intensities on stepped spillways 

(GONZALEZ 2005; CHANSON & CAROSI 2007a; FELDER & CHANSON 2008b,2009b). 

(A) TRA1: dc/h = 0.69, qw = 0.056 m2/s, Re = 2.2 × 105; 
Stepped spillway Ia, h = 10 cm 

(B) SK: dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105; 
Stepped spillway IIa, h = 10 cm 

Figure 3-9: Turbulence intensity distributions on flat stepped spillways (θ = 26.6°) 

 

CHANSON & TOOMBES (2002a) showed a monotonic relationship between turbulence intensities and 

bubble count rates in skimming flows. Despite scatter, the skimming flow data were best fitted by a 

linear correlation (R = 0.75) (FELDER & CHANSON 2011a): 
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Equation (3-16) is compared with the skimming flow data in Figure 3-10A. Note that the first two 

step edges downstream of the inception point of free-surface aeration were neither included in the 

finding of the linear relationship nor illustrated in Figure 3-10, because the flow was rapidly-varied. 
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A further correlation function was added, which was in closer agreement with the experimental data 

sets (R = 0.83): 

539.0

c

c

V

dF
193.025.0Tu 







 
  (3-17) 

Overall the data trend was similar to previous studies (CHANSON & TOOMBES 2002a; YASUDA & 

CHANSON 2003; CAROSI & CHANSON 2006; FELDER & CHANSON 2008a,b).  

The relationship between bubble count rate and turbulence intensity for the transition flow data are 

presented in Figure 3-10B together with Equations (3-16) & (3-17). The data for the experiments 

with h = 10 cm agreed with the above equations, but the data with h = 5 cm differed somehow. This 

might be linked with scale effects which were observed on geometrically scaled stepped spillway 

models in terms of turbulence intensity and bubble count rate (FELDER & CHANSON 2009b). For the 

stepped spillways with θ = 26.6º, scale effects were also observed and more details are provided in 

section 3.3.5 and Appendix G. 

(A) Skimming flow data (B) Transition flow data 

Figure 3-10: Dimensionless relationship between turbulence intensity and bubble count rate on stepped spillways        
(θ = 26.6°); comparison with Equations (3-16) & (3-17) 

 

3.3.1.5 Auto- and cross-correlation time scale distributions 

For all experimental data, the auto- and cross-correlation integral time scales were calculated inte-

grating the correlation functions from the time with maximum correlation value to the first crossing 

of the x-axis. The auto-correlation time scale Txx characterised the time scale of the large eddies ad-

vecting air-water interfaces in the streamwise direction (Figure 3-11). For both the transition and 

skimming flow regimes, the dimensionless distributions of Txx showed maximum values in the in-
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termediate flow region with void fractions of 40-75%. In the bubbly flow region, Txx tended to zero 

(Figure 3-11). The auto-correlation time scales showed large values in the (upper) spray region 

which did not interact with the rest of the flow (CAROSI & CHANSON 2006). For the transition 

flows, stronger scatter of the data was observed and differences in the distributions were visible for 

flat straight void fraction profiles (Figure 3-11A). 

(A) TRA2: dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105; 
Stepped spillway Ia, h = 10 cm 

(B) SK: dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105; 
Stepped spillway IIa, h = 10 cm 

Figure 3-11: Auto-correlation time scale distributions on flat stepped spillways (θ = 26.6°) 

 

The cross-correlation time scales Txy characterised the vortices advecting the air-water flow struc-

ture and were a function of the probe separation distance. For both flow regimes, the largest time 

scales were observed in the intermediate flow region for void fractions between 40% and 70% (Fig-

ure 3-12). In the upper spray and the bubbly flow regions, the distributions of Txy tended towards 

small values. The transition flow data exhibited large scatter of the time scale distributions linked 

with the alternating profiles of the void fractions on adjacent step edges (Figure 3-12A). 

The distributions of both auto- and cross-correlation time scale distributions showed larger time 

scales for the two step edges immediately downstream of the inception point of air entrainment. 

This feature was observed for all experiments and it is believed to be linked with the three-

dimensional streaks entraining the air irregularly in the region close to the inception point.  
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(A) TRA1: dc/h = 0.7, qw = 0.020 m2/s, Re = 8.1 × 104; 
Stepped spillway Ib, h = 5 cm 

(B) SK: dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4 × 105; 
Stepped spillway Ia, h = 10 cm 

Figure 3-12: Cross-correlation time scale distributions on flat stepped spillways (θ = 26.6°) 

 

3.3.2 Integral turbulent scales 

3.3.2.1 Presentation 

With an array of two identical single-tip conductivity probes further turbulent air-water flow prop-

erties were measured in transition and skimming flows. Table 3-5 lists the experimental flow condi-

tions and the transverse distances Δz between the two single-tip probes. In all experiments, one sin-

gle-tip probe was based in channel centreline, while the second probe was segmented with various 

transverse distances 3.5 ≤ Δz ≤ 81.3 mm. The experiments were conducted at step edges at least 3 

steps downstream of the inception point of air entrainment. However for one skimming flow dis-

charge (dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 × 105), the air-water flow measurements were con-

ducted at all step edges downstream of the inception point (Table 3-5). 

A series of experiments were conducted in the transition flow sub-regime TRA1 at two adjacent 

step edges with two different void fraction distribution profiles (Figure 3-13). Figure 3-13A shows 

good agreement for all measurements in channel centreline and an agreement with the advective 

diffusion equations for skimming flows (Equation (3-1)) and transition flow sub-regime TRA1 

(Equation (3-5)). The two adjacent step edges showed also two different shapes in terms of the en-

semble averaged dimensionless distributions of auto-correlation time scales Txx calculated in chan-

nel centreline for the single-tip data (Figure 3-13B). 

For all data sets in Table 3-5, the integral turbulent length and time scales Lxz and Tint were calcu-

lated. A further integral turbulent length scale (the advection turbulent length scale Lxx) was also 

investigated based upon measurements with the double-tip conductivity probe. 
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Table 3-5: Experimental flow conditions for experiments with an array of two single-tip conductivity probes with vari-
ous transverse distances 

Spillway dc/h   
[-] 

qw    
[m2/s] 

Re       
[-] 

Flow 
regime 

Inception 
point 

Measured 
step edges 

Transverse distances Δz         
[mm] 

Ia                
θ = 26.6°   
h = 0.1 m 
W = 1 m  

0.69 0.056 2.2 × 105 TRA1 3 to 4 8 3.5, 6.5, 11.1, 15.2, 21.5, 27.5, 
34.7, 42.2, 50.6, 60.4, 80.5 

0.69 0.056 2.2 × 105 TRA1 3 to 4 9 3.5, 6.5, 11.1, 15.2, 21.5, 27.5, 
34.7, 42.2, 50.6, 60.4, 80.5 

1.11 0.116 4.6 × 105 SK 6 6 3.3, 6.9, 11.0, 17.0, 22.7, 28.6, 
35.7, 44.6, 54.0, 64.1 

1.11 0.116 4.6 × 105 SK 6 7 3.3, 6.9, 11.0, 17.0, 22.7, 28.6, 
35.7, 44.6, 54.0, 64.1 

1.11 0.116 4.6 × 105 SK 6 8 3.3, 6.9, 11.0, 17.0, 22.7, 28.6, 
35.7, 44.6, 54.0, 64.1 

1.11 0.116 4.6 × 105 SK 6 9 3.3, 6.9, 11.0, 17.0, 22.7, 28.6, 
35.7, 44.6, 54.0, 64.1 

1.11 0.116 4.6 × 105 SK 6 10 3.5, 6.8, 11.1, 15.2, 21.5, 27.5, 
34.7, 42.2, 50.6, 60.4, 80.5 

1.28 0.143 5.7 × 105 SK 6 to 7 9 3.4, 6.5, 11.0, 15.0, 20.9, 27.1, 
35.0, 42.2, 50.5, 60.7, 80.8 

1.28 0.143 5.7 × 105 SK 6 to 7 10 3.4, 6.5, 11.0, 15.0, 20.9, 27.1, 
35.0, 42.2, 50.5, 60.7, 80.8 

1.38 0.161 6.4 × 105 SK 7 to 8 10 3.5, 6.8, 11.1, 15.2, 21.5, 27.5, 
34.7, 42.2, 50.6, 60.4, 80.5 

Ib               
θ = 26.6°   
h = 0.05 m 
W = 1 m 

1.14 0.042 1.7 × 105 SK 6 to 7 10 3.3, 6.4, 11.6, 15.5, 21.6, 26.0, 
33.0, 41.4, 50.6 

2.22 0.116 4.6 × 105 SK 12 16 3.3, 6.4, 11.6, 15.5, 21.6, 26.0, 
33.0, 41.4, 50.6, 59.3 

IIa               
θ = 26.6°   
h = 0.1 m 
W = 0.52 m 

1.15 0.122 4.9 × 105 SK 6 10 3.5, 6.9, 10.5, 16.2, 21.6, 28.2, 
35.1, 41.4, 49.2, 61.2, 81.3 

1.45 0.173 6.9 × 105 SK 8 10 3.5, 6.5, 10.1, 15.1, 20.9, 27.8, 
34.4, 44.0, 50.1, 60.6, 80.5 

 

(A) Void fraction; Comparison of all experimental runs 
with advective diffusion equations (Eq. (3-1) & (3-5)) 

(A) Auto-correlation time scale distributions; ensemble 
averaged data 

Figure 3-13: Void fraction and auto-correlation time scale distributions for the single-tip probe in channel centreline 
on flat stepped spillway Ia (θ = 26.6°) in transition flow sub-regime TRA1: dc/h = 0.69, qw = 0.056 m2/s, 
Re = 2.2 × 105 
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3.3.2.2 Integral turbulent time and length scales 

For all experiments, a cross-correlation analysis was performed between the two simultaneously 

sampled single-tip conductivity probes with various transverse distances Δz (Table 3-5). The cross-

correlation yielded the maximum transverse cross-correlation coefficient (Rxz)max. For all cross-

correlation functions, the integration from the maximum cross-correlation value until the first cross-

ing of the x-axis provided the transverse cross-correlation time scale Txz. With increasing distance 

between the probes, (Rxz)max and Txz decreased for all experiments. Overall the results of the present 

study were similar to the observations by CAROSI & CHANSON (2006) and FELDER & CHANSON 

(2008a) on stepped spillways with θ = 21.8°. 

An integration of the maximum cross-correlation values and of the cross-correlation time scales for 

different transverse distances yielded the integral turbulent time and length scales, Tint and Lxz 

(Equations (2-13) & (2-14)), i.e. the transverse size of the large eddies. A further turbulent length 

scale was the advection turbulent length scale Lxx (Equation (2-12)) which characterised the longi-

tudinal connection of the advecting vortices. The integral turbulent scales were calculated in both 

transition and skimming flows and characteristic dimensionless results are presented in Figures 3-

14 & 3-15 as functions of y/Y90.  

In skimming flows (Figures 3-14B & 3-15), the experimental results were consistent with features 

that were reported in previous studies of integral turbulent scales on stepped spillways (CHANSON & 

CAROSI 2007b; FELDER & CHANSON 2009b,2011a). For 0 < C < 0.95 the distributions of the turbu-

lent length scales Lxx and Lxz collapsed quite well, although they differed for larger void fractions in 

the upper spray region. The advection integral turbulent scale Lxx was consistently larger than the 

transverse length scale (Figure 3-14B). The integral turbulent time scale Tint distributions showed a 

similar shape with largest values in the intermediate flow region for void fractions between 50-70%. 

In the bubbly flow region, the turbulent scales tended to zero (C = 0). In Figure 3-15, the integral 

turbulent length and time scales Lxz and Tint are shown for several consecutive step edges down-

stream of the inception point. The integral turbulent scales showed little differences in shape, but 

the size of the integral scales varied slightly from step edge to step edge (Figure 3-15). The dimen-

sionless integral turbulent scales showed self-similarity which was independent of the downstream 

distance from the inception point of free-surface aeration. 

The results for the transition flow data showed similar shapes in terms of the integral turbulent 

scales compared to the skimming flow observations, i.e. larger advection turbulent scales, maxima 

in the intermediate flow region and differences of Lxx and Lxz in the upper spray region (Figure 3-

14A). However small differences were observed for the two adjacent step edges and the integral 
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turbulent scales were consistently larger for step edge 8, which was characterised by an S-shape 

void fraction profile. The differences in integral turbulent scales between the adjacent steps were 

similar compared to the auto-correlation time scale distributions (Figure 3-13B). 

 

(A) TRA1: dc/h = 0.69, qw = 0.056 m2/s, Re = 2.2 × 105; 
Stepped spillway Ia, h = 10 cm; Step edges 8 + 9 

(B) SK: dc/h = 1.14, qw = 0.042 m2/s, Re = 1.7 × 105; 
Stepped spillway Ib, h = 5 cm; Step edge 10 

Figure 3-14: Integral turbulent time and length scale and advection turbulent length scale distributions on flat stepped 
spillways (θ = 26.6°) 

 

(A) Integral turbulent length scale (B) Integral turbulent time scale 

Figure 3-15: Integral turbulent scale distributions on a flat stepped spillway (θ = 26.6°) in skimming flows: dc/h = 1.11, 
qw = 0.116 m2/s, Re = 4.6 × 105; Stepped spillway Ia, h = 10 cm; all step edges downstream of the incep-
tion point  

 

3.3.2.3 Discussion 

The characteristic maximum values of integral turbulent time and length scales and advection turbu-

lent length scales are summarised in Table 3-6 in dimensional and dimensionless form. The present 

observations are compared with previous data sets on stepped spillway I with similar slope (θ = 

21.8°) (FELDER & CHANSON (2008a) [FC_07]; CAROSI & CHANSON (2006) [GH_06]). The charac-
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teristic maximum turbulent scales were in good agreement for all data sets (Table 3-6). The sizes of 

the large advecting eddies in transverse and longitudinal direction were mostly independent of step 

heights and of channel slopes for θ = 21.8° and θ = 26.6°. Scale effects were however observed for 

geometrically scaled stepped spillways as shown by FELDER & CHANSON (2009b) for θ = 21.8° and 

in Appendix G for θ = 26.6°. 

 

Table 3-6: Summary of characteristic transverse integral turbulent length and time scales and advection integral length 
scales; comparison of the present data with previous studies 

Stepped 
spillway 

h 
[m] 

dc/h 
[-] 

Re        
[-] 

Step 
edge 

Y90 
[mm] 

(Lxx)max 
[mm] 

(Lxz)max 
[mm] 

(Tint)max 
[ms] 

Lxx max

dc
 

Lxz max

dc
Tint

g

dc

Ia                
(θ = 26.6°) 

0.1 0.69 2.2 × 105 8 50.9 15.6 11.2 3.8 0.23 0.16 0.045 

0.69 2.2 × 105 9 68.7 13.0 10.6 3.2 0.19 0.15 0.038 

1.11 4.6 × 105 6 71.6 24.2 12.9 4.0 0.22 0.12 0.038 

1.11 4.6 × 105 7 70.2 18.3 13.3 3.5 0.17 0.12 0.033 

1.11 4.6 × 105 8 79.0 15.6 12.0 3.0 0.14 0.11 0.028 

1.11 4.6 × 105 9 68.4 15.7 14.7 3.3 0.14 0.13 0.031 

1.11 4.6 × 105 10 73.9 15.5 14.2 2.9 0.14 0.13 0.027 

1.28 5.7 × 105 9 88.1 17.7 15.0 3.4 0.14 0.12 0.030 

1.28 5.7 × 105 10 81.8 17.6 18.4 3.7 0.14 0.14 0.032 

1.38 6.4 × 105 10 93.4 17.2 15.0 3.1 0.12 0.11 0.026 

Ib                  
(θ = 26.6°) 

0.05 1.14 1.7 × 105 10 32.3 10.7 8.9 2.8 0.19 0.16 0.037 

2.22 4.6 × 105 16 58.9 13.1 13.8 2.7 0.12 0.12 0.025 

IIa              
(θ = 26.6°) 

0.1 1.15 4.9 × 105 10 71.7 16.9 20.1 4.3 0.15 0.17 0.039 

1.45 6.9 × 105 10 91.0 20.1 21.2 4.0 0.14 0.15 0.033 

I (θ = 21.8°) 
[GH_06] 

0.1 1.15 4.6 × 105 10 59.8 15.7 13.4 3.7 0.12 0.14 0.034 

1.45 6.4 × 105 10 73.5 18.3 16.9 3.5 0.12 0.13 0.029 

I (θ = 21.8°) 
[FC_07] 

0.05 1.15 1.7 × 105 10 33.4 10.1 9.3 2.6 0.16 0.18 0.034 

1.15 1.7 × 105 18 35.4 14.6 14.1 3.8 0.25 0.25 0.049 

2.39 4.9 × 105 17 69.2 14.1 15.2 2.7 0.13 0.12 0.025 

2.39 4.9 × 105 20 85.9 11.2 10.9 2.3 0.10 0.10 0.021 

3.05 6.9 × 105 20 97.8 12.9 12.6 2.3 0.09 0.09 0.019 
 

FELDER & CHANSON (2008a) found self-similar relationships between void fraction and dimension-

less integral turbulent time and length scales and the advection turbulent scales respectively. The 

correlation with skewed parabolic shape was found for stepped spillway data with θ = 21.8° and 

with h = 5 cm and h = 10 cm respectively: 

27.048.0

maxxz

xz )C1(C58.1
)L(

L
  0 ≤ C ≤ 1 (3-18) 

23.038.0

maxint

int )C1(C41.1
)T(

T
  0 ≤ C ≤ 0.97 (3-19) 
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26.040.0

maxxx

xx )C1(C46.1
)L(

L
  0 ≤ C ≤ 0.97 (3-20) 

where (Lxz)max, (Tint)max and (Lxx)max are the characteristic maxima in a cross-section. All integral 

turbulent scales were in good agreement with Equations (3-18), (3-19) & (3-20) for both transition 

and skimming flows (Figures 3-16 to 3-18).  

 
Figure 3-16: Dimensionless relationship between void fraction and transverse integral turbulent length scales; compar-

ison of present data with Equation (3-18) 
 

 
Figure 3-17: Dimensionless relationship between void fraction and transverse integral turbulent time scales; compari-

son of present data with Equation (3-19) 
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Eq. (3-18) (FELDER & CHANSON 2008a)
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Eq. (3-19) (FELDER & CHANSON 2008a)
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Figure 3-18: Dimensionless relationship between void fraction and advection turbulent length scales; comparison of 

present data with Equation (3-20) 

 

FELDER & CHANSON (2008a) found a further dimensionless relationship between the characteristic 

maximum dimensionless time and length scales and the Reynolds number. Their finding was based 

upon skimming flow data on a stepped spillway with θ = 21.8° and for step edges three steps down-

stream of the inception point of air entrainment: 
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maxint    1.5 × 105 ≤ Re ≤ 7 × 105 (3-22) 
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d

)L( 7

c

maxxx    1.5 × 105 ≤ Re ≤ 7 × 105 (3-23) 

The characteristic maximum scales of the present experiments for both transition and skimming 

flows are illustrated in Figure 3-19 as a function of the Reynolds number. The data for the stepped 

spillways with θ = 21.8° and Equations (3-21), (3-22) & (3-23) are added. A strong scatter of the 

data was observed (Figure 3-19), but overall the dimensionless trend between Reynolds number and 

integral turbulent scales was reasonably well represented by Equations (3-21) to (3-23). 
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Eq. (3-20) (FELDER & CHANSON 2008a)
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Figure 3-19: Dimensionless relationship between integral turbulent scales and advection turbulent length scales and 

Reynolds number at three step edges downstream of the inception point; comparison with Equations      
(3-21), (3-22) & (3-23) 

 

3.3.3 Microscopic air-water flow properties 

For all experiments, the microscopic air-water flow properties were calculated. In this section, char-

acteristic results are presented including the air bubble and water droplet chord sizes, the air bubble 

and water droplet cluster properties calculated based upon the near-wake criterion as well as the in-

ter-particle arrival time analyses. 

 

3.3.3.1 Air bubble and water droplet chord sizes 

The air-water interfaces provided microscopic information about the chord sizes of the air bubbles 

and water droplets in streamwise direction. The chord sizes were not the bubble diameters, but 

characteristic streamwise air/water sizes. For all transition and skimming flow data, the air bubble 

chord sizes were observed in the bubbly flow region (C < 0.3) and the water droplet chords in the 

spray region (C > 0.7). The distributions in both bubbly and spray flow regions and for both flow 

regimes showed a wide range of bubble/droplet chord sizes at each location (Figures 3-20 & 3-21). 

Figure 3-20 shows examples of probability distribution functions for the air bubble chord lengths 

for both transition and skimming flows and Figure 3-21 illustrates typical results for the water drop-

let chord lengths. The histograms for all data present chord size distributions in 0.5 mm intervals for 

three locations at the same step edge. The spectrum of both bubble and droplet chord lengths ranged 

from less than 0.3 mm to more than 20 mm. Both the bubble and droplet chord size distributions 

were skewed with a preponderance of small bubbles/droplets. 
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The PDF of bubble chord sizes tended to follow a log-normal distribution with a mode between 0.5 

and 3.0 mm (Figure 3-20). The droplet chord size probability distribution functions were flatter and 

broader than those of the bubble chords, and tended also to follow a log-normal distribution (Figure 

3-21). The trends were observed for all data in the present study and the results were consistent with 

results of earlier studies (CHANSON & TOOMBES 2002a; TAKAHASHI et al. 2006; CHANSON & 

CAROSI 2007b; FELDER & CHANSON 2009b,2011a). 

 
(A) TRA2: dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105; Stepped spillway Ia, h = 10 cm, Step edge 9 

 
(B) SK: dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105; Stepped spillway IIa, h = 10 cm, Step edge 10 

Figure 3-20: Probability distribution functions of air bubble chord sizes on flat stepped spillways (θ = 26.6°) 
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(A) TRA1: dc/h = 0.7, qw = 0.020 m2/s, Re = 8.1 × 104; Stepped spillway Ib, h = 5 cm, Step edge 10 

 
(B) SK: dc/h = 1.49, qw = 0.180 m2/s, Re = 7.2 × 105; Stepped spillway Ia, h = 10 cm, Step edge 10 

Figure 3-21: Probability distribution functions of water droplet chord sizes on flat stepped spillways (θ = 26.6°) 

 

3.3.3.2 Cluster analyses 

An extensive cluster analyses was performed using three different cluster definition criteria for all 

experimental data in the bubbly flow region (C < 0.3) and the spray region (C > 0.7) as outlined in 

section 2.5.1. In this section, characteristic results of the cluster analyses with near-wake criterion 

are presented for both transition and skimming flows. The comparison of the near-wake criterion 

with two further cluster criteria (“constant criterion” and “percentage of mean chord criterion”) is 

conducted in Appendix J. 
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of clusters per second, the average clustered chord sizes, the ratio of average clustered chord size 

and average chord sizes and the ratio of lead particle size and average clustered chord size. 

Percentage of particles in clusters 

For both transition and skimming flows, the percentage of particles in clusters were similar and typ-

ical distributions of the percentage of bubbles/droplets in clusters are presented in Figure 3-22 as a 

function of the void fraction for all step edges downstream of the inception point of air entrainment. 

For all data, a small percentage of bubbles were in clusters at locations with small air concentration 

(close to the step edge). With increasing void fraction, the percentage of bubbles in clusters 

increased linearly to about 60–65% for C = 0.3. For C = 0.7, about 60-70% of droplets were in clus-

ters. With increasing void fraction, the percentage of droplets in clusters decreased linearly to about 

5-10% for C ≈ 1. Small scatter was visible in skimming flows for C < 0.3 (Figure 3-22B) and in the 

transition flow regime for C > 0.7 (Figure 3-22A).  

(A) TRA1: dc/h = 0.7, qw = 0.020 m2/s, Re = 8.1 × 104; 
Stepped spillway Ib, h = 5 cm 

(B) SK: dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; 
Stepped spillway Ia, h = 10 cm 

Figure 3-22: Percentage of particles in clusters on flat stepped spillways (θ = 26.6°) 
 

Number of particles per cluster 

A further cluster property was the number of particles per cluster. A cluster contained at least 2 par-
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(A) TRA1: dc/h = 0.69, qw = 0.056 m2/s, Re = 2.2 × 105; 
Stepped spillway Ia, h = 10 cm 

(B) SK: dc/h = 2.22, qw = 0.166 m2/s, Re = 4.6 × 105; 
Stepped spillway Ib, h = 5 cm 

Figure 3-23: Particles per cluster on flat stepped spillways (θ = 26.6°) 

 

More details about the number of bubbles/droplets in clusters were investigated and the probability 

distribution functions for typical transition and skimming flows at locations several step edges 

downstream of the inception point are shown in Figure 3-24. For all air bubble histograms in transi-

tion and skimming flows, about 60% to 90% of clusters comprised two air bubbles, about 10% to 

20% three air bubbles and about 5-10% four air bubbles (Figure 3-24A). Larger numbers of air 

bubbles per cluster were less likely and limited to about 10 air bubbles in a cluster. The occurrence 

of two air bubbles in a cluster was more likely with smaller air concentration, i.e. closer to the step 

edge (Figure 3-24A). Similarly it was more likely to have clusters with three of more air bubbles 

closer to the intermediate flow region.  

(A) TRA2: dc/h = 0.82, qw = 0.073 m2/s, Re = 2.9 × 105; 
Stepped spillway IIa, h = 10 cm, Step edge 9 

(B) SK: dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105; 
Stepped spillway IIa, h = 10 cm, Step edge 8 

Figure 3-24: Probability distribution functions of number of particles per cluster on flat stepped spillways (θ = 26.6°) 
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Similar results were observed for the PDF distributions of numbers of droplets per cluster (Figure 3-

24B). The probability of two droplets per clusters was about 50-60% in a region close to the inter-

mediate flow region (i.e. C ≈ 0.7). With increasing void fraction the probability of two bubbles in-

creased to about 85%. The probability of a larger number of droplets in a cluster was higher closer 

to the intermediate flow region. For all experiments, it appeared that the chance of larger numbers 

of bubbles/droplets per cluster coincided with a larger bubble/droplet count rate F. No differences 

between transition and skimming flow results were found. 

Number of clusters per second 

A further cluster property was the number of clusters per second and typical dimensionless distribu-

tions for transition and skimming flows are illustrated in Figure 3-25 as a function of the void frac-

tion for all step edges downstream of the inception point of air entrainment. In the bubbly flow re-

gion, the number of clusters per second was very small and increased linearly with increasing void 

fraction towards maxima close to the intermediate flow region (C ≈ 0.3). A similar number of drop-

let clusters per second was also observed for C > 0.7. The number of clusters per second decreased 

linearly with increasing void fraction and no clusters were observed for C ≈ 1. With increasing dis-

tance from the inception point the number of clusters per second increased (Figure 3-25). This find-

ing was consistent with observations of an increasing number of bubbles/droplets in the air-water 

flows with increasing distance from the inception point (Figure 3-5). 

(A) TRA2: dc/h = 0.82, qw = 0.073 m2/s, Re = 2.9 × 105; 
Stepped spillway IIa, h = 10 cm 

(B) SK: dc/h = 1.66, qw = 0.075 m2/s, Re = 3.0 × 105; 
Stepped spillway Ia, h = 10 cm 

Figure 3-25: Number of clusters per second on flat stepped spillways (θ = 26.6°) 

 

A linear relationship was found between the dimensionless number of clusters per second and the 
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second (Figure 3-26A) and number of droplet clusters per second respectively (Figure 3-26B). The 

best fit correlation between bubble count rate and number of bubble clusters per second was (R = 

0.93): 

c

c
ondsec_per_Cluster

c

c
V

dN675.5V
dF    (3-24) 

and the relationship for the water droplets was best expressed by (R = 0.98): 

c

c
ondsec_per_Cluster

c

c
V

dN846.4V
dF    (3-25) 

Equations (3-24) & (3-25) are compared with all experimental data in Figure 3-26.  

 
(A) Bubble cluster for all data sets (C < 0.3) 

 
(B) Droplet cluster for all data sets (C > 0.7) 

Figure 3-26: Relationship between number of clusters per second and bubble frequency on flat stepped spillways (θ = 
26.6°); Comparison with Equations (3-24) & (3-25) 
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just downstream of the inception point, the dimensionless average clustered chord sizes were largest 

and the sizes decreased with increasing distance from the inception point (Figures 3-27A & 3-27B). 

The differences between transition and skimming flow observations were small for all data and no 

differences were found in terms of the ratio of the lead particle in a cluster and the average clustered 

chord sizes (Figure 3-27C). For all experiments, the size of the lead particle in the cluster was about 

30% larger compared to the average clustered chord size in both bubbly and spray flow regions. For 

all transition and skimming flow data, small deviations were visible for the upper spray region 

(Figure 3-27C). In Figure 3-27D, typical distributions of the ratio of average clustered chord sizes 

to average chord sizes are illustrated. The ratio was almost uniform with values of about 1.4 for the 

ratio of average clustered bubble chord sizes and average bubble chord sizes and of about 1.3 for 

the ratio of droplet chord sizes. Figure 3-27D indicated that the average chord sizes of particles in a 

cluster exceeded the average chord sizes.  

(A) TRA2: dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105; 
Stepped spillway Ia, h = 10 cm 

(B) SK: dc/h = 1.14, qw = 0.042 m2/s, Re = 1.7 × 105; 
Stepped spillway Ib, h = 5 cm 

(C) Ratio of lead particle size to average clustered chord 
sizes; TRA1: dc/h = 0.70, qw = 0.020 m2/s, Re = 8.1 × 
104; Stepped spillway Ib, h = 5 cm 

(D) Ratio of average clustered chord sizes to average 
chord sizes; SK: dc/h = 1.11, qw = 0.116 m2/s, Re = 
4.6 × 105; Stepped spillway Ia, h = 10 cm 

Figure 3-27: Average clustered chord sizes on flat stepped spillways (θ = 26.6°) 
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3.3.3.3 Inter-particle arrival time 

An inter-particle arrival time analysis was conducted for all experiments and typical results are il-

lustrated in Figure 3-28 for different air bubble chord classes and in Figure 3-29 for water droplets. 

All data are presented for three consecutive step edges, for similar void fractions and together with 

the complementary Poisson distributions. For the two smallest bubble chord classes (0 – 1 mm and 

1 – 3 mm), the PDF distributions of the inter-particle arrival times agreed very well with the Pois-

son distribution, but for the smallest inter-particle arrival times. Clear differences of PDF distribu-

tions of experimental data and corresponding Poisson distributions were visible for the inter-particle 

arrival time analysis of the three other bubble chord classes (3 – 6 mm, 6 – 10 mm and > 10 mm). 

The deviation of the air bubble inter-particle arrival times from the Poisson distributions indicated 

non-randomness of the flow for the smallest inter-particle arrival times. Similar results were ob-

served for the water droplet inter-particle arrival times (Figure 3-29). For all five classes of droplet 

chord sizes, differences between the PDF distributions of the water droplet inter-particle arrival 

times and the corresponding Poisson distributions were observed. The inter-particle arrival time 

analyses confirmed the existence of bubbles/droplets travelling non-randomly and showed that 

these particles were separated by short inter-particle times indicating clustering of the air bubbles 

and water droplets. 

(A) SK: dc/h = 0.96, qw = 0.093 m2/s, Re = 3.7 × 105; 
Stepped spillway IIa, h = 10 cm; Class: 0 – 1 mm 

(B) TRA1: dc/h = 0.70, qw = 0.020 m2/s, Re = 8.1 × 104; 
Stepped spillway Ib, h = 5 cm; Class: 1 – 3 mm 

(C) SK: dc/h = 2.77, qw = 0.161 m2/s, Re = 6.4 × 105; 
Stepped spillway Ib, h = 5 cm; Class: 3 – 6 mm 

(D) SK: dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; 
Stepped spillway Ia, h = 10 cm; Class: 6 – 10 mm 
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(E) SK: dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105; 

Stepped spillway IIa, h = 10 cm; Class: > 10 mm 

 

Figure 3-28: Inter-particle arrival times for different air bubble chord classes on flat stepped spillways (θ = 26.6°) 

 
(A) TRA1: dc/h = 0.70, qw = 0.020 m2/s, Re = 8.1 × 104; 

Stepped spillway Ib, h = 5 cm; Class: 0 – 1 mm 

 
(B) SK: dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; 

Stepped spillway Ia, h = 10 cm; Class: 1 – 3 mm 

 
(C) SK: dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105; 

Stepped spillway IIa, h = 10 cm; Class: 3 – 6 mm 

 
(D) SK: dc/h = 2.77, qw = 0.161 m2/s, Re = 6.4 × 105; 

Stepped spillway Ib, h = 5 cm; Class: 6 – 10 mm 

 
(E) SK: dc/h = 0.96, qw = 0.093 m2/s, Re = 3.7 × 105; 

Stepped spillway IIa, h = 10 cm; Class: > 10 mm 

 

Figure 3-29: Inter-particle arrival times for different water droplet chord classes on flat stepped spillways (θ = 26.6°) 
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3.3.4 Comparison of air-water flows on two stepped spillways with identical slope 

A comparative study was conducted for stepped spillways Ia & IIa (θ = 26.6°) with identical step 

heights h = 10 cm. Geometric differences existed in terms of channel width and broad-crested weir 

length. Furthermore, the inflow conditions were affected by a net positioned upstream of the broad-

crested weir for stepped spillway Ia. For the two stepped spillway, detailed investigations of the 

flow patterns and of the air-water flow properties were conducted for a range of discharges (Appen-

dix F).  

For the comparative study, small differences were observed in the flow patterns for the stepped 

spillways including stronger flow instabilities in the clear water flow area for stepped spillway Ia. 

The recording of the positioning of the inception points showed small differences of about half a 

step cavity length. The observations of flow patterns highlighted large three-dimensional tornado 

eddies and instabilities on stepped spillway Ia. For stepped spillway IIa, the flow appeared smooth 

and steady for small flow rates, but tornado eddies were seen close to the channel sidewalls for 

larger flows.  

Measurements of free-surface profiles and fluctuations were conducted on the broad-crested weirs 

with four acoustic displacement meters. Stronger turbulent free-surface fluctuations were recorded 

for stepped spillway Ia. The results for stepped spillway IIa showed much smaller free-surface fluc-

tuations. Furthermore differences in terms of free-surface profiles in the centre of the broad-crested 

weir were observed. The experiments showed an effect of the broad-crested weir length and the up-

stream net installation on the flow patterns and the free-surface profiles and fluctuations respective-

ly. It was shown that the net positioned upstream of the broad-crested weir had major impacts on 

the flow instabilities. The instabilities and large scale eddies might affect the flow patterns and the 

air-water flow properties. It was not possible to quantify the effect of the channel width and broad-

crested weir length on the air-water flow properties. 

The results of the detailed air-water flow experiments with double-tip and single-tip conductivity 

probes were compared. Small differences were observed in terms of void fraction, bubble count 

rate, interfacial velocity and turbulence intensity. Larger integral turbulent time and length scales 

were recorded on stepped spillway IIa and larger mean air concentration and characteristic interfa-

cial velocities were observed on stepped spillway Ia. It was not possible to identify the main cause 

of the differences in air-water flow properties between the two stepped spillways. The upstream net 

might have had an effect on the properties, but the different channel width and broad-crested weir 

length might also contribute. 
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3.3.5 Scale effects in air-water flows on geometrically scaled stepped spillways 

Air-water flows on stepped spillway studies are characterised by a large amount of parameters in-

cluding the fluid properties, physical constants, flow conditions and stepped spillway geometry 

(section 2.1). A dimensionless analysis can identify the relationship between air-water flow proper-

ties and the relevant parameters (Equation (2-1)). In stepped spillway flows both Reynolds and 

Froude numbers are relevant dimensionless numbers for a dynamic similarity. Therefore in stepped 

spillway flows, a true dynamic similarity between model and prototype cannot be achieved because 

it is impossible to satisfy simultaneously Froude and Reynolds similarities. Just one of these two 

parameters can be equal in model and prototype and the scaling of the flows in geometrically scaled 

models is not possible unless working at full-scale. In some previous stepped spillway studies by 

CHANSON & GONZALEZ (2005) and FELDER & CHANSON (2009b), scale effects were found for 

slopes of θ = 15.9° and θ = 21.8°. The studies showed that a scaling of several air-water flow pa-

rameters was not possible using Froude or Reynolds similitudes. Detailed scale effect analyses were 

also conducted for stepped spillways Ia & Ib (θ = 26.6°) in geometrically scaled models with steps 

of h = 5 cm and h = 10 cm respectively (Appendix G). In Appendix G, the analysis of scale effects 

is presented in detail. The findings confirmed scale effects for both Froude and Reynolds simili-

tudes. 

For the Froude similitude, the analyses of scale effects comprised the full range of macro- and mi-

croscopic air-water flow properties in both transition and skimming flows. Novel outcomes of the 

analyses were the finding of scale effects for the particle clustering with near-wake criterion and in 

terms of the inter-particle arrival times. Further scale effects were highlighted for the auto- and 

cross-correlation functions and time scales respectively. For all air-water flow properties, a close 

agreement was found between analyses of transition and skimming flow results. The findings indi-

cated that a scaling of the air-water flow properties to a prototype scale is not possible.  

Detailed analyses were also conducted using a Reynolds similitude. The findings in the present 

study confirmed the results by FELDER & CHANSON (2009b) and highlighted viscous scale effects. 

New outcomes of the sensitivity analysis were the findings of scale effects in terms of auto- and 

cross-correlation time scales (Appendix G). A Reynolds similitude is not suitable for scaling air-

water flows in stepped spillways. The classical scaling approach in fluid mechanics using dynamic 

similarity does not scale air-water flows on stepped spillways accurately. It was shown that an al-

ternative approach based upon mathematical self-similar equations is suitable for the physical scal-

ing of the air-water flow properties (Appendix G). 
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3.3.6 Characterisation of air-water flows with air concentration of 50% 

A significant amount of the flow energy is dissipated in various processes including cavity 

recirculations in the step cavities driven by momentum exchanges between the overlying flows in 

the bubbly flow region (0 < C < 0.3), ejections of water droplets in the spray region (C > 0.7) and 

energetic interactions of air-water interfaces in the intermediate flow region (0.3 < C < 0.7). The 

cavity recirculation processes were investigated by GONZALEZ & CHANSON (2004) and FELDER & 

CHANSON (2011a) (see also section 6) and details about the upper spray region were reported by 

CAROSI & CHANSON (2006).  

No clear understanding exists about the flow processes in the intermediate flow region. The flow is 

characterised by an air-water mixture with balanced ratios of air bubbles and water droplets and it 

plays an important role in terms of energy and turbulent dissipation processes. Large turbulence 

levels, the maximum numbers of bubbles in a cross-section and the largest integral turbulent scales 

were observed in this part of the flow. However, the microscopic air-water flow properties are still 

unknown and investigations were performed (Appendix H). In Appendix H, the results of the 

detailed analyses are presented for transition and skimming flow data with void fractions of 0.49 < 

C < 0.51 including the air bubble and water droplet chord times, the inter-particle arrival times and 

FFT spectral analysis of the instantaneous void fractions. 

The comparison of air bubble and water droplet chord time distributions for C ≈ 0.5 showed a larger 

number of smaller air bubble chord times and a larger number of water droplet chords with chord 

times of 2-6 ms. Good agreement was observed in terms of the inter-particle arrival times for 

bubble and droplet chords. However, a larger number of water droplets was observed in the chord 

time class 3-5 ms and the probability distribution functions of inter-particle arrival times differed 

for the water and air phases. A characteristic frequency of about 10 Hz (i.e. characteristic time scale 

0.1 s) was identified using FFT spectral analyses of instantaneous void fractions. The magnitude of 

the time scale was similar to the observations of free-surface auto-correlation time scales (Appendix 

I). It appeared that the characteristic time scale of the instantaneous void fraction signal was linked 

with large scale free-surface fluctuations and not with the air-water interactions on a microscopic 

level. It is believed that the agreement between time scales at the free-surface and in the 

intermediate flow region confirmed the effect of free-surface motion upon the air-water flow 

properties as suggested by TOOMBES & CHANSON (2007,2008b). 
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3.4 Air-water flow properties on a flat stepped spillway with 8.9° slope 

For the flat stepped spillway with 8.9° slope and step height h = 5 cm, air-water flow experiments 

were conducted for several step edges downstream of the inception point of air entrainment (Table 

3-7). Table 3-7 summarises the experimental flow conditions for the measurements with a double-

tip conductivity probe (Ø = 0.13 mm). The experiments were performed for a range of discharges in 

the transition and skimming flow regimes and the air-water flow properties were calculated. The 

transition flow could be divided into two sub-regimes TRA1 and TRA2. 

In this section, characteristic results are presented for all discharges including the void fraction, 

bubble count rate, interfacial velocity, turbulence intensity, maximum cross-correlation coefficient 

and auto- and cross-correlation time scales. Please note, that additional data for the flat stepped 

spillway are presented in section 5.4 in a comparison of macroscopic and microscopic air-water 

flow properties at consecutive step edges on flat and pooled stepped spillways with θ = 8.9°. The 

air-water flow properties in this section are presented for one step edge at the downstream end of 

the flat stepped spillway (i.e. step edge 21) and the results are presented for all discharges in the 

transition and skimming flow regimes. Please note, that the distance from the inception point to step 

edge 21 decreased with increasing discharge and the air-water flow properties might be affected. 

Furthermore in this section, the air-water flow properties are compared with self-similar equations 

which were introduced before for the flat stepped spillways with θ = 26.6° (section 3.3; Appendix 

G). For all air-water flow properties, a good agreement was found. 

 

Table 3-7: Experimental program for conductivity probe measurements on flat stepped spillway IIIa (θ = 8.9°; h = 5 
cm) 

Spillway dc/h 
[-] 

qw 
[m2/s] 

Re        
[-] 

Flow 
regime 

Inception 
point 

Conductivity 
probe 

Δx 
[mm] 

Δz   
[mm] 

Measured 
step edges 

IIIa             
θ = 8.9°   
W = 0.5 m  
h = 0.05 m 

1.00 0.035 1.4 × 105 TRA1 4 Double-tip     
(Ø = 0.13 mm)   

5.1 1.0 21 

1.35 0.055 2.2 × 105 TRA2 4 5.1 1.0 21 

1.70 0.078 3.1 × 105 TRA/SK 5 5.1 1.0 16 - 21 

2.00 0.099 3.9 × 105 SK 6 5.1 1.0 21 

2.30 0.122 4.9 × 105 SK 7 5.1 1.0 21 

2.66 0.152 6.0 × 105 SK 9 to 10 5.1 1.0 16 - 21 

3.00 0.182 7.2 × 105 SK 10 to 11 5.1 1.0 21 

3.30 0.210 8.3 × 105 SK 13 to 14 5.1 1.0 21 

3.55 0.234 9.3 × 105 SK 14 to 15 5.1 1.0 17 - 21 
 

3.4.1 Void fraction distributions 

For step edge 21 at the downstream end of the flat stepped spillway with θ = 8.9°, the void fraction 

distributions are illustrated for all transition and skimming flow discharges in Figure 3-30 as a func-



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

88 3 Flow characteristics of flat stepped spillways with uniform step heights  

tion of y/Y90. For all skimming flow data, the void fraction distributions showed typical S-shapes 

and the data agreed very well with the advective diffusion equation for skimming flows by 

CHANSON & TOOMBES (2002a) (Equations (3-1)). For the transition flow data, the shapes of the 

void fraction distributions differed. The void fraction distributions for the transition flow sub-

regime TRA1 exhibited a straight flat profile, which was also observed on the flat stepped spillway 

with θ = 26.6° (section 3.3) and in some previous studies (CHANSON & TOOMBES 2004; GONZALEZ 

2005). For TRA1, the data were reasonably close to the advective diffusion equation for transition 

flow sub-regime TRA1 by CHANSON & TOOMBES (2004) (Equation (3-5)). The shape of the void 

fraction distribution for the transition flow sub-regime TRA2 was similar to the skimming flow 

curves and compared relatively well with the advective diffusion equation in skimming flows 

(Equation (3-1)) (Figure 3-30).  

The void fraction distributions for the smallest discharges were the lowest curves and with increas-

ing discharge and increasing flow depths respectively, the positioning of the curves increased and 

the air concentration decreased (Figure 3-30). Please note that no equilibrium flow conditions were 

reached and that the air concentration might be higher with further downstream distance from the 

inception point of air entrainment. However, the finding showed larger air concentrations for the 

transition flow regime which was consistent with visual observations of high aeration, small insta-

bilities and strong droplet ejection processes.   

 
Figure 3-30: Void fraction distributions for all transition and skimming flow discharges at the downstream end (Step 

edge 21) of flat stepped spillway IIIa (θ = 8.9º); comparison with advective diffusion equations (Equations 
(3-1) & (3-5)) 
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3.4.2 Bubble count rate distributions 

The dimensionless bubble count rate F×dc/Vc distributions for all discharges showed typical shapes 

with maxima in the intermediate flow region for C ≈ 0.4-0.55 and very small numbers of bubbles in 

the spray and bubbly flow regions (Figure 3-31A). Differences were observed in terms of the mag-

nitude of the numbers of entrained bubbles. Smaller numbers of bubbles were entrained for the 

smallest flow rates in the transition flow regime dc/h ≤ 1.7 even so the downstream distance from 

the inception point was largest (Figure 3-31A). The smaller number of bubbles in the transition 

flow might be linked with the more instable flow characteristics. In the skimming flow regime, the 

bubble count rates were smaller for the largest discharges which was linked with the smaller dis-

tance downstream from the inception point of air entrainment and the gradually varied nature of the 

flow. Please note, that the maximum number of bubble count rate Fmax is listed in Figure 3-31A for 

completeness. 

The dimensionless relationship between bubble count rate and void fraction agreed very well with a 

power law correlation (Equation (3-10)) for all flow rates at step edge 21 (Figure 3-31B). The 

agreement showed a self-similar relationship independent of the discharge which was also observed 

for the flat stepped spillway with θ = 26.6° (section 3.3). Please note, that TOOMBES (2002) and 

CHANSON & TOOMBES (2002a) found a modified parabolic law correlation which included the flow 

physics (Equation (3-11)). The data for the flat stepped spillway were not compared with this equa-

tion because the agreement of the experimental data with Equation (3-10) was relatively close (Fig-

ure 3-31B). 

(A) Dimensionless bubble count rate distributions as func-
tion of y/Y90 

(B) Dimensionless relationship between bubble count 
rate and void fraction; comparison with Eq. (3-10) 

Figure 3-31: Bubble count rate distributions for all transition and skimming flow discharges at the downstream end 
(Step edge 21) on flat stepped spillway IIIa (θ = 8.9°) 
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3.4.3 Interfacial velocity distributions 

The dimensionless interfacial velocities V/V90 for step edge 21 are illustrated as function of y/Y90 in 

Figure 3-32 for all transition and skimming flow discharges. The data are compared with self-

similarity equations, i.e. a 1/10th power law for y ≤ y/Y90 (Equation (3-14)) and a uniform profile 

for y/Y90 > 1 (Equation (3-15)), which showed good agreement with skimming flow data on the flat 

stepped spillway with θ = 26.6°. The interfacial velocity distributions for the 8.9° sloped flat steps 

agreed well with the self-similar equations for skimming flow discharges dc/h ≥ 2.0 (Figure 3-32). 

For transition flow discharges, differences were observed in the bubbly flow region with a local 

bulking of velocities for y/Y90 < 0.6. This finding was consistent with the observations of transition 

flows on the flat stepped spillway with θ = 26.6° (section 3.3.3.1). For y/Y90 > 0.6, the transition 

flow velocities were close to the skimming flow data, but scatter of V/V90 was observed in the spray 

region. The characteristic interfacial velocities V90 are listed in Figure 3-32. With increasing dis-

charge, the velocities increased.  

 
Figure 3-32: Interfacial velocity distributions for all transition and skimming flow discharges at the downstream end 

(Step edge 21) of flat stepped spillway IIIa (θ = 8.9°); comparison with self-similar Equations (3-14) & 
(3-15) 
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similar shapes for all discharges. The transition flow data however, showed larger turbulence levels 

which might be linked with small instabilities in this flow regime. 

A self-similar relationship between turbulence intensities and void fractions was found for all 

skimming flow data on the flat stepped spillways with θ = 26.6° (Appendix G):   

283.0263.0

max

)C1(C26.1
Tu

Tu
  for SK data on flat steps with θ = 26.6° (3-26) 

The data for the 8.9° stepped spillway agreed reasonably well with Equation (3-26)) for all dis-

charges (Figure 3-33B). Furthermore, it was found that the turbulence intensities increased mono-

tonically with number of entrained air bubbles. A linear best fit equation (Equation (3-16)) was 

found to correlate well with the experimental data on the 26.6° slope flat stepped spillway (FELDER 

& CHANSON 2011a). The data for the θ = 8.9° steps were also well correlated with this self-similar 

equation as will be discussed in section 5.4.2.4 (Figure 5-29).  

(A) Turbulence intensity distributions as function of y/Y90 (B) Dimensionless relationship between turbulence inten-
sity and void fraction; Comparison with Eq. (3-26) 

Figure 3-33: Turbulence intensity distributions for transition and skimming flow discharges at the downstream end 
(Step edge 21) of flat stepped spillway IIIa (θ = 8.9°) 
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per spray region on a stepped spillway with θ = 21.8°. In contrast, the stepped spillway with θ = 

8.9° showed a different pattern of the auto-correlation time scales in the spray region which might 

indicate an ejection of the water droplets closely linked with the mainstream skimming flow. For 

the transition flow discharges, the shapes of the Txx distributions were similar, but the magnitude of 

the scales was larger for the whole air-water flow column (Figure 3-34A). The dimensionless rela-

tionship between the auto-correlation time scales and the void fraction was well correlated by a par-

abolic law independently of the discharge (Figure 3-34B): 

)C1(C4
)T(

T

maxxx

xx   (3-27) 

Equation (3-27) was first shown by CAROSI & CHANSON (2006) on a flat stepped spillway with θ = 

21.8°. The present data on the flat stepped spillways with θ = 26.6° (Appendix G) and θ = 8.9° con-

firmed the self-similar relationship independently of step heights and channel slope. 

(A) Dimensionless auto-correlation time scale distribu-
tions as function of y/Y90 

(B) Dimensionless relationship of auto-correlation time 
scales and void fraction; Comparison with Eq. (3-27) 

Figure 3-34: Auto-correlation time scale distributions for transition and skimming flow discharges at the step edge 21 
on flat stepped spillway IIIa (θ = 8.9°) 

 

Similar results were observed for the cross-correlation time Txy scales (Figure 3-35). The distribu-

tions of Txy showed similar shapes and magnitudes compared to the auto-correlation time scales 

(Figure 3-35A). Furthermore, the dimensionless relationship between cross-correlation time scales 

and void fraction was also well correlated with a self-similar equation (Figure 3-35B): 
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Txx/(Txx)max = 4C(1-C) (Eq. (3-27))
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Equation (3-28) correlated the relationship between Txy and C for a range of stepped chute slopes, 

i.e. θ = 26.6° (Appendix G), θ = 21.8° (CAROSI & CHANSON 2006) and θ = 8.9° (Figure 3-35B). 

 

(A) Dimensionless cross-correlation time scale distribu-
tions as function of y/Y90 

(B) Dimensionless relationship of cross-correlation time 
scales and void fraction; Comparison with Eq. (3-28) 

Figure 3-35: Cross-correlation time scale distributions for transition and skimming flow discharges at the step edge 21 
on flat stepped spillway IIIa (θ = 8.9°) 

 

3.4.6 Microscopic air-water flow properties 

The full range of microscopic air-water flow properties was calculated including the air bubble and 

water droplet chord sizes, the clustered properties and the inter-particle arrival time. The results are 

not presented in this section. They are shown in section 5.4.3 in a comparative analyses of flat and 

pooled stepped spillway data with θ = 8.9°. The probability distribution functions of the air bubble 

and droplet chord sizes showed typical distributions which followed a log-normal distribution. The 

findings were consistent with observations on the flat stepped spillway with θ = 26.6° (section 

3.3.3.1) and previous studies (CHANSON & TOOMBES 2002a; TAKAHASHI et al. 2006; CHANSON & 

CAROSI 2007b; FELDER & CHANSON 2009b,2011a).  

The cluster properties based upon the near-wake criterion are presented in section 5.4.3.2 for the 

flat stepped spillway with θ = 8.9° including the percentage of particles in clusters, the number of 

particles per cluster, the number of clusters per seconds, the average clustered chord sizes, the ratio 

of average clustered chord sizes to average chord sizes and the ratio of lead particle size to average 

clustered chord sizes. The magnitudes and the shapes of the clustered properties were in good 

agreement with the observations on the flat stepped spillway with θ = 26.6°. However, small differ-

ences were observed in terms of the number of clusters per second with a smaller number of clus-
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Txy/(Txy)max = 4C(1-C) (Eq. (3-28))
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ters per seconds on the flat stepped spillway with θ = 8.9° for small flow rates. The inter-particle ar-

rival time analyses indicated particle clustering on the 8.9° slope stepped spillway (section 5.4.3.3). 

The findings were consistent with the observations on the steeper sloped stepped spillway with θ = 

26.6° (section 3.3.3.3). All experimental data are presented in the Digital Appendix on DVD. In ad-

dition to the macros- and microscopic data presented in this thesis, the DVD includes also clustered 

properties for the constant and percentage cluster criteria.  

 

3.5 Summary 

Experiments were conducted on different flat stepped spillways with slopes of θ = 8.9° and θ = 

26.6° and step height of h = 5 cm and h = 10 cm respectively. Detailed observations of the flow re-

gimes were conducted and characteristic air-water flow patterns in the nappe, transition and skim-

ming flows were observed which were consistent with previous studies on flat stepped spillways. 

Detailed air-water flow measurements were performed with a double-tip conductivity probe on all 

stepped spillway configurations in transition and skimming flow discharges. Additional experi-

ments were conducted on the 26.6° slope stepped spillway with an array of two single-tip conduc-

tivity probes. The full range of air-water flow properties were recorded for all measurements and 

the characteristic results were presented for both transition and skimming flows. All air-water flow 

properties showed typical distributions which were in good agreement with previous studies on flat 

stepped spillways with similar chute slopes. The present experiments provided new information 

about the integral turbulent time and length scale distributions in transition flows and detailed clus-

ter analyses for all investigated flow conditions. 

For the 26.6° flat stepped spillways, a comparison highlighted small effects of the inflow conditions 

on the air-water flow properties (Appendix F). Furthermore, a comparison of geometrically scaled 

stepped spillway models confirmed scale effects in air-water flows on stepped spillways. It is not 

possible to extrapolate several experimental results to a prototype scale using Froude or Reynolds 

similitudes (Appendix G). However, the air-water flow properties for the flat stepped spillways with 

θ = 8.9° and θ = 26.6° showed self-similar relationships which were independent of the channel 

slope and step heights (Appendix G). The self-similar equations allowed an estimate of the full 

range of air-water flow properties at prototype scale. A novel investigation of the air-water flow re-

gion with void fractions of C ≈ 50% was performed. The results highlighted characteristic scales 

and a connection between free-surface motion and air-water flow properties in the bulk of the flow. 

Further details are presented in Appendix H. 
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4 Flow characteristics of stepped spillways with non-uniform step heights 

4.1 Introduction 

Many experimental studies have been conducted on stepped spillways with uniform flat steps and 

characteristic results were presented in section 3 for the present experiments. However some proto-

type spillways are equipped with non-uniform step heights (Malmsburry 1870, Upper Coliban 

1903) (CHANSON 2001a) and their long operation indicates that the design is sound. Flow instabili-

ties and shock waves might occur for the non-uniform step heights as reported by TOOMBES & 

CHANSON (2008a) in the nappe flow regime and by THORWARTH & KÖNGETER (2006) for pooled 

stepped spillways. The only experimental test of non-uniform step heights was reported by 

STEPHENSON (1988) on a model with a slope of 45°, suggesting an increase in energy dissipation of 

10%.  

In the present study, the effects of non-uniform step heights on the air-water flow properties down a 

stepped chute are tested systematically for a range of discharges in transition and skimming flows. 

It is the aim of this work to assess the effects of occasional large steps, and alternate large and small 

steps, on the rate of energy dissipation and flow aeration using a large size facility with moderate 

slope θ = 26.6° (1V:2H). The stepped spillway models with non-uniform step heights are sketched 

in Figure 4-1 together with the uniform stepped spillway configurations with step heights of h = 5 

& 10 cm. Results for the uniform stepped spillways were presented in section 3 and they are used as 

the reference design in the present section. The non-uniform stepped spillways were equipped with 

a combination of steps with 5 & 10 cm step heights (Figure 4-1). Experiments were conducted in 

the stepped spillway facility I for a wide range of discharges between 0.005 ≤ qw ≤ 0.241 m2/s for 

all stepped spillway configurations (Table 4-1). Table 4-1 summarises the experimental program for 

the non-uniform stepped spillways and for the reference configurations with uniform step heights. 

Further details about the experiments on the non-uniform stepped spillways can be found in FELDER 

& CHANSON (2011b). 
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Figure 4-1: Non-uniform stepped spillway configurations and uniform reference stepped spillways (Spillway I, θ = 
26.6°, W = 1 m); experimental setup and definition of step numbering and measurement positions between 
step edges 
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Table 4-1: Experimental configurations of stepped spillway experiments with non-uniform and uniform steps (Spillway 
I, θ = 26.6°, W = 1 m) 

Configu-
ration 

Steps Characteristic dc/h   
[-] 

qw 
[m2/s] 

Re        
[-] 

Comment 

10 cm 10 steps with h = 10 cm Uniform step heights 0.20-
1.81 

0.009-
0.241 

3.5×104-
9.6×105 

Calculation of dc/h 
with h = 10 cm 

5 cm 20 steps with h = 5 cm Uniform step heights 0.27-
3.51 

0.005-
0.230 

1.9×104-
9.1×105 

Calculation of dc/h 
with h = 5 cm 

A 10 steps with h = 5 cm 
5 steps with h = 10 cm 

Regular alternation of 
one 10 cm step followed 
by two 5 cm steps 

0.13-
1.74 

0.005-
0.227 

1.9×104-
9.0×105 

Calculation of dc/h 
with h = 10 cm 

B 9 steps with h = 10 cm 
2 steps with h = 5 cm 

Two 5 cm steps between 
step edges 7 and 8 

0.20-
1.81 

0.009-
0.241 

3.5×104-
9.6×105 

Calculation of dc/h 
with h = 10 cm 

C 18 steps with h = 5 cm 
1 step with h = 10 cm 

10 cm step between step 
edges 13 and 15 

0.27-
3.39 

0.005-
0.218 

1.9×104-
8.7×105 

Calculation of dc/h 
with h = 5 cm 

 

4.2 Air-water flow patterns on the non-uniform stepped spillways with 26.6° slope 

For all stepped spillway configurations, the air-water flow patterns were observed for a range of 

discharges (Table 4-1). Photos for typical flows over non-uniform steps are shown in Figure 4-2 to 

4-4 for the three non-uniform stepped spillways and for three flow regimes. The flow regimes are 

shown for the non-uniform stepped spillway with regular alternation of one 10 cm step followed by 

two 5 cm steps (Configuration A) in Figure 4-2. For the nappe flow regime, the water flowed down 

the stepped spillway in free-falling nappes similar to the uniform stepped spillway with 10 cm steps 

(Figure 4-2A). The step cavities for the 5 cm high steps contained a large void and it appeared that 

the free-falling jets streamed from 10 cm step to 10 cm step bypassing the smaller step cavities 

(Figure 4-2A). In the transition flows, strong droplet splashing was present and the flow appeared 

instable (Figure 4-2B). The flow was similar to transition flows on the uniform stepped spillways 

and recirculation motions were observed in the smaller step cavities. For the skimming flows, the 

air-water flow patterns were identical to uniform stepped spillways with the free-surface being par-

allel to the pseudo-bottom formed by the step edges (Figure 4-2C).  

The air-water flow patterns for the stepped spillway with 10 cm high steps and two 5 cm steps be-

tween step edges 7 and 8 (Configuration B) are illustrated in Figure 4-3. For all three flow regimes, 

the flow patterns were very similar compared to the uniform stepped spillway with 10 cm step 

height. However, stable recirculations in the step niches for the two smaller steps were already ob-

served in the transition flow regime (Figure 4-3B).  

In Figure 4-4, the air-water flow patterns for the stepped spillway configuration C with one 10 cm 

high step on a stepped spillway with 5 cm steps are shown. For the nappe flow regime, the flow pat-

terns were close to the patterns on the uniform stepped spillway with 5 cm steps (Figure 4-4A). 

Similarly, the transition and skimming flow regimes were identical in the upstream section with 
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uniform step heights of 5 cm. A single discontinuity was observed at and downstream of the large 

10 cm drop (Figure 4-4B). Figure 4-4B illustrates regular skimming flows in the upstream part of 

the stepped spillway and a transition flow regime downstream of the large step. For large discharg-

es, a skimming flow regime was observed on the whole stepped spillway (Figure 4-4C). 

The observations of flow regime changes are summarised in Table 4-2. The flow regime changes 

for the non-uniform stepped spillway configurations A and B were close to the observations on the 

uniform stepped spillways (Table 4-2) and agreed well with previous studies on stepped spillways 

with similar slopes (e.g. CAROSI & CHANSON 2008; FELDER & CHANSON 2009a). For stepped 

spillway configuration C, the observation of flow regime changes was not definite. At the upstream 

end of the chute, the 5 cm high steps resulted in identical changes of flow regimes as observed for 

the stepped channel with uniform step heights of 5 cm, i.e. a change from nappe to transition flow 

for dc/h = 0.53 and from transition to skimming for dc/h = 1.06. At the same time, the large drop of 

10 cm at the lower end of the chute led to different flow patterns downstream of the drop, i.e. a 

transition flow regime existed still for dc/h < 1.70 before the flow regime changed to a skimming 

flow regime (Figure 4-4B).  

For all stepped spillways, the inception points of free-surface aeration were recorded for all dis-

charges. The results are presented in section 7.2 and compared with other experimental results and 

empirical equations. 

 

Table 4-2: Summary of visual observations and changes in flow regimes for the stepped spillways with non-uniform 
step heights (Spillway I, θ = 26.6°, W = 1 m) 

Configu-
ration 

dc/h 
[-] 

qw 

[m2/s] 
Re 
[-] 

dc/h [-] 
(NA – TRA) 

dc/h [-] 
(TRA – SK) 

Comment 

10 cm 0.20-1.81 0.009-0.241 3.5×104-9.6×105 0.59 0.91 Calculation of dc/h 
with h = 10 cm 

5 cm 0.27-3.51 0.005-0.230 1.9×104-9.1×105 0.53 1.06 Calculation of dc/h 
with h = 5 cm 

A 0.13-1.69 0.005-0.218 1.9×104-8.7×105 0.53 0.97 Calculation of dc/h 
with h = 10 cm 

B 0.20-1.81 0.009-0.241 3.5×104-9.6×105 0.59 0.97 Calculation of dc/h 
with h = 10 cm 

C 0.27-3.39 0.005-0.218 1.9×104-8.7×105 0.53 1.70 (1.06) Calculation of dc/h 
with h = 5 cm 
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(A) Nappe flows: dc/h = 0.40; qw = 0.025 m2/s; Re = 9.9 × 104 

 
(B) Transition flows: dc/h = 0.78; qw = 0.069 m2/s; Re = 2.7 × 105 

 
(C) Skimming flows: dc/h = 1.22; qw = 0.133 m2/s; Re = 5.3 × 105 

Figure 4-2: Flow patterns on the stepped spillway with regular alternation of one 10 cm step followed by two 5 cm 
steps (Config. A); θ = 26.6° 
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(A) Nappe flows: dc/h = 0.40; qw = 0.025 m2/s; Re = 9.9 × 104 

 
(B) Transition flows: dc/h = 0.83; qw = 0.075 m2/s; Re = 3.0 × 105 

 
(C) Skimming flows: dc/h = 1.16; qw = 0.123 m2/s; Re = 4.9 × 105 

Figure 4-3: Flow patterns on the stepped spillway with 10 cm high steps and two 5 cm steps between step edges 7 and 8 
(Config. B); θ = 26.6° 



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

 4 Flow characteristics of stepped spillways with non-uniform step heights  101

 
(A) Nappe flows: dc/h = 0.40; qw = 0.009 m2/s; Re = 3.5 × 104 

 
(B) Skimming flows for 5 cm steps and transition flows at 10 cm step: dc/h = 1.57; qw = 0.069 m2/s; Re = 2.7 × 105 

 
(C) Skimming flows: dc/h = 1.82; qw = 0.086 m2/s; Re = 3.4 × 105 

Figure 4-4: Flow patterns on the stepped spillway with 5 cm high steps and one 10 cm step between step edges 13 and 
15 (Config. C); θ = 26.6° 
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4.3 Air-water flow properties on the non-uniform stepped spillways with 26.6° 
slope 

The air-water flow properties were recorded with conductivity probes in channel centreline down-

stream of the inception point (Table 4-3). Table 4-3 lists the experimental flow conditions for the 

stepped spillways with non-uniform and uniform steps in the present study. Experiments were con-

ducted with a double-tip conductivity probe with a sampling rate of 20 kHz and for a sampling du-

ration of 45 s for each sensor. Further experiments were conducted with an array of two single-tip 

probes with various transverse distances between the probe tips z. For the uniform stepped spill-

ways, the experiments were conducted at the step edges. For the non-uniform stepped spillway con-

figurations, additional experiments were conducted between the step edges for the 10 cm high steps. 

Please note, that further air-water flow experiments were conducted for the uniform stepped spill-

ways (section 3.3). In this section, the uniform stepped spillway data worked as reference for the 

non-uniform stepped spillway configurations and additional data are not presented. 

The observations of the air-water flow patterns on the non-uniform stepped spillways showed that 

the configurations A and B were close to the uniform stepped spillway with 10 cm high steps. The 

non-uniform stepped spillway configuration C showed similar patterns compared to the uniform 

stepped spillway with 5 cm step height. On the uniform stepped spillways, scale effects were ob-

served in terms of several characteristic air-water flow properties on the geometrically scaled uni-

form stepped spillways (section 3.3.5; Appendix G). As shown in Appendix G, the air entrainment, 

energy dissipation and turbulent processes were not properly scaled by neither Froude nor Reynolds 

similitudes. For the configurations with non-uniform step heights, scale effect might also be present 

along the stepped chute. Therefore, the comparative analyses of the air-water flow properties were 

performed separately for the non-uniform stepped spillway configurations. The air-water flow 

properties for the non-uniform configurations A and B were compared with the uniform stepped 

spillway Ia (h = 10 cm) and configuration C with the uniform stepped spillway Ib (5 cm).  

For all stepped spillways, the double-tip probe experiments yielded the void fraction C, the bubble 

count rate F, the interfacial velocity V, the turbulence intensity Tu, the auto- and cross-correlation 

time scales Txx and Txy and the bubble and droplet chord sizes. Further experiments were conducted 

with two single-tip probes for non-uniform stepped spillway configurations A and B as well as for 

the uniform stepped spillway with 10 cm steps and the transverse integral turbulent length and time 

scales Lxz and Tint were calculated. Typical experimental results are presented in this section. 
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Table 4-3: Experimental program for conductivity probe measurements on the non-uniform stepped spillways (spillway 
I, θ = 26.6°, W = 1 m) 

Configu-
ration 

dc/h  
[-] 

qw 
[m2/s] 

Re        
[-] 

Flow  
regime 

Inception 
point 

Conductivity probe Δx 
[mm] 

Δz   
[mm] 

Measured 
step edges 

10 cm 
(Ia) 
 

0.69 0.056 2.2×105 TRA1 3 to 4 Double-tip 
(Ø = 0.25 mm)   

7.2 2.1 4 - 10 
0.83 0.075 3.0×105 TRA2 4 7.2 2.1 4 - 10 
0.97 0.095 3.8×105 SK 5 7.4 2.1 5 - 10 
1.11 0.116 4.6×105 SK 6 7.4 2.1 6 - 10 
1.28 0.143 5.7×105 SK 6 to 7 7.3 2.1 6 - 10 
1.38 0.161 6.4×105 SK 7 to 8 7.2 2.1 7 - 10 
1.49 0.180 7.2×105 SK 8 7.2 2.1 8 - 10 
1.61 0.202 8.0×105 SK 9 to 10 7.2 2.1 9 + 10 
1.74 0.227 9.0×105 SK 10 7.2 2.1 10 
1.11 0.116 4.6×105 SK 6 Array of 2 single-tip 

(Ø = 0.35 mm) 
0 3.3 - 

80.5 
6 - 10 

5 cm   
(Ib) 

0.70 0.020 8.1×104 TRA1 4 Double-tip  
(Ø = 0.25 mm)   

7.2 2.1 4 - 19 
1.14 0.042 1.7×105 SK 6 to 7 7.2 2.1 6 - 19 
1.66 0.075 3.0×105 SK 8 to 9 7.2 2.1 8 - 20 
2.22 0.116 4.6×105 SK 12 7.2 2.1 12 - 20 
2.77 0.161 6.4×105 SK 18 7.2 2.1 18 - 20 
3.30 0.210 8.3×105 SK 20 7.2 2.1 20 

 
A  0.69 0.056 2.2×105 TRA 3 Double-tip 

(Ø = 0.25 mm)   
7.2 2.1 10 

0.83 0.075 3.0×105 TRA 3-4 7.2 2.1 3-4 - 10 
0.97 0.095 3.8×105 SK 5-6 7.2 2.1 10 
1.11 0.116 4.6×105 SK 6 7.2 2.1 6 - 10 
1.28 0.143 5.7×105 SK 7-8 7.2 2.1 10 
1.38 0.161 6.4×105 SK 8 7.2 2.1 8 - 10 
1.49 0.180 7.2×105 SK 9 7.2 2.1 10 
1.61 0.202 8.0×105 SK 10 7.2 2.1 10 
1.74 0.227 9.0×105 SK 10 to end 7.2 2.1 10 
1.11 0.116 4.6×105 SK 6 Array of 2 single-tip 

(Ø = 0.35 mm) 
0 3.4 - 

61.8 
8 - 10 

B  0.69 0.056 2.2×105 TRA 3 to 4 Double-tip   
(Ø = 0.25 mm)   

7.2 2.1 10 
0.83 0.075 3.0×105 TRA 4 7.2 2.1 4 - 10 
0.97 0.095 3.8×105 SK 5 7.2 2.1 10 
1.11 0.116 4.6×105 SK 6 7.2 2.1 6 - 10 
1.28 0.143 5.7×105 SK 6 to 7 7.2 2.1 10 
1.38 0.161 6.4×105 SK 7 7.2 2.1 7 - 10 
1.49 0.180 7.2×105 SK 8 7.2 2.1 10 
1.61 0.202 8.0×105 SK 9 to 10 7.2 2.1 10 
1.74 0.227 9.0×105 SK 10 7.2 2.1 10 
1.11 0.116 4.6×105 SK 6 Array of 2 single-tip 

(Ø = 0.35 mm) 
0 3.4 - 

64.4 
7 - 10 

C  0.70 0.020 8.1×104 TRA1 4 Double-tip   
(Ø = 0.25 mm)   

7.2 2.1 13 - 19 
0.84 0.027 1.1×105 TRA 4 to 5 7.2 2.1 19 
0.99 0.034 1.4×105 TRA/SK 6 7.2 2.1 19 
1.14 0.042 1.7×105 TRA/SK 6 to 7 7.2 2.1 13 - 19 
1.38 0.056 2.2×105 TRA/SK 7 7.2 2.1 19 
1.66 0.075 3.0×105 TRA/SK 8 to 9 7.2 2.1 13 - 19 
1.94 0.095 3.8×105 SK 10 to 11 7.2 2.1 19 
2.22 0.116 4.6×105 SK 12 to 13 7.2 2.1 13 - 19 
2.55 0.143 5.7×105 SK 13-15 7.2 2.1 19 
2.77 0.161 6.4×105 SK 16 7.2 2.1 17 - 19 
2.98 0.180 7.2×105 SK 17 to 18 7.2 2.1 19 
3.30 0.210 8.3×105 SK 19 to 20 7.2 2.1 19 
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4.3.1 Basic air-water flow properties 

4.3.1.1 Void fraction distributions 

The non-uniform distributions of void fraction were compared with the corresponding uniform 

stepped spillway results (Figure 4-5). The non-uniform stepped spillway configurations A and B 

were compared with the 10 cm high flat steps (Figure 4-5A) and the non-uniform configuration C 

with the corresponding 5 cm high steps (Figures 4-5B & 4-5C). Typical void fraction distributions 

are illustrated in Figure 4-5 as function of the dimensionless distance from the pseudo-bottom 

y/Y90, where Y90 is the depth with C = 90%. 

The void fraction distributions for the non-uniform configurations A and B and the corresponding 

uniform steps with h = 10 cm were in relatively close agreement, but scatter of the void fraction dis-

tribution shapes was observed for the non-uniform stepped spillways (Figure 4-5A). In particular 

the void fraction distributions recorded between the step edges for the 10 cm high steps showed 

slightly different shapes with larger air concentration close to the pseudo-bottom (Figure 4-5A). 

Larger values of void fraction in between step edges were reported for uniform stepped spillways 

before (e.g. GONZALEZ & CHANSON 2004; FELDER & CHANSON 2011a) and it was not a specific 

feature for the non-uniform stepped spillway. Despite the scatter of the air concentration shapes and 

differences in the region close to the pseudo-bottom, the void fraction distribution for the non-

uniform stepped spillways were in good agreement with the advective diffusion equation (Equation 

(3-1)) by CHANSON & TOOMBES (2002a) (Figure 4-5A).  

The comparison of the non-uniform step configuration C with the corresponding uniform steps 

showed larger differences (Figures 4-5B & 4-5C). For smaller flow rates, the distributions of void 

fraction for the 5 cm high steps in the upper stepped spillway part were in good agreement with the 

typical S-shape profiles of the uniform stepped spillway. Downstream of the large 10 cm drop how-

ever, significantly different void fraction shapes were observed (Figure 4-5B). At some measure-

ment positions, the void fraction distributions showed shapes comparable to nappe flow jets and to 

transition flow regimes (CHANSON & TOOMBES 2004; TOOMBES & CHANSON 2008b). These void 

fraction distributions did not agree with the advective diffusion equation. For dc/h > 1.7, a skim-

ming flow regime existed at all step edges along the non-uniform stepped spillway configuration C 

(Figure 4-5C). For skimming flows, all distributions of C exhibited the typical S-shaped skimming 

flow profiles for all step edges. The deviations of the void fraction data in the region downstream of 

the large drop were small and the void fraction distributions were in good agreement with the ad-

vective diffusion equation (Figure 4-5C).  
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(A) Dominating step height h = 10 cm; dc/h = 1.11; qw = 0.116 m2/s; Re = 4.6 × 105 

(B) Dominating step height h = 5 cm; dc/h = 1.14; qw = 
0.042 m2/s; Re = 1.7 × 105 

(C) Dominating step height h = 5 cm; dc/h = 2.22; qw = 
0.116 m2/s; Re = 4.6 × 105 

Figure 4-5: Void fraction distributions on stepped spillways with non-uniform step heights (θ = 26.6°); comparison 
with advective diffusion equation (Equation (3-1)) 

 

4.3.1.2 Bubble count rate distributions 

For all discharges, the dimensionless distributions of the bubble count rate F×dc/Vc were in good 

agreement for the non-uniform stepped spillway configurations A and B and for the corresponding 

uniform stepped spillway (Figure 4-6A). All dimensionless distributions of F×dc/Vc showed typical 

shapes with large numbers of bubbles in the intermediate flow region for 0.3 < C < 0.7 and much 

smaller numbers of bubbles in the bubbly flow and spray regions (Figure 4-6A). For the uniform 

stepped spillway, larger numbers of bubbles were detected compared to the non-uniform stepped 

C [-]

y/
Y

90
 [

-]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

2.7

3
Step 6 - Uniform 10 cm steps
Step 7 - Uniform 10 cm steps
Step 8 - Uniform 10 cm steps
Step 9 - Uniform 10 cm steps
Step 10 - Uniform 10 cm steps
Step 7 - Config. A
Step 7-8 - Config. A
Step 8 - Config. A
Step 8-9 - Config. A
Step 9 - Config. A
Step 9-10 - Config. A

Step 10 - Config. A
Step 7-8 - Config. B
Step 8 - Config. B
Step 8-9 - Config. B
Step 9 - Config. B
Step 9-10 - Config. B
Step 10 - Config. B
Theory Step 7 - Config. A
Theory Step 9 - Config. B

C [-]

y/
Y

90
 [

-]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

2.7

3

3.3

Step 13 - Uniform 5 cm steps
Step 14 - Uniform 5 cm steps
Step 15 - Uniform 5 cm steps
Step 16 - Uniform 5 cm steps
Step 17 - Uniform 5 cm steps
Step 18 - Uniform 5 cm steps
Step 19 - Uniform 5 cm steps

Step 13 - Config. C
Step 13-15 - Config. C
Step 15 - Config. C
Step 16 - Config. C
Step 17 - Config. C
Step 18 - Config. C
Step 19 - Config. C

C [-]

y/
Y

90
 [

-]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

2.75

Step 13 - Uniform 5 cm steps
Step 14 - Uniform 5 cm steps
Step 15 - Uniform 5 cm steps
Step 16 - Uniform 5 cm steps
Step 17 - Uniform 5 cm steps
Step 18 - Uniform 5 cm steps
Step 19 - Uniform 5 cm steps
Step 13 - Config. C

Step 13-15 - Config. C
Step 15 - Config. C
Step 16 - Config. C
Step 17 - Config. C
Step 18 - Config. C
Step 19 - Config. C
Theory Step 13-15 - Config. C
Theory Step 16 - Config. C



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

106 4 Flow characteristics of stepped spillways with non-uniform step heights 

spillways (Figure 4-6A). The non-uniform stepped spillway configuration A exhibited the smallest 

bubble frequency. It appeared that the number of entrained air bubbles was smaller for stepped 

spillways with presence of smaller step heights and a larger number of smaller steps in configura-

tion A lead to the smallest bubble frequency. The observation of a smaller number of entrained air 

bubbles for the non-uniform stepped spillways with smaller steps was in agreement with the find-

ings of scale effects in terms of bubble frequencies for geometrically scaled uniform stepped spill-

ways (section 3.3.5; Appendix G). In the analyses of scale effects, smaller numbers of dimension-

less air bubbles were detected on the stepped spillways with smaller step heights. 

 
(A) Dominating step height h = 10 cm; dc/h = 1.38; qw = 0.161 m2/s; Re = 6.4 × 105 

(B) Dominating step height h = 5 cm; dc/h = 1.66; qw = 
0.075 m2/s; Re = 3.0 × 105 

(C) Dominating step height h = 5 cm; dc/h = 2.77; qw = 
0.161 m2/s; Re = 6.4 × 105 

Figure 4-6: Bubble count rate distributions on the stepped spillways with non-uniform step heights (θ = 26.6°) 
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The distributions of F×dc/Vc for the non-uniform stepped spillway configuration C were compared 

with the uniform 5 cm stepped spillway (Figures 4-6B & 4-6C) for all flow rates. For the smaller 

flow rates, deviations of the bubble frequency curves were observed for the measurement positions 

downstream of the 10 cm high step (Figure 4-6B). The maximum bubble frequencies were observed 

in the bubbly flow region for some measurement locations on the non-uniform stepped spillway. 

Furthermore, it appeared that the number of entrained air bubbles was larger on the non-uniform 

stepped spillway downstream of the large drop (Figure 4-6B). For larger skimming flow rates, the 

bubble frequencies showed typical distributions as observed on the corresponding uniform stepped 

spillway (Figure 4-6C). The shapes of the bubble frequency distributions were in good agreement 

(Figure 4-6C). However, larger bubble frequencies were observed for the non-uniform stepped 

spillway. It is believed that the appearance of the larger step increased the number of entrained air 

bubbles. This finding was consistent with the observations of larger numbers of entrained air bub-

bles on the stepped spillway with geometrically larger uniform step heights. 

 

4.3.1.3 Interfacial velocity distributions 

The interfacial velocities were calculated for all stepped spillway configurations in transition and 

skimming flows (Figure 4-7). For the non-uniform stepped spillway configurations A and B and the 

corresponding uniform stepped spillway, the dimensionless interfacial velocities V/V90 were com-

pared for transition and skimming flows (Figure 4-7A); where V90 is the characteristic interfacial 

velocity where C = 90%. All data were in very good agreement and the data were also close to a 

self-similar equation, i.e. a 1/10th power law correlation for y/Y90 < 1 and a uniform profile for 

y/Y90 ≥ 1 (Equations (3-14) & (3-15)) (Figure 4-7A). 

For the non-uniform stepped spillway configuration C and the corresponding 5 cm uniform stepped 

spillway, the dimensionless interfacial velocity distributions showed different profiles for the transi-

tion and skimming flow regimes (Figures 4-7B & 4-7C). In skimming flows, the distributions of 

V/V90 were in good agreement between uniform and non-uniform stepped spillways. Furthermore 

all skimming flow data matched well with the 1/10th power law and the uniform velocity for y/Y90 ≥ 

1 (Equations (3-14) & (3-15)) (Figure 4-7B). For the transition flow regime, the dimensionless in-

terfacial velocities on the uniform stepped spillway with 5 cm step heights showed similar shapes as 

observed for skimming flows, but the non-uniform distributions of V/V90 exhibited larger velocities 

in the bubbly flow region closer to the step edge (Figure 4-7C). For the non-uniform stepped spill-

way, the interfacial velocity distributions had similarity with shapes observed at the impact of nappe 
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flow jets and in transition flows (CHANSON & TOOMBES 2004; TOOMBES & CHANSON 2008b) and 

did not match the self-similar velocity equations. 

 
(A) Dominating step height h = 10 cm; all discharges in transition and skimming flows 

(B) Dominating step height h = 5 cm; Skimming flow dis-
charges 

(C) Dominating step height h = 5 cm; Transition flow dis-
charges 

Figure 4-7: Interfacial velocity distributions on stepped spillways with non-uniform steps (θ = 26.6°); comparison with 
self-similar equations (Equations (3-14) & (3-15)) 

 

4.3.1.4 Turbulence intensity distributions 

The turbulence intensity distributions for the non-uniform stepped spillway configurations A and B 

were in good agreement with the turbulence levels for the 10 cm stepped spillway (Figure 4-8A). 
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All distributions showed large turbulent levels in the intermediate flow region and smaller values of 

Tu in the bubbly flow and spray regions. The turbulence intensities on the uniform stepped spillway 

were largest for most step edges. The turbulent levels for the non-uniform stepped spillways 

showed data scatter and larger turbulent levels in the bubbly flow region for the measurement posi-

tions between the 10 cm step edges (hollow symbols) (Figure 4-8A). 

 
(A) Dominating step height h = 10 cm; dc/h = 1.11; qw = 0.116 m2/s; Re = 4.6 × 105 

(B) Dominating step height h = 5 cm; dc/h = 1.14; qw = 
0.042 m2/s; Re = 1.7 × 105 

(C) Dominating step height h = 5 cm; dc/h = 2.22; qw = 
0.116 m2/s; Re = 4.6 × 105 

Figure 4-8: Turbulence intensity distributions on stepped spillways with non-uniform step heights (θ = 26.6°) 

 

Similar results were observed for the comparison of the turbulence intensity distributions on the 

stepped spillway configuration C and the corresponding uniform stepped spillway (Figures 4-8B & 
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4-8C). For the transition flow regime, significantly different shapes of the turbulence intensity dis-

tributions were observed for the non-uniform stepped spillway compared to the typical Tu shapes 

for the uniform stepped spillway (Figure 4-8B). For the non-uniform stepped spillway, the distribu-

tions of Tu showed more uniform profiles with large turbulence levels in the bubbly flow region 

and large scatter of the data. The turbulence intensities on the non-uniform stepped spillway were 

affected by the irregular air-water flows with nappe flow jets caused by the large drop. The influ-

ence of the larger step edge on the turbulence levels decreased with increasing discharge and a 

much better agreement between uniform and non-uniform distributions of Tu was achieved in the 

skimming flow regime (Figure 4-8C). Scatter of Tu was still present for the non-uniform stepped 

spillway as well as larger turbulence levels close to the step face (Figure 4-8C).  

 

4.3.1.5 Auto-correlation time scale distributions 

The auto-correlation time scale Txx distributions for all stepped spillways were calculated and the 

results for the non-uniform stepped spillway configurations were compared with the corresponding 

uniform stepped spillways (Figure 4-9). For the non-uniform stepped spillway configurations A and 

B, good agreement was observed with the uniform stepped spillway with 10 cm steps (Figure 4-

9A). All dimensionless distributions of the auto-correlation time scales showed typical shapes as 

observed on flat uniform stepped spillways with larger time scales in the intermediate flow region 

and small auto-correlation time scales in the bubbly flow region. In the upper spray region, all dis-

tributions showed larger scales which was linked with the droplet ejections. The results suggested 

that there was no influence of the non-uniform stepped spillway designs A and B upon the auto-

correlation time scales (Figure 4-9A).  

For the stepped spillway configuration C and the corresponding stepped spillway with h = 5 cm, 

major differences in auto-correlation time scales were observed for the transition flow discharges 

(Figure 4-9B). While the uniform stepped spillway with 5 cm high steps showed typical auto-

correlation time scale profiles, the distributions for the non-uniform stepped spillway showed a 

large scatter and clearly different shapes. Some time scale distributions showed maxima in the in-

termediate flow region, but most of the auto-correlation time scales were almost uniform for the en-

tire air-water flow column (Figure 4-9B). A relatively close agreement was observed for the auto-

correlation time scales in the skimming flow regime with little difference between uniform and non-

uniform stepped spillway data (Figure 4-9C). 
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(A) Dominating step height h = 10 cm; dc/h = 1.38; qw = 0.161 m2/s; Re = 6.4 × 105 

(B) Dominating step height h = 5 cm; dc/h = 1.66; qw = 
0.075 m2/s; Re = 3.0 × 105 

(C) Dominating step height h = 5 cm; dc/h = 2.77; qw = 
0.161 m2/s; Re = 6.4 × 105 

Figure 4-9: Auto-correlation time scale distributions on stepped spillways with non-uniform step heights (θ = 26.6°) 

 

4.3.1.6 Cross-correlation time scale distributions 

A good agreement of the dimensionless cross-correlation time scale Txy distributions was observed 

between the non-uniform configurations A and B and the 10 cm stepped spillway for all flow rates 

(Figure 4-10A). Overall all distributions showed a similar shape with maxima in the intermediate 

flow region and smaller time scales in the bubbly flow and spray regions. However larger scatter of  

data was seen for the non-uniform stepped spillways and much larger cross-correlation time scales 

were observed for one step edge (step 9) for stepped spillway configuration B (Figure 4-10A). 
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The comparison of cross-correlation time scales for the stepped spillway configuration C and the 

corresponding uniform stepped spillway showed differences (Figures 4-10B & 4-10C). For the tran-

sition flows, mayor differences were observed and the time scales for the non-uniform stepped 

spillway showed almost uniform profiles with smaller maximum values compared to the uniform 

stepped spillway data (Figure 4-10B). With increasing discharge, the differences between the uni-

form and non-uniform stepped spillways decreased (Figure 4-10C). However scatter of the cross-

correlation time scales was still present for the non-uniform stepped spillway in particular for the 

time scales measured in the middle of the 10 cm high step (bold symbol).  

 
(A) Dominating step height h = 10 cm; dc/h = 1.11; qw = 0.116 m2/s; Re = 4.6 × 105 

(B) Dominating step height h = 5 cm; dc/h = 1.14; qw = 
0.042 m2/s; Re = 1.7 × 105 

(C) Dominating step height h = 5 cm; dc/h = 2.22; qw = 
0.116 m2/s; Re = 4.6 × 105 

Figure 4-10: Cross-correlation time scale distributions on stepped spillways with non-uniform step heights (θ = 26.6°) 
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4.3.2 Air bubble and water droplet chord size distributions 

For all stepped spillways, the air bubble and water droplet chord sizes were calculated and the chord 

sizes of the non-uniform stepped spillways were compared with its corresponding uniform flat 

stepped spillways (Figures 4-11 & 4-12). The air bubble chord sizes for the non-uniform stepped 

spillway configurations A and B were compared with the uniform 10 cm stepped spillway (Figure 

4-11A). Typical probability distribution functions of the air bubble chord sizes are compared for 

one step edge which exhibited differences in several air-water flow properties between the non-

uniform and uniform stepped spillways. Overall, a good agreement of the bubble chord sizes be-

tween the uniform stepped spillway and non-uniform stepped spillway configuration B were ob-

served (Figure 4-11A). However, the non-uniform stepped spillway configuration A showed a dif-

ferent distribution with a smaller amount of small air bubbles and a larger amount of larger chord 

sizes (Figure 4-11A). The air bubble chord sizes for stepped spillway configuration C and the uni-

form stepped spillway with 5 cm high steps showed a relatively good agreement in air bubble chord 

size distributions for all transition and skimming flow experiments (Figure 4-11B).  

 
(A) Dominating step height h = 10 cm; dc/h = 1.38; qw = 0.161 m2/s; Re = 6.4 × 105; Step edge 9 

 
(B) Dominating step height h = 5 cm; dc/h = 1.66; qw = 0.075 m2/s; Re = 3.0 × 105; Step edge 19 

Figure 4-11: Air bubble chord size PDF on non-uniform stepped spillways (θ = 26.6°) 
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The comparison of the water droplet chord sizes showed good agreement between the non-uniform 

and uniform stepped spillway configurations (Figure 4-12). For the stepped spillway configurations 

A and B, the droplet chord sizes were close to the chord sizes on the corresponding uniform stepped 

spillway (Figure 4-12A). No differences were observed for all experiments and it appeared that the 

spray region on the non-uniform stepped spillways A and B was not affected by the changing step 

heights. In contrast for stepped spillway configuration C and the corresponding 5 cm high stepped 

spillway, small differences were observed in terms of the water droplet chord lengths (Figure 4-

12B). A larger number of smaller chord sizes were observed on the non-uniform stepped spillway 

(Figure 4-12B). The large drop on stepped spillway configuration C caused bulking of the air-water 

flow and a larger amount of droplet ejections (see Figure 4-4). It is believed that the large drop 

might also influence the air-water interfaces and therefore the sizes of the water droplets in the (up-

per) spray regions. 

 
(A) Dominating step height h = 10 cm; dc/h = 1.11; qw = 0.116 m2/s; Re = 4.6 × 105; Step edge 9 

 
(B) Dominating step height h = 5 cm; dc/h = 2.22; qw = 0.116 m2/s; Re = 4.6 × 105; Step edge 19 

Figure 4-12: Water droplet chord size PDF on non-uniform stepped spillways (θ = 26.6°) 
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4.3.3 Integral turbulent time and length scale distributions 

For the non-uniform stepped spillway configurations A and B and for the uniform stepped spillway 

with 10 cm steps, some experiments were performed with an array of two single-tip probes for one 

flow rate. The experiments were conducted at 5 measurement positions at the downstream end of 

the stepped spillways and repeated for various transverse distances between the two single-tip 

probes (Table 4-4). Table 4-4 summarises the flow conditions including the measurement positions 

and the transverse distances z. For all experiments the integral turbulent length and time scales Lxz 

and Tint were calculated.  

Overall the dimensionless distributions of both integral turbulent length scales (Figure 4-13A) and 

integral turbulent time scales (Figure 4-13B) showed good agreement with typical distribution 

shapes observed for length and time scales on uniform flat stepped spillways. For the non-uniform 

stepped spillways however, larger scatter of the distributions was observed. Furthermore differences 

in the shapes of the dimensionless integral turbulent time scale distributions were visible for the 

stepped spillway configuration A (Figure 4-13B). For configuration A, in particular the time scale 

distributions positioned in between the step edges with 10 cm height showed different shapes with 

maximum values close to the step face (Figure 4-13B). All integral turbulent time scale distribu-

tions showed also larger scales in the upper spray region which was linked with the ejected droplets 

which did not interact with the mainstream flow.  

Characteristic maximum integral turbulent length and time scales were recorded and they are listed 

in Table 4-5 for the uniform and non-uniform stepped spillways. Overall it appeared that the uni-

form stepped spillway had the largest maximum integral turbulent scales and configuration A the 

smallest. However, for both non-uniform stepped spillways, large scatter of the data was observed. 

It was believed that the different step heights on the non-uniform stepped spillways affected the siz-

es of the large turbulent eddies within the two-phase flows. It was shown in Appendix G, that scale 

effects existed for the uniform stepped spillways with 5 and 10 cm step heights respectively. A 

change in step cavity sizes on the non-uniform stepped spillways might also lead to different sizes 

of the large advecting vortices.  

 

Table 4-4: Experiments with an array of two single-tip conductivity probes with various transverse distances on the 
non-uniform stepped spillways (θ = 26.6°); Dominating step height h = 10 cm; dc/h = 1.11; qw = 0.116 
m2/s; Re = 4.6 × 105 

Configuration Inception point Measured step edges  Transverse distances Δz [mm] 

10 cm (uniform) 6 6, 7, 8, 9, 10 3.3, 6.9, 11.0, 17.0, 22.7, 28.6, 35.7, 44.6, 54.0, 64.1 

A 6 8, 8-9, 9, 9-10, 10 3.4, 6.8, 10.5, 16.9, 22.5, 29.3, 36.7, 42.5, 52.3, 61.8 

B 6 7, 7-8, 8, 9, 10 3.4, 6.6, 10.7, 16.7, 21.3, 28.4, 36.0, 42.5, 54.0, 64.4 



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

116 4 Flow characteristics of stepped spillways with non-uniform step heights 

(A) Integral turbulent length scales (B) Integral turbulent time scales 

Figure 4-13: Dimensionless integral turbulent length and time scale distributions on the stepped spillways with non-
uniform step heights (θ = 26.6°): Dominating step height h = 10 cm; dc/h = 1.11; qw = 0.116 m2/s; Re = 
4.6 × 105 

 

Table 4-5: Maximum integral turbulent length and time scales on the non-uniform stepped spillway (0.1 < C < 0.95): 
Dominating step height h = 10 cm; dc/h = 1.11; qw = 0.116 m2/s; Re = 4.6 × 105 

 Uniform 10 cm steps Non-uniform configuration A  Non-uniform configuration B  

Step 6 7 8 9 10 8 8-9 9 9-10 10 7 7-8 8 9 10 

(Lxz)max 
[mm] 

12.9 13.3 12.0 14.7 14.2 9.7 9.9 13.6 9.9 11.8 13.5 11.0 12.1 18.0 13.5 

(Tint)max 
[ms] 

4.0 3.5 3.0 3.3 2.9 2.7 2.1 3.1 2.2 2.4 3.7 2.6 3.1 4.0 3.0 

 

4.4 Characteristic air-water flow parameters on the non-uniform stepped spillways 

4.4.1 Longitudinal distributions of characteristic air-water flow parameters 

For all stepped spillway configuration, characteristic air-water flow parameters were calculated in-

cluding the mean air concentration Cmean, the characteristic air-water flow depth Y90, the character-

istic interfacial velocity V90 and the maximum bubble count rate Fmax. Typical results of these air-

water flow parameters are presented in this section for all measurement positions along the stepped 

spillways. The dimensionless characteristic air-water flow parameters were compared for the same 

dimensionless flow rate dc/h = 1.11 for all stepped spillway configurations (Figure 4-14). They are 

presented in terms of the dimensionless longitudinal distance along the stepped spillways x/L, 

where L is the length of the stepped spillway. Sketches of the non-uniform stepped spillways con-

figurations and the step numbering are added for better understanding of the longitudinal flow pat-

terns (Figure 4-14). 
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The longitudinal distributions of the mean air concentration Cmean and of the dimensionless charac-

teristic air-water flow depth Y90/dc showed scatter between the different stepped spillway configura-

tions with major differences for the region downstream of the large drop in stepped spillway con-

figuration C (Figure 4-14A). Small differences in terms of Cmean and Y90/dc were observed for the 

uniform stepped spillways which were linked with scale effects based upon the Froude similitude. 

Furthermore small differences were seen for the non-uniform stepped spillways A and B in compar-

ison to the corresponding uniform stepped spillway, which was linked with the different step 

heights. Large differences were observed for the stepped spillway configuration C which showed 

much larger mean air concentration and maximum flow depth compared to the other stepped spill-

ways (Figure 4-14A). 

The comparison of the characteristic dimensionless interfacial velocity V90/Vc and of the dimen-

sionless maximum bubble count rates Fmax×dc/Vc are shown in Figure 4-14B for all longitudinal air-

water flow measurements. The data showed a relatively good agreement of the interfacial velocities 

for the uniform stepped spillways and no significant scale effects were observed. However, differ-

ences were visible for the non-uniform stepped spillways with smaller values of V90/Vc for areas 

with changes in step heights in particular for the region downstream of the large drop for stepped 

spillway configuration C. Large differences were also visible for the maximum bubble count rates 

which showed scale effects between 5 and 10 cm high steps. Larger numbers of air bubbles were 

detected on stepped spillways with larger step heights (Figure 4-14B). Overall, the data for the 

stepped spillway configurations A and B were in relatively close agreement with the 10 cm uniform 

stepped spillway. Much smaller numbers of entrained air bubbles were observed for the region 

downstream of the large drop in stepped spillway configuration C. 

The longitudinal distributions for all air-water flow parameters in transition and skimming flows 

showed similar results for all stepped spillway configurations and additional characteristics of the 

longitudinal distributions are presented in Figures 4-15 & 4-16. Longitudinal distributions of Cmean, 

Y90/dc and V90/Vc for stepped spillway configurations A and B and for the corresponding uniform 

stepped spillway are shown in Figure 4-15. For the smaller flow rate (Figure 4-15A), the scatter of 

the air-water flow parameters between the stepped spillway configurations was much larger and 

with increasing discharge the scatter decreased. However for all flow rates, clear differences were 

observed between the uniform and non-uniform stepped spillways. These differences did not show 

a clear trend and the maximum values of air-water flow parameters were observed for different 

stepped spillway configurations. The air-water flow parameters varied for all stepped spillways de-

pending on the step edges and the flow rates respectively. 
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Similar results were also observed for stepped spillway configuration C and the corresponding uni-

form stepped spillway with 5 cm steps (Figure 4-16). Large differences in air-water flow parameters 

were seen downstream of the large drop. The differences were larger for the smaller flow rates and 

decreased with increasing discharges. The differences in terms of V90/Vc were smallest. It is be-

lieved that the air-water flow parameters further downstream of the large drop would tend towards 

same values for the uniform and non-uniform stepped spillways. In the present study, the stepped 

spillways were not long enough to reach an agreement. 

All uniform and non-uniform stepped spillways in the present study showed alternations of the 

characteristic air-water flow parameters along the stepped spillways. Previous studies had shown 

similar seesaw patterns for skimming flows on uniform stepped spillways (e.g. BOES 2000a; 

CHANSON & TOOMBES 2002a; YASUDA & CHANSON 2003; FELDER & CHANSON 2009b). The ob-

servations in the present experiments confirmed the existence of the characteristic feature and the 

seesaw patterns were seen for both uniform and non-uniform stepped spillways. The variations of 

the air-water flow parameters for the non-uniform stepped spillways were closely linked with the 

variations in step heights. For all stepped spillway experiments, the air-water flow parameters var-

ied for the whole channel lengths and no uniform equilibrium was reached at the downstream end 

of the stepped spillway. 

(A) dc/h = 0.83; qw = 0.075 m2/s; Re = 3.0 × 105 (B) dc/h = 1.38; qw = 0.161 m2/s; Re = 6.4 × 105 

Figure 4-15: Dimensionless longitudinal characteristic air-water flow parameters for the non-uniform stepped spill-
ways (θ = 26.6°); Dominating step height h = 10 cm 
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(A) dc/h = 1.66; qw = 0.075 m2/s; Re = 3.0 × 105 (B) dc/h = 2.22; qw = 0.116 m2/s; Re = 4.6 × 105 

Figure 4-16: Dimensionless longitudinal characteristic air-water flow parameters for the non-uniform stepped spill-
ways (θ = 26.6°); Dominating step height h = 5 cm 
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For the smaller discharges, the configurations with non-uniform step heights showed larger air con-

centration compared to the uniform stepped spillways which might be caused by stronger instabili-

ties of the flow in the transition flow regime. Configurations A and B showed smaller air concentra-

tion levels for larger flow rates compared to the 10 cm uniform spillway. The mean void fraction in 

configuration C was slightly larger for the larger flow rates compared to the uniform 5 cm configu-

ration (Figure 4-17A). The differences in mean air concentration may be explained by the flow dis-

turbances resulting from the different step heights.  

Large scatter of the dimensionless characteristic interfacial velocities V90/Vc data was observed for 

all discharges (Figure 4-17B). In particular for the non-uniform stepped spillway configurations A 

and C, a strong deviation of velocities from the other stepped spillways was observed and the values 

of V90/Vc were larger for all discharges. Good agreement was seen between stepped spillway B and 

the corresponding 10 cm stepped spillway. With increasing discharge, the values of V90/Vc de-

creased for all stepped configurations.  

The dimensionless characteristic air-water flow depths Y90/dc are compared for the different stepped 

spillways (Figure 4-17C). Large differences were observed for the smallest flow rates and with in-

creasing discharge the dimensionless air-water flow depths decreased almost linearly for all stepped 

spillways. For the non-uniform stepped spillways the flow depths were significantly larger for small 

discharges which was linked with large instabilities and flow bulking at the downstream end. For 

larger flow rates, the non-uniform stepped spillway configuration C and the uniform stepped spill-

way with 10 cm steps showed the largest dimensionless air-water flow depths.  

The comparison of the dimensionless equivalent clear water flow depth d/dc exhibited an increase 

of d/dc with increasing flow depth for all stepped spillways (Figure 4-17D). For the smallest flow 

rates, instabilities for the non-uniform stepped spillway configurations A and C led to the largest 

dimensionless equivalent clear water flow depths. For larger discharges, the largest values of d/dc 

were observed for the uniform stepped spillway with 10 cm steps. The non-uniform stepped spill-

way C showed smaller increase of the equivalent clear water flow depths, but the data were consist-

ently larger compared to the corresponding 5 cm stepped spillway. 

Overall, the air-water flow parameters at the downstream end indicated small deviations for the 

non-uniform stepped spillway configurations. For the smallest flow rates, larger instabilities existed 

for the non-uniform configurations and led to stronger scatter of air-water flow parameters. In par-

ticular stepped spillway configuration C exhibited strong scatter of data and large differences com-

pared to the corresponding 5 cm stepped spillway (Figure 4-17). 
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(A) Mean air concentration (B) Dimensionless characteristic interfacial velocity 

(C) Dimensionless characteristic flow depth (D) Dimensionless equivalent clear water flow depth 

Figure 4-17: Characteristic air-water flow parameters for all experimental flow rates at the downstream end on the 
non-uniform stepped spillways (θ = 26.6°) 
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rate of 100 Hz and for a sampling duration of 300 s to record the free-surface profiles and fluctua-

tions. The displacement meters were installed perpendicular to the pseudo-bottom exactly above the 

step edges with a sensor separation of Δx = 0.11 m in streamwise direction (Figure 4-18). Figure 4-

18 illustrates the positioning of the acoustic displacement meters and their wooden support. The raw 

data for the four range finders were filtered based upon a 10% threshold of the largest and lowest 

raw voltage signals and the erroneous points were removed. The analyses comprised the surface 

profiles, free-surface fluctuations and free-surface celerity. More details about the non-intrusive ex-

periments and additional experimental results are presented in Appendix I. 

 

Figure 4-18: Experimental setup of the four acoustic displacement meters and wooden support above the free-surface 
in channel centreline - dc/h = 1.38; qw = 0.161 m2/s; Re = 6.4×105 (Flow from front to back of photo) 

 

4.5.2 Experimental results 

The mean flow depth d50 and the corresponding 25%, 75% and 90% percentiles, i.e. d25, d75 and d90 

were calculated for all acoustic displacement data in the non-aerated and aerated flow regions. Typ-

ical dimensionless results are shown in Figure 4-19 as a function of the dimensionless longitudinal 

distance along the stepped spillway x/dc. The flow depth decreased with increasing distance from 

the upstream end of the stepped spillway in the non-aerated flow region and increased rapidly in the 

air-water flow region. In the aerated flow region, large scatter of the data was observed. The exper-

imental data in the non-aerated flow region agreed reasonably well with the empirical equations of 

the free-surface profiles dB and the boundary layer thickness δBL by CHANSON (2001b) even though 

the experimental data were slightly larger (Figure 4-19) (Appendix I). Please note that CHANSON's 
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(2001b) correlation of the free-surface profiles was not valid in the rapidly varying air-water flow 

region downstream of the inception point; the data are shown for comparison (Figure 4-19). In the 

aerated flow region, double-tip conductivity probe data are added and the mean surface profiles d50 

was close to the equivalent clear water flow depth d and the characteristic flow depth Y90 was in 

close agreement with d90. BUNG (2011b) reported slightly different results in his non-intrusive 

measurements of the aerated free-surface. He found a close agreement of the mean flow depth d50 

with a characteristic flow depth measured with a conductivity probe where C = 80%.  

 

Figure 4-19: Free-surface profiles on the non-uniform stepped spillway I, Config. A (θ = 26.6°); comparison with air-
water flow data and theory of boundary layer development and flow depth; dc/h = 1.11; qw = 0.116 m2/s; 
Re = 4.6×105 

 

All data exhibited seesaw patterns in both the aerated and non-aerated flow regions which was also 

observed in air-water flow experiments (e.g. BOES 2000a; CHANSON & TOOMBES 2002a; FELDER & 

CHANSON 2009a). The free-surface fluctuations were determined by the dimensionless standard de-

viations of the flow depth d'/dc. The results of the experiments are illustrated in Figure 4-20 as a 

function of x/dc. The standard deviation in the non-aerated flow region was relatively small and 

comparable for all flow rates. Downstream of the inception point of air entrainment, the standard 

deviation increased rapidly and much larger fluctuations of flow depth were observed. 
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Figure 4-20: Standard deviation of free-surface profiles on the non-uniform stepped spillway I, Config. A in skimming 

flows (θ = 26.6º) 

 

4.5.3 Discussion 

The investigations highlighted the possibility to use acoustic displacement meters for recording 

free-surface profiles and fluctuations in both non-aerated and aerated flow regions. The results 

highlighted the rapid increase of the flow depth and the free-surface fluctuations immediately 

downstream of the inception point of air entrainment. The experiments in the clear water flow re-

gion showed smooth free-surface profiles and good agreement with theoretical correlations. In the 

aerated flow region, large scatter of the data was observed and the use of acoustic displacement me-

ters was more difficult. An agreement between displacement meter recordings and double-tip probe 

data was observed for characteristic air-water flow depths. The large standard deviation of the flow 

depth data highlighted the strong fluctuations in the air-water flow region which was linked with an 

undefined air-water free-surface and strong droplet ejections. 

Cross-correlation analyses were performed between simultaneously sampled acoustic displacement 

meters and the free-surface celerity was calculated. With increasing distance from the upstream end 

of the stepped spillway, the free-surface celerity increased. The celerity recordings showed good 

agreement with the mean velocity Uw of double-tip conductivity probe experiments. However, scat-

ter of the celerity data was observed in particular for the smaller flow rates. 

Further detailed FFT analyses were performed in the aerated and non-aerated flow regions to identi-

fy characteristic wave lengths of the free-surface fluctuations. The results exhibited no characteris-

tic frequencies and the wavy flow patterns appeared random. This might be linked with the limited 

x/dc [-]

d'
/d

c 
[-

]

0 2 4 6 8 10 12 14 16 18
0

0.025

0.05

0.075

0.1

0.125

0.15

0.175

0.2

0.225

dc/h = 1.11,  qw = 0.116 m2/s, Re = 4.6×105

dc/h = 1.38,  qw = 0.161 m2/s, Re = 6.4×105

dc/h = 1.61,  qw = 0.202 m2/s, Re = 8.0×105



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

126 4 Flow characteristics of stepped spillways with non-uniform step heights 

data sampling capacity of the acoustic displacement meters of 100 Hz and further experiments with 

a faster sampling rate might provide further insights. 

Further details and results of the non-intrusive measurements of free-surface profiles and fluctua-

tions are provided in Appendix I. 

 

4.6 Summary and discussion 

Air-water flow patterns and properties were compared for several uniform and non-uniform stepped 

spillways with θ = 26.6° for a range of flow rates. The flow patterns highlighted stronger instabili-

ties and larger ejection processes on the non-uniform stepped spillways. In particular, the non-

uniform stepped spillway with 5 cm high steps and one larger step of 10 cm, showed a jet and flow 

bulking downstream of the large drop. With increasing discharge, the instabilities decreased for all 

stepped spillways and a typical skimming flow regime was observed.  

The observations of the flow regime changes showed close agreement between stepped spillway 

configurations A and B and both uniform stepped spillways. The flow regime change between tran-

sition and skimming flows for stepped spillway C however appeared for a larger discharge. At the 

upstream part of the stepped spillway C, the 5 cm steps showed a typical skimming flow regime for 

dc/h > 1.06, but the large drop lead to a transition flow regime at the downstream end of up to dc/h = 

1.70. The observations of the flow patterns indicated that the configurations A and B were compa-

rable to the uniform stepped spillway with 10 steps and stepped spillway configuration correspond-

ed to the 5 cm uniform stepped spillway. 

For all stepped spillway configurations, detailed air-water flow measurements were performed with 

a double-tip conductivity probe in channel centreline and the air-water flow properties were calcu-

lated. For stepped spillway configurations A and B and the uniform stepped spillway with 10 cm 

steps, additional experiments were performed with two single-tip conductivity probes with various 

transverse separations between the two probe tips. Differences between the uniform and non-

uniform stepped spillways were observed. For the non-uniform stepped spillway configurations A 

and B and the corresponding 10 cm spillway, small differences were recorded in terms of the bub-

ble count rate, turbulence levels, auto- and cross-correlation time scales, integral turbulent time and 

length scales and bubble chord sizes. The differences were relatively small and were linked with 

changes in step heights. The void fraction distributions and the dimensionless interfacial velocities 

showed self-similarities with the advective diffusion equation and to a power law correlation re-

spectively. The air-water flow properties for the non-uniform configurations A and B showed small 

data scatter.  
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Small differences in terms of all air-water flow properties were also observed for the skimming 

flow data sets on stepped spillway configuration C and the corresponding stepped spillway with 5 

cm step heights. However, major differences in terms of all air-water flow properties were seen for 

smaller flow rates dc/h < 1.70 in the transition flow regime. Downstream of the large drop, the dis-

tributions of all air-water flow properties differed from the corresponding uniform stepped spillway 

shapes and exhibited shapes similar to jet flows.  

For a design engineer, it might be of special importance to get information about the longitudinal 

appearance of characteristic air-water flow parameters. The comparison of the mean air concentra-

tion, the characteristic air-water flow depth, the characteristic interfacial velocity and the maximum 

bubble count rate highlighted small differences for the different stepped spillways. Relatively good 

agreement was observed for stepped spillways A and B and the corresponding 10 cm stepped spill-

way. However, small scatter of the air-water flow parameters was observed particularly for the 

smallest flow rates and for step edges with change in step heights. No clear trend was visible, but 

the differences seemed to decrease with increasing discharge. It appeared that the non-uniformity of 

step heights led to more instabilities and could enhance the aeration for the smallest flow rates. 

However, due to the scatter of air-water flow properties and parameters, the uniform stepped spill-

way with 10 cm step heights were the favourable design compared to the non-uniform stepped 

spillways A and B.  

The non-uniform stepped spillway configuration C showed significant instabilities which were re-

flected in all air-water flow properties and parameters. Strong deviation of the air-water flow data 

were recorded for the step edges downstream of the large drop. The large drop lead to a much larger 

aeration and major flow bulking downstream of it. With increasing discharge, the deviations be-

tween stepped spillway C and the corresponding 5 cm stepped spillway decreased. For practical 

purposes, the stepped spillway configuration C was the least favourable design because of the 

strong instabilities for smaller flow rates.  

For the non-uniform stepped spillway configuration A with regular alteration of two small and one 

larger step, non-intrusive measurement technique was tested. Acoustic displacement meters were 

used to measure the free-surface profiles and fluctuations in both aerated and non-aerated flows 

along the stepped spillway. The experiments showed good agreement of the free-surface profiles 

with theoretical predictions of the free-surface in the non-aerated flows. In the aerated flow, large 

scatter of the displacement meter data was observed, but an agreement was found with air-water 

flow measurement with a double-tip conductivity probe. The standard deviations of the free-surface 

recordings provided information about the free-surface fluctuations. The fluctuations were relative-
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ly small in the non-aerated flow region and large fluctuations were observed in the aerated flow ar-

ea. Further cross-correlation analyses of several simultaneously sampled acoustic displacement me-

ter data provided information about the free-surface celerity in the non-aerated and aerated flow ar-

eas. The usage of the non-intrusive technique provided good results in the non-aerated flow region, 

but large scatter was observed for the aerated flows. Overall the present experiments were success-

ful and suggested further use of displacement meters for the free-surface investigations in both non-

aerated and aerated flow regions.  
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5 Flow characteristics of pooled stepped spillways with 8.9° and 26.6° slopes 

5.1 Introduction 

Only a few studies investigated the air-water flows on pooled stepped spillways and the present in-

vestigations provided new insights. A number of earlier experimental studies on pooled stepped 

spillways encompassed detailed air-water flow measurements. KÖKPINAR (2004) conducted exper-

iments on a stepped spillway with 30° slope with three different configurations: flat, pooled and 

combination of flat and pooled steps. A similar study was conducted by ANDRÉ (2004) who investi-

gated further modifications of the pooled stepped spillway design with two channel slopes (θ = 

18.6° and θ = 30°). A study of self-induced instabilities on pooled stepped spillways with slopes of 

8.9° and 14.6° was conducted by THORWARTH & KÖNGETER (2006) and THORWARTH (2008). All 

studies provided information in terms of the flow processes on pooled stepped spillways although 

limited.  

In the present study, detailed investigations of pooled stepped spillway flows were conducted on 

various pooled stepped spillway configurations (Figure 5-1). Figure 5-1 sketches the pooled stepped 

spillways and the corresponding flat reference configurations with two different channel slopes (θ = 

8.9° and θ = 26.6°). For the stepped spillway II with a slope of 26.6°, the experiments were con-

ducted on a pooled stepped spillway with step height h = 10 cm and pool weir heights w = 3.1 cm 

(Table 5-1). Further pooled configurations were performed for the same pool design but with poros-

ity of the pool weirs Po = 5% and Po = 31% respectively (Table 5-1). On the stepped spillway with 

8.9° slope (stepped spillway III), the experimental configurations comprised the pooled stepped 

spillway with h = w = 5 cm, the flat step reference design and a stepped spillway with regular alter-

nation of flat and pooled steps (Figure 5-1, Table 5-1). Table 5-1 lists the geometry of the pooled 

stepped spillway configurations including the dimensionless ratios of pool weir height and step 

length w/l and step height w/h respectively. All pooled step experiments were conducted with the 

same ratio w/l to identify the effects of the pool cavity shape on the air-water flows with different 

channel slopes. The present investigations aimed to provide new insights into the complex flow 

processes on pooled stepped spillways and to highlight the air-water flow characteristics in terms of 

the aeration, the flow patterns and the energy dissipation performance. Furthermore, the focus was 

on the instationary flow processes and a new triple decomposition approach was used to identify the 

turbulence contributions of the slow unsteady flows on the pooled stepped spillways with θ = 8.9°. 

Further results of the pooled stepped spillway experiments with θ = 8.9° can be found in FELDER & 

CHANSON (2012a,2013a) and FELDER et al. (2012a), and for the pooled step configurations with θ = 

26.6° in FELDER et al. (2012b) and GUENTHER et al. (2013). 
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Figure 5-1: Pooled stepped spillway configurations and the reference flat stepped spillways; experimental setup and 

definition of step numbering 

 

Table 5-1: Summary of pooled stepped spillway configurations  

Configuration 
 

Spill
-way 

θ 
[°] 

W 
[m] 

Nb. 
steps 

h 
[m] 

l 
[m] 

w 
[m] 

lw 
[m] 

w/l 
[-] 

w/h 
[-] 

Po 
[-] 

Pooled steps IIb 26.6 0.52 10 0.1 0.2 0.031 0.015 0.155 0.31 N/A 
Porous pooled steps IIc 26.6 0.52 10 0.1 0.2 0.031 0.015 0.155 0.31 31% 
Porous pooled steps IId 26.6 0.52 10 0.1 0.2 0.031 0.015 0.155 0.31 5% 
Pooled steps IIIb 8.9 0.5 21 0.05 0.319 0.05 0.015 0.157 1.0 N/A 
Alternation of 
pooled/flat steps 

IIIc 8.9 0.5 21 0.05 0.319 0.05 0.015 0.157 1.0 N/A 
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5.2 Air-water flow patterns on pooled stepped spillways with 8.9° and 26.6° slopes 

5.2.1 Presentation 

For all pooled stepped spillway configurations, detailed visual observations of the flow patterns 

were conducted. The observations included the flow processes in nappe, transition and skimming 

flow regimes for a wide range of discharges 0.003 ≤ qw ≤ 0.282 m2/s (Table 5-2). Table 5-2 lists the 

experimental flow conditions for the visual observation for the pooled step configurations. The ob-

servations comprised the investigations of the flow regimes and the changes in flow regimes for all 

configurations (section 5.2.2). Self-induced instabilities were observed on the stepped spillways 

with pooled and combination of flat and pooled steps with θ = 8.9°. Characteristic features of these 

instationary flow patterns are discussed in section 5.2.3. Furthermore section 5.2.3 presents flow 

features on the pooled stepped spillway with θ = 26.6° which exhibited pulsating flow patterns for 

small flow rates in the nappe flow regime. 

 

Table 5-2: Experimental flow conditions for the visual observations of the flow patterns on the pooled stepped spillways  

Configuration 
 

Spill-
way 

θ 
[°] 

W 
[m] 

h 
[m] 

w 
[m] 

Po 
[-] 

dc/h 
[-] 

qw 
[m2/s] 

Re 
[-] 

Pooled IIb 26.6 0.52 0.1 0.031 0 0.11-1.94 0.004-0.267 1.5×104-1.1×106

Porous pooled IIc 26.6 0.52 0.1 0.031 31% 0.10-1.77 0.003-0.234 1.3×104-9.3×105

Porous pooled IId 26.6 0.52 0.1 0.031 5% 0.10-2.01 0.003-0.282 1.3×104-1.1×106

Pooled IIIb 8.9 0.5 0.05 0.05 0 0.39-3.54 0.009-0.233 3.4×104-9.3×105

Pooled/flat III c 8.9 0.5 0.05 0.05 N/A 0.52-3.54 0.007-0.233 5.2×104-9.3×105

 

5.2.2 Flow regime observations  

For all stepped spillway configurations, typical flow regimes were observed, i.e. nappe, transition 

and skimming flow regimes. For some pooled step configurations on the stepped spillway with θ = 

8.9°, the identification of the flow regimes was more difficult, but it seemed consistent to use the 

same classification of the three flow regimes. For the configuration with regular alternation of flat 

and pooled steps, a more complex flow pattern was present showing a change from nappe to transi-

tion flow for a comparable flow rate, but no skimming flow was observed. 

For all stepped spillway configurations, Table 5-3 lists the changes in flow regimes. For the (po-

rous) pooled stepped spillways with θ = 26.6°, the changes from nappe to transition flow occurred 

for almost the same discharge. This finding was close to previous observations on stepped spillways 

with similar slopes 21.8° ≤ θ ≤ 30° (CHANSON 2001b; CHANSON & TOOMBES 2002b; KÖKPINAR 

2004; CAROSI & CHANSON 2006; FELDER & CHANSON 2009a,2011b). Similarly, the change from 

transition to skimming flows was in good agreement for θ = 26.6°. However, for the porous pooled 
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stepped spillway with Po = 31%, the change from transition to skimming flows occurred earlier 

(dc/h = 0.75) compared to the other configurations (dc/h ≈ 0.9–0.97). 

For the stepped spillway configurations with θ = 8.9°, the data showed that the changes in flow re-

gimes occurred for almost the same dimensionless discharges dc/h for both pooled and flat stepped 

spillways. The results were close to the observations of THORWARTH (2008) on the same 8.9° slope 

stepped spillway with flat and pooled steps and various weir heights 1 cm ≤ w ≤ 5 cm. Interestingly 

the flow regime changes took place for larger dimensionless flow rates than for steeper slopes (θ = 

26.6°). The change between nappe and transition flows occurred for dc/h ≈ 1.0 and between transi-

tion and skimming flows for dc/h ≈ 1.7 (Table 5-3). Such a trend was predicted analytically by 

CHANSON (1996,2001b). For the configuration with combination of flat and pooled steps, no skim-

ming flow regime was observed within the flow rates investigated in the present study.  

In this section, the characteristic flow patterns for each flow regime are presented for every pooled 

stepped configuration. 

 

Table 5-3: Changes in flow regimes for the pooled stepped spillway configurations; comparison with corresponding flat 
stepped spillways 

Configuration 
 

Spill-
way 

θ 
[°] 

h 
[m] 

w 
[m] 

Po 
[-] 

NA - TRA TRA - SK 
 

Flat steps (reference) IIa 26.6 0.1 N/A N/A dc/h = 0.57 dc/h = 0.9 
Pooled steps IIb 26.6 0.1 0.031 0 dc/h = 0.45 dc/h = 0.97 
Porous pooled steps IIc 26.6 0.1 0.031 31% dc/h = 0.43 dc/h = 0.75 
Porous pooled steps IId 26.6 0.1 0.031 5% dc/h = 0.46 dc/h = 0.91 
Flat steps (reference) IIIa 8.9 0.05 N/A N/A dc/h = 0.95 dc/h = 1.69 
Pooled steps IIIb 8.9 0.05 0.05 0 dc/h = 1.08 dc/h = 1.76 
Alternation of pooled/flat steps IIIc 8.9 0.05 0.05 N/A dc/h = 1.0 N/A 

 

5.2.2.1 Air-water flow patterns on pooled stepped spillway with 26.6° slope 

On the pooled stepped spillway with θ = 26.6°, the flow patterns exhibited features comparable to 

observations on the flat stepped spillway (section 3.2). The nappe, transition and skimming flow re-

gimes were clearly distinguishable with increasing discharge.  

For the smallest flow rates dc/h < 0.45, a nappe flow regime was observed and the water discharged 

in a succession of free-falling nappes from one step pool to the following (Figure 5-3A). Figure 5-

3A shows the stability of the flow and suggests that most kinetic energy of the flow was dissipated 

above the pooled steps. However, for a range of flow rates 0.30 ≤ dc/h ≤ 0.45, a pulsating flow was 

observed in the first step cavity leading to small instabilities of the free-falling nappes (Figure 5-2). 

During the pulsations, small waves were ejected from the first step cavity and caused deviations to 
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the lengths of the nappes. With every pulsation, the nappe impact cavity shifted from the next step 

cavity to one step cavity further downstream (Figure 5-2). More details of the pulsations and a 

comparison with instabilities on a pooled stepped spillway with θ = 8.9° are presented in section 

5.2.3. A detailed investigation of the flow patterns and the air-water flow properties for the pulsat-

ing flow are discussed in more detail by FELDER et al. (2012b) and FELDER & CHANSON (2013c).  

For intermediate flow rates 0.45 ≤ dc/h ≤ 0.97, a transition flow was observed with strong splashing 

in the air-water flow region downstream of the inception point of air entrainment (Figure 5-3B). No 

pulsation in the first step cavity was observed (Figure 5-3B). The transition flow regime was com-

parable to typical observations on the flat stepped spillway with small instabilities in the air-water 

flows. 

For larger discharges dc/h > 0.97, a skimming flow regime occurred with stable recirculation mo-

tions in the pooled step cavities. At the upstream end of the chute, the flow was transparent (clear 

waters) and the water surface was parallel to the pseudo-bottom formed by the pool step weirs 

equivalent to skimming flows on flat stepped spillways. The flow depth however was larger than on 

flat stepped chutes because of the pool weir height. Downstream of the inception point of free-

surface aeration, the flow was highly aerated (Figure 5-3C). 

 

Figure 5-2: Instabilities caused by pulsating flows in first step cavity in nappe flow regime on stepped spillway IIb with 
pooled steps (θ = 26.6°, h = 10 cm, w = 3.1 cm): dc/h = 0.40, qw = 0.025 m2/s, Re = 1.0×105 ; Note: 
Chronological order from left to right and top to bottom 
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(A) Nappe flow regime: dc/h = 0.26; qw = 0.013 m2/s; Re = 5.1 × 104 

 
(B) Transition flows: dc/h = 0.71; qw = 0.060 m2/s; Re = 2.4 × 105 

 
(C) Skimming flows: dc/h = 1.27; qw = 0.142 m2/s; Re = 5.6 × 105 

Figure 5-3: Air-water flow patterns on stepped spillway IIb with pooled steps (θ = 26.6°, h = 10 cm, w = 3.1 cm) 
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5.2.2.2 Air-water flow patterns on porous pooled stepped spillways with 26.6° slope 

The air-water flow patterns on the porous pooled stepped spillways with Po = 5% and Po = 31% re-

spectively exhibited typical nappe, transition and skimming flow regimes. The observations were in 

good agreement with the observations on the pooled stepped spillway (section 5.2.2.1), but for all 

flow rates, differences were caused by small discharges through the pores in the pooled weir walls. 

Estimations of the discharge through the pores were conducted for the different flow rates using re-

sistance coefficients (IDELCHIK 1994). The discharge through the pores was estimated based upon 

the energy equation between either sides of the porous pooled wall: 

g2

U
H

2
Po




  (5-1) 

where H is the energy difference between the two sides of the porous wall (herein the difference in 

free-surface elevation between one pool weir height upstream and downstream of the pool wall, 

identified using visual observations),  is the resistance coefficient for a perforated thick plate 

(IDELCHIK 1994) and UPo is the streamwise velocity of the discharge through the pores. The maxi-

mum skimming flow discharges through the pores based upon stationary flow considerations were 

estimated at less than 7% of the total flow discharge for the porous configuration Po = 31% and 

much less than 1% for Po = 5%. The discharges for the transition and nappe flows were larger be-

cause the downstream side of the pooled weir was not submerged and a void existed. It must be 

noted, that the calculation of the discharge through the pores was a rough estimation and the recir-

culations within the cavity, the irregular cavity ejections as well as the non-horizontal angle be-

tween flow and pool weir might affect the discharge. 

For the smallest flow rates dc/h < 0.43-0.46, a nappe flow regime was observed for both porous 

pooled configurations (Figure 5-4). In Figure 5-4, a typical nappe flow regime is illustrated for the 

porous pooled steps with Po = 31%. The flow pattern was similar to the nappe flows on the pooled 

stepped spillway with same geometry (Figure 5-3A). However, some flow appeared also through 

the pores for both porous pooled steps (Figure 5-4). Importantly, for the nappe flow regime on both 

porous pooled stepped spillways, no pulsations were observed in the first pooled cavity and no in-

stabilities were present. The pores balanced the pressure between adjacent pooled cavities and in-

creased the stability of the nappe flows. 

The transition flow regime showed more instable flow patterns which were similar to observations 

of transition flows on flat and pooled stepped spillways with same channel slope (Figure 5-5). In 

Figure 5-5, a typical transition flow regime is shown for the porous steps with Po = 5% indicating a 
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small air-water flow jet at the second pooled weir edge and small instabilities and strong droplet 

splashing downstream. With increasing discharge, the instabilities decreased and with disappear-

ance of the jet at the second pooled step weir, the flow became stable in the skimming flow regime. 

The transition flow regime for the porous pooled stepped spillway with Po = 31% was observed for 

0.43 < dc/h < 0.75 and for Po = 5% for 0.46 < dc/h < 0.91. The larger porosity reduced the instable 

transition flow rates and provided a more stable skimming flow regime much earlier compared to 

the other flat and pooled step configurations. 

The skimming flow regime was very similar to typical skimming flows on the corresponding flat 

and pooled stepped spillways (Figure 5-6). Figure 5-6 illustrates typical skimming flow patterns for 

both porous pooled step configurations. The flow appeared very regular and stable cavity recircula-

tions were observed downstream of the inception point. Figure 5-6 highlights further details of the 

cavity processes and the air-water flows through the pores. It seemed that the cavity recirculations 

decreased with increasing porosity. Furthermore, it seemed that the amount of air was smaller for 

the porous pooled steps which indicated a smaller interaction between cavity and mainstream flow 

and a lower air entrainment into the step niche. The flow through the pores decreased the size of the 

upward jet at the downstream end of the cavity compared to the pooled steps (Figures 5-6B & 5-

6C). The visual observations indicated that the pores affected the air-water cavity flows, but the 

overlying mainstream flow patterns were very close to the corresponding flow regime on the flat 

and pooled stepped spillways. 

 
Figure 5-4: Nappe flow regime on porous pooled stepped spillway IIc (θ = 26.6°, h = 10 cm; w = 3.1 cm; Po = 31%): 

dc/h = 0.25; qw = 0.013 m2/s; Re = 5.0 × 104 
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Figure 5-5: Transition flow regime on porous pooled stepped spillway IId (θ = 26.6°, h = 10 cm; w = 3.1 cm; Po = 

5%): dc/h = 0.51; qw = 0.036 m2/s; Re = 1.4 × 105 

 

(A) Skimming flows: dc/h = 0.99; qw = 0.098 m2/s; Re = 3.9 × 105; Po = 31% (IIc) 

(B) Cavity detail and inception point: dc/h = 1.44; qw = 
0.171 m2/s; Re = 6.8 × 105; Po = 5% (IId) 

(C) Cavity detail and flow through pores: dc/h = 0.86; qw 
= 0.079 m2/s; Re = 3.1 × 105; Po = 31% (IIc) 

Figure 5-6: Skimming flow regime on porous pooled stepped spillways IIc and IId (θ = 26.6°, h = 10 cm; w = 3.1 cm) 
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The visual observations indicated that the air-water flows in the step cavity were affected by the 

pore discharges. Similarities were observed to flows behind porous fences which led to a reduced 

recirculation behind the fence with increasing fence porosity (TSUKAHARA et al. 2012). Further it is 

believed, that the injection of fluid into the cavity reduced the drag coefficient. The drag reduction 

behind ventilated bodies was shown by several researchers (e.g. ABDUL-KHADER & RAI 1980); 

SURYANARAYANA et al. 1993; NAUDASCHER & ROCKWELL 1994). A reduction in drag in the porous 

pooled stepped experiments would lead to a reduced flow resistance, an increased mainstream ve-

locity and a reduced energy dissipation performance.  

The effects of the pores on the air-water flow properties at the porous pooled step edges are pre-

sented in section 5.3. More details about the air-water cavity flow processes and properties on a po-

rous pooled stepped cavity are presented in section 6.3.3. The energy dissipation performances are 

compared with flat and pooled stepped spillways in section 7.3. 

 

5.2.2.3 Air-water flow patterns on pooled stepped spillway with 8.9° slope 

For the pooled stepped spillway configuration with θ = 8.9°, experiments were conducted for 0.009 

≤ qw ≤ 0.233 m2/s (FELDER & CHANSON 2012a). For the smallest discharges (dc/h < 1.08), a nappe 

flow regime was observed with water discharging as a free-falling jet impacting into the underlying 

step pool (Figure 5-7). Figure 5-7 shows a typical nappe flow with air being entrained in the water 

filled pool by the plunging jet. The air bubbles made their way to the free-surface and were de-

trained before the next overfall. The flow was stable and most energy was dissipated along the 

pooled stepped spillway (CHANSON 1994a). 

With increasing discharge, the flow became unstable in the transition flow regime. The instabilities 

were self-induced and previously investigated in detail by THORWARTH (2008) in the same pooled 

stepped spillway with two different channel slopes (8.9° and 14.6°) and with various weir heights 

between 1 and 5 cm. THORWARTH (2008) described the unstable processes as jump waves and pro-

posed several mechanisms associated with it including a partial appearance of a hydraulic jump in 

the pooled stepped cavity and the sudden cavity ejection at the downstream end. The unstable pro-

cesses appeared along the spillway and jump waves propagated downstream. THORWARTH (2008) 

identified characteristic frequencies for the instabilities ranging from 0.25 to 1 Hz depending on the 

channel slope and the step edge. 

In the present study, the self-induced jump waves were present for discharges 1.08 ≤ dc/h ≤ 1.76 

(FELDER & CHANSON 2012a). The observation was close to the finding of THORWARTH (2008) who 

reported jump waves for 0.14 ≤ dc/l ≤ 0.25 (present study: 0.165 ≤ dc/l ≤ 0.27). Typical instabilities 
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Figure 5-8: Instabilities in the transition flow regime on pooled stepped spillway IIIb (θ = 8.9°, h = w = 5 cm): dc/h = 

1.35; qw = 0.0.55 m2/s; Re = 2.2 × 105  

 

 
(A) Skimming flow regime: dc/h = 3.0; qw = 0.182 m2/s; Re = 7.2 × 105 

(B) Instabilities in the skimming flow regime: dc/h = 2.66, qw = 0.152 m2/s, Re = 6.0×105 

Figure 5-9: Skimming flows on pooled stepped spillway IIIb (θ = 8.9°, h = w = 5 cm) 

 

5.2.2.4 Air-water flow patterns for the stepped spillway with combination of flat and pooled 
steps with 8.9° slope 

For the experiments with a combination of flat and pooled steps, a more complex air-water flow 

pattern was observed. For the smallest flow rates, a nappe flow regime was visible for flow rates 

such as dc/h < 1.0 (Figure 5-10). Figure 5-10 illustrates a typical nappe flow regime. A free overfall 

at the weirs of the pooled steps was followed by a hydraulic jump and air was entrained and re-

leased before the next overfall. All the energy was dissipated in a regular and stable flow pattern.  

For the larger flow rates (dc/h > 1.0), a transition flow was observed with strong instabilities. The 

flow appeared chaotic with strong droplet splashing at all step edges downstream of the inception 
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point. Flow instabilities were present for all flow rates, including irregular cavity ejection and recir-

culation process as well as instationary free-surface waves (Figure 5-11). Strong splashing was ob-

served with droplet ejections of about 20 times the step height for the largest flow rates. Figure 5-11 

shows more details of the instabilities for two transition flow rates. The flow appeared highly un-

stable, and this appeared to be linked with the stepped configuration of alternation of flat and 

pooled steps. Highly unstable processes were visible including surface waves, cavity recirculations 

and ejections as well as water droplet ejections and splashing. Within the investigated experimental 

flow conditions, no skimming flow regime was seen. The entrainment process was linked with a jet 

flow caused by the first pooled weir. The aeration process at the inception point was therefore com-

pletely different compared to typical entrainment processes on flat and pooled stepped spillways. 

 
Figure 5-10: Nappe flows on stepped spillway IIIc with combination of flat and pooled steps (θ = 8.9°, h = w = 5 cm): 

dc/h = 0.73; qw = 0.0.22 m2/s; Re = 8.7 × 104 

 

 
(A) dc/h = 1.33; qw = 0.028 m2/s; Re = 2.1 × 105 

 
(B) dc/h = 3.34; qw = 0.214 m2/s; Re = 8.5 × 105 

Figure 5-11: Transition flow regime on stepped spillway IIIc with combination of flat and pooled steps (θ = 8.9°, h = w 
= 5 cm) 
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5.2.3 Instabilities on the pooled stepped spillways 

For both pooled stepped spillways, flow instabilities were observed, but their magnitudes differed 

significantly. For the pooled step configuration on the stepped spillway with θ = 26.6°, pulsating 

flow was observed in the first step cavity (Figure 5-12). The pulsations occurred for dimensionless 

flow rates 0.3 ≤ dc/h ≤ 0.45 in the nappe flow regime. For the lower boundary of the pulsating flow 

rates (dc/h = 0.3), the pulsations appeared about every second while, at the upper boundary (dc/h = 

0.45), the pulsations were seen about every 5 s. The pulsating flow was quasi-periodic for all flow 

rates. In Figure 5-12, the pulsating flow in the first pooled step cavity is illustrated for dc/h = 0.4. 

For this flow rate, the pulsation frequency was identified as about 0.33 Hz (i.e. 3 s periods) in de-

tailed visual observations and spectral frequency analyses (FELDER et al. 2012b; FELDER & 

CHANSON 2013C).  

In the pulsations, small waves were ejected from the first step cavity and caused deviations to the 

lengths of the free-falling nappes impacting on the next pooled step edges. With every pulsation, the 

nappe impact was shifted from the successive step cavity to one step cavity further downstream. 

The instabilities were small and did not cause significant disturbances of the flow. Interestingly, no 

pulsating flow patterns in the first step cavity and no instable nappes were observed for the porous 

pooled stepped spillways with porosity of the pool weir walls of Po = 5% and Po = 31% respective-

ly. The pulsating mechanism on the pooled stepped spillway with θ = 26.6° was comparable to the 

self-induced instabilities on pooled stepped spillways with θ = 30° by TAKAHASHI et al. (2008) with 

pulsations for 0.3 < dc/h < 0.4. 

 

 
Figure 5-12: Pulsating flow in first step cavity in the nappe flow regime on pooled stepped spillway IIb (θ = 26.6°, h = 

10 cm, w = 3.1 cm): dc/h = 0.40, qw = 0.025 m2/s, Re = 1.0 × 105; Note: photo order from left to right and 
top to bottom 
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On the pooled stepped spillway with θ = 8.9°, much stronger self-induced instabilities were ob-

served in the transition flow regime for 1.08 ≤ dc/h ≤ 1.76 (THORWARTH 2008; FELDER & CHANSON 

2012a,2013a). The instabilities caused significant flow disturbances including jump waves propa-

gating downstream. The occurrence of jump waves was associated with a number of unstable 

mechanisms including a partial hydraulic jump in the pooled cavity, the random ejection of air-

water flows from the cavity and strong instability at the free-surface. Figure 5-13 illustrates typical 

jump waves for a transition flow discharge. The series of pictures shows the propagation of the 

waves (Figure 5-13). The frequencies of the jump waves were about 0.25-0.4 Hz. 

Some waves were caused by the pulsating clear water flows in the first step pool downstream of the 

broad-crested weir (Figure 5-14). In Figure 5-14, a series of photographs of the pulsations is illus-

trated. The pulsations initiated jump waves every 6-8 s herein. The flow pattern was observed in the 

transition flow regime. The pulsations caused every second jump wave to propagate downstream. 

The other waves seemed to be initiated by further instationaries in the first few stepped pools. The 

irregular ejection and recirculation processes within each pooled cavity appeared more often with 

frequencies of 0.5-2Hz as shown by THORWARTH (2008) and FELDER & CHANSON (2012a). With 

increasing discharges the instabilities appeared to decrease in size. 

Figure 5-13: Instabilities in the transition flow regime on pooled stepped spillway IIIb (θ = 8.9°, h = w = 5 cm): dc/h = 
1.20, qw = 0.046 m2/s, Re = 1.8 × 105; Note: photo order from left to right and top to bottom 
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Figure 5-14: Pulsating flow in the first step cavity in the transition flow regime on pooled stepped spillway IIIb (θ = 
8.9°, h = w = 5 cm): dc/h = 1.08, qw = 0.040 m2/s, Re = 1.6 × 105; Note: photo order from left to right and 
top to bottom 

 

The comparison of the instationary flow processes on the pooled stepped spillways with different 

channel slopes highlighted the occurrence of pulsations in the first pooled step cavity and associated 

flow instabilities. The pulsations occurred for different discharges and flow regimes and the insta-

tionary flows on the flatter slope were much more significant. The experiments showed that any 

change in channel slope, step height or pooled weir height would change the cavity dimensions, im-

pacting on the instability mechanisms and their characteristic frequencies. Table 5-4 summarises the 

instabilities in the present study for the pooled step configurations and the corresponding porous 

pooled stepped spillways.  

 

Table 5-4: Summary of flow rates for pooled step instabilities 

Step             
configuration 

θ 
[°] 

h 
[m] 

w 
[m] 

Po 
[-] 

dc/h 
[-] 

Comment 

Pooled (IIIb) 8.9 0.05 0.05 0 1.08-1.76 
(TRA) 

Self-induced instabilities; Significant flow disturb-
ances including jump waves; Pulsations in first 
step cavity  

Pooled (IIb) 26.6 0.1 0.031 0 0.3-0.45 
(NA)  

Small instabilities; Small deviations to length of 
free-falling nappes; Pulsations in first step cavity 

Porous pooled (IIc) 26.6 0.1 0.031 31% 0.10-1.77 No instability, no pulsation 

Porous pooled (IId) 26.6 0.1 0.031 5% 0.10-2.01 No instability, no pulsation 
 

5.3 Air-water flow properties on (porous) pooled stepped spillways with 26.6° 
slope 

5.3.1 Presentation 

Detailed air-water flow experiments were conducted for the pooled stepped spillway configurations 

on stepped spillway II with θ = 26.6° (Figure 5-15). Figure 5-15 sketches details of the stepped 
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spillway configurations, i.e. flat steps as references design, pooled steps and porous pooled steps 

with two different porosities Po = 5% and Po = 31%. The pooled step configurations comprised of 

steps with height h = 10 cm and with pool weir height w = 3.1 cm. The two porous pooled step con-

figurations had the same geometries, but the holes (Ø = 5 mm) were positioned in a regular pattern 

on the pooled weir to simulate a pool porosity similar to gabion weirs (Po = 31%) and for a much 

smaller porosity (Po = 5%). Figure 5-16 shows photos of the porous pooled steps. 

  
Figure 5-15: Detail of pooled and flat stepped spillway configurations in stepped spillway II (θ = 26.6°); definition of 

first measurement position (y = 0) 

 

(A) Porous pooled steps: Po = 31% (IIc) (B) Porous pooled steps: Po= 5% (IId) 

Figure 5-16: Photos of details of porous pooled steps in stepped spillway II (θ = 26.6°, h = 10 cm, w = 3.1 cm); Diame-
ter of holes Ø = 5 mm 

 

For all stepped spillway configurations, the air-water flow properties were measured in channel 

centreline with a double-tip conductivity probe (Ø = 0.25 mm) at all step edges downstream of the 

inception point. The air-water flow experiments were conducted for a range of discharges in transi-
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tion and skimming flows (Table 5-5). For the pooled stepped spillways, the first measurement posi-

tion was at the pool weir edge (y = 0) and for the flat reference design, the measurements were con-

ducted starting from the step edge (y = 0) (Figure 5-15).  

 

Table 5-5: Air-water flow measurements with a double-tip conductivity probe for the flat, pooled and porous pooled 
stepped spillway configurations (II, θ = 26.6°, h = 10 cm) 

Configuration dc/h 
[-] 

qw 
[m2/s] 

Re 
[-] 

Measured 
step edges 

Inception 
point 

Flow    
regime 

Flat steps (IIa) 
(reference design) 

0.82 0.073 2.90×105 4-10 4 TRA 
0.96 0.094 3.71×105 5-10 5 SK 
1.29 0.144 5.73×105 6-10 6 SK 
1.52 0.187 7.39×105 8-10 8 SK 

Pooled steps (IIb): 
w = 3.1 cm 

0.4 0.025 9.95×104 2-10 2 NA 
0.82 0.073 2.90×105 5-10 4 to 5 TRA 
0.96 0.094 3.71×105 6-10 5 to 6 TRA/SK 
1.29 0.144 5.73×105 7-10 6 to 7 SK 
1.52 0.187 7.39×105 8-10 8 SK 
1.85 0.250 9.89×105 10 9 to 10 SK 

Porous pooled steps (IIc): 
w = 3.1 cm 
Po = 31% 

0.59 0.045 1.78×105 4-10 3 TRA 
0.82 0.073 2.90×105 5-10 5 SK 
0.96 0.094 3.71×105 6-10 5 to 6 SK 
1.29 0.144 5.73×105 7-10 7 SK 
1.52 0.187 7.39×105 9+10 8 to 9 SK 

Porous pooled steps (IId): 
w = 3.1 cm 
Po = 5% 

0.82 0.073 2.90×105 5-10 4 to 5  TRA 
0.96 0.094 3.71×105 5-10 5 SK 
1.29 0.144 5.73×105 7-10 6 to 7 SK 
1.52 0.187 7.39×105 8-10 8 to 9 SK 
1.85 0.250 9.89×105 10 9 to 10 SK 

 

5.3.2 Basic air-water flow properties 

5.3.2.1 Void fraction distributions 

The void fraction distributions for all stepped configurations showed typical S-shapes which were 

observed in many previous studies on flat stepped spillways in transition and skimming flows (e.g. 

CHANSON & TOOMBES 2002a; GONZALEZ 2005; BUNG 2011a). Little difference was visible be-

tween flat, pooled and porous pooled stepped spillways (Figure 5-17A). The distributions of void 

fraction matched very well the advective diffusion equation of CHANSON & TOOMBES (2002a) 

(Equation (3-1)). Typical void fraction distributions are illustrated in Figure 5-17 as function of 

y/Y90 (Figure 5-17A) and as function of (y+w)/dc (Figure 5-17B). 

For the illustration of void fraction as function of (y+w)/dc, the results showed also little difference 

between the data, but for an upward shift of the void fraction profile for the pooled steps by w/dc 
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(Figure 5-17B). The comparison of the (porous) pooled configurations showed a very good agree-

ment between pooled and porous pooled configuration with Po = 5%. The void fraction distribu-

tions for the porous pooled stepped spillway with Po = 31% were slightly lower and indicated small 

differences in terms of flow depth which seemed to be linked with discharges through the pooled 

weir pores (Figure 5-17B). 

(A) dc/h = 0.96; qw = 0.094 m2/s; Re = 3.7 × 105 (B) dc/h = 1.29; qw = 0.144 m2/s; Re = 5.7 × 105 

Figure 5-17: Comparison of void fraction distributions on the stepped spillways with flat, pooled and porous pooled 
steps (θ = 26.6°) 

 

5.3.2.2 Bubble count rate distributions 

The distributions of bubble count rates showed typical shapes with maxima in the intermediate flow 

region for void fractions of about C = 0.4−0.5 for all step configurations. For all data sets, the num-

ber of entrained air bubbles was larger for the flat stepped spillway compared to the (porous) pooled 

step configurations (Figure 5-18). In Figure 5-18, typical dimensionless distributions of the bubble 

count rate F×dc/Vc in transition and skimming flows are shown as functions of y/Y90 (Figure 5-18A) 

and (y+w)/dc (Figure 5-18B). A close agreement in bubble count rate distributions was observed for 

the pooled and porous pooled steps with Po = 5% for all discharges and at all step edges. In con-

trast, a smaller number of entrained air bubbles was observed for the porous pooled stepped spill-

way with Po = 31%. The differences in bubble count rate between the configurations tended to de-

crease with increasing distance from the inception point of air entrainment. Note that, for all exper-

iments, the equilibrium flow conditions were not achieved and the bubble count rate increased 

monotonically with longitudinal distance for the flat, pooled and porous pooled steps along the 

stepped spillway. 

C [-]

y/
Y

90
 [

-]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

Flat steps - Step 6
Flat steps - Step 7
Flat steps - Step 8
Flat steps - Step 9
Flat steps - Step 10
Pooled steps - Step 6
Pooled steps - Step 7
Pooled steps - Step 8
Pooled steps - Step 9
Pooled steps - Step 10
Pooled step 10 - Theory

Porous pooled steps (Po = 5%) - Step 6
Porous pooled steps (Po = 5%) - Step 7
Porous pooled steps (Po = 5%) - Step 8
Porous pooled steps (Po = 5%) - Step 9
Porous pooled steps (Po = 5%) - Step 10
Porous pooled steps (Po = 31%) - Step 6
Porous pooled steps (Po = 31%) - Step 7
Porous pooled steps (Po = 31%) - Step 8
Porous pooled steps (Po = 31%) - Step 9
Porous pooled steps (Po = 31%) - Step 10

C [-]

(y
+

w
)/

d c
 [

-]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Flat steps - Step 8
Flat steps - Step 9
Flat steps - Step 10
Pooled steps - Step 8
Pooled steps - Step 9
Pooled steps - Step 10

Porous pooled steps (Po = 5%) - Step 8
Porous pooled steps (Po = 5%) - Step 9
Porous pooled steps (Po = 5%) - Step 10
Porous pooled steps (Po = 31%) - Step 8
Porous pooled steps (Po = 31%) - Step 9
Porous pooled steps (Po = 31%) - Step 10



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

148 5 Flow characteristics of pooled stepped spillways with 8.9° and 26.6° slopes 

(A) dc/h = 0.82; qw = 0.073 m2/s; Re = 2.9 × 105 (B) dc/h = 1.52; qw = 0.187 m2/s; Re = 7.4 × 105 

Figure 5-18: Comparison of bubble count rate distributions on the stepped spillways with flat, pooled and porous 
pooled steps (θ = 26.6°) 

 

5.3.2.3 Interfacial velocity distributions 

The distributions of the dimensionless interfacial velocity V/V90 for all experiments in transition 

and skimming flows are shown in Figure 5-19A as a function of y/Y90. All data for the flat, pooled 

and porous pooled stepped spillways were in good agreement and they compared very well with a 

power law with exponent of 1/N = 1/10 (Figure 5-19A). The exact value of N may vary from one 

step edge to the next one for a given flow rate. For y/Y90 > 1, the velocity distributions had a uni-

form profile and scatter of the data was observed in the spray region. 

Differences were however visible in terms of the dimensionless interfacial velocity V/Vc (Figures 

5-19B & 5-19C). For all present experiments, the data implied smaller interfacial velocities on the 

flat stepped spillway (Figures 5-19B & 5-19C). This finding was counter-intuitive because it was 

assumed that the pooled steps increased the chute roughness and would slow down the spillway 

flows. Nonetheless, the present observations showed consistently a faster flow motion down the 

pooled stepped chute (θ = 26.6°) for a wide range of discharges in transition and skimming flows. 

For all configurations, the interfacial velocities increased with increasing distance from the incep-

tion point. However, for the larger flow rates, the increase in velocity was proportionally slower for 

the flat stepped spillway (Figure 5-19C). The comparison with the porous pooled step configura-

tions showed smaller interfacial velocities for the porous pooled stepped spillway with Po = 5% for 

all experiments. The velocities for the porous pooled steps with Po = 31% and for the pooled steps 

were very close for all discharges with slightly larger velocities for the pooled steps. The observa-

tions of the velocities for the (porous) pooled configurations did not follow a clear trend and the 

reason for the largest interfacial velocities on the pooled step configuration remained unclear.  
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(A) All data sets; comparison with self-similar equations (Equations (3-14) & (3-15)) 

(B) dc/h = 0.96; qw = 0.094 m2/s; Re = 3.7 × 105 (C) dc/h = 1.29; qw = 0.144 m2/s; Re = 5.7 × 105 

Figure 5-19: Comparison of interfacial velocity distributions on the stepped spillways with flat, pooled and porous 
pooled steps (θ = 26.6°) 

5.3.2.4 Turbulence intensity distributions 

The distributions of turbulence intensity Tu for all experiments showed little differences qualitative-

ly and quantitatively for the flat, pooled and porous pooled stepped spillways (Figure 5-20). For all 

step configurations, maximum turbulence levels were observed in the intermediate flow region and 

the values of Tu tended to small values in the bubbly and spray regions. Please note, that local max-

ima were found for some step edges for the flat stepped spillway in a region close to the step face. 

These local maxima were consistent with small bulking of the void fraction and bubble count rate 

data on the same step edges. It is believed to be linked with an irregular impingement of air-water 

flow on the step face which was seen in previous studies with characteristic seesaw pattern in 

skimming flows (CHANSON & TOOMBES 2002a; FELDER & CHANSON 2009b). 
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(A) dc/h = 1.52; qw = 0.187 m2/s; Re = 7.4 × 105 (B) dc/h = 0.96; qw = 0.094 m2/s; Re = 3.7 × 105 

Figure 5-20: Comparison of turbulence intensity distributions on the stepped spillways with flat, pooled and porous 
pooled steps (θ = 26.6°) 

 

5.3.2.5 Auto- and cross-correlation time scale distributions 

The comparison of the auto- and cross-correlation distributions showed a good agreement between 

all step configurations (Figure 5-21). Figure 5-21 illustrates typical distributions of auto-correlation 

time scales (Figure 5-21A) as function of y/Y90 and cross-correlation time scales (Figure 5-21B) as 

function of (y+w)/dc. For the auto-correlation time scales, small differences between flat and pooled 

step configurations were seen in the upper spray region with much larger time scales for some step 

edges on the flat stepped spillway (Figure 5-21A). Furthermore, for the flat stepped spillway, the 

distributions varied in magnitude from one step edge to the next which might be linked with seesaw 

patterns as also seen in terms of other air-water flow properties (e.g. turbulence intensity).  

(A) Auto-correlation time scales: dc/h = 0.82; qw = 0.073 
m2/s; Re = 2.9 × 105 

(B) Cross-correlation time scales: dc/h = 1.29; qw = 0.144 
m2/s; Re = 5.7 × 105 

Figure 5-21: Comparison of auto- and cross-correlation distributions on the stepped spillways with flat, pooled and 
porous pooled steps (θ = 26.6°) 
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A good agreement between cross-correlation time scale distributions was also observed for all flat 

and (porous) pooled step configurations (Figure 5-21B). Small differences were seen in the bubbly 

flow region for the flat steps with larger time scales at every second step. This feature was observed 

for all discharges and was linked with a characteristic seesaw pattern in skimming flow air-water 

flow properties. For both auto- and cross-correlation time scales, little differences were observed for 

the porous pooled stepped spillways. 

 

5.3.3 Microscopic air-water flow properties 

For all experimental configurations, the microscopic air-water flow properties were recorded at the 

(pooled) step edges. The microscopic air-water flow properties comprised the air bubble and water 

droplet chord sizes, the cluster properties and the inter-particle arrival time analyses. Typical proba-

bility distribution functions of the chord sizes are illustrated in Figure 5-22. For both air bubble and 

water droplet chord size distributions, a good agreement between the bubble and droplet chord 

lengths was observed for the flat and (porous) pooled steps. Furthermore, a good agreement in clus-

ter properties and inter-particle arrival times was also found for the flat, pooled and porous pooled 

stepped spillways. Please note, that the results are not illustrated in the thesis.  

 
(A) Air bubble chord length: dc/h = 1.29; qw = 0.144 m2/s; Re = 5.7 × 105; Step 10 
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(B) Water droplet chord length: dc/h = 0.82; qw = 0.073 m2/s; Re = 2.9 × 105; Step 10 

Figure 5-22: Comparison of chord size probability distributions on the stepped spillways with flat, pooled and porous 
pooled steps (θ = 26.6°) 

 

5.3.4 Longitudinal distributions of characteristic air-water flow parameters 

For all experiments, the characteristic air-water flow properties were calculated including the mean 

air concentration Cmean and the characteristic interfacial velocity V90where C = 90%. For all flow 

rates for the flat, pooled and porous pooled stepped spillways, the mean air concentration Cmean is 

shown in Figure 5-23A as a function of the dimensionless distance from the inception point of air 

entrainment (x-LI)/dc, where x is the distance along the channel bottom and LI the longitudinal dis-

tance measured from the weir crest to the inception point of air entrainment. A comparison of Cmean 

for the stepped spillway configurations showed a deviation of Cmean, but no clear trend (Figure 5-

23A). For some step edges, Cmean appeared larger for the flat steps compared to the (porous) pooled 

steps for a given flow rate while for the consecutive step edge, the opposite trend was present. For 

all experiments, Cmean increased with increasing distance from the inception point and no uniform 

equilibrium was reached in the present study (Figure 5-23A). Overall, the mean air concentration 

for the flat, pooled and porous pooled stepped spillways was in fairly good agreement as previously 

shown in the comparison of the void fraction distributions (Figure 5-17). 

The longitudinal distributions of the characteristic dimensionless interfacial velocity V90/Vc are il-

lustrated in Figure 5-23B for several discharges. For the pooled and porous pooled stepped spill-

ways, V90 was larger for all discharges compared to the flat steps even though a deviation appeared 

along the stepped chute. This finding was consistent with the larger interfacial velocity distributions 

for the pooled stepped spillway shown in Figures 5-19B & 5-19C. The comparison of the porous 
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pooled step configurations showed smaller velocities for the porous steps with Po = 5%, but the ve-

locities were larger compared to the flat steps. The finding of larger interfacial velocities for the 

(porous) pooled stepped spillways was significant and indicated smaller energy dissipation on the 

pooled and porous pooled stepped spillways in the present study. Despite scatter of the data, it ap-

peared that overall V90(pooled ) > V90(Po = 31%) > V90(Po = 5%) > V90(flat). 

(A) Mean air concentration Cmean (B) Characteristic dimensionless interfacial velocity 
V90/Vc 

Figure 5-23: Comparison of longitudinal distributions of characteristic parameters on the stepped spillways with flat, 
pooled and porous pooled steps (θ = 26.6°) 

 

5.3.5 Summary 

The comparison of the air-water flow properties for the flat, pooled and porous pooled stepped 

spillways (θ = 26.6°) was conducted for all discharges. The comparative analyses showed a good 

agreement in most air-water flow property distributions including the void fraction, dimensionless 

interfacial velocity V/V90, turbulence intensity and microscopic air-water flow properties. However, 

the pooled and porous pooled stepped spillways exhibited larger interfacial velocities V/Vc than for 

the flat stepped spillway for all flow rates. This finding was counterintuitive because the pooled 

steps were expected to increase the flow resistance and decrease the velocity. Furthermore, larger 

bubble count rates were observed for the flat stepped spillway. The comparison of the air-water 

flow properties for the pooled and porous pooled step configurations showed a relatively close 

agreement for all air-water flow properties. It appeared that the porosity of the pool weir did not 

have any major effects upon the mainstream air-water flows but induced a more stable flow pattern. 

However, the study of porous pooled steps was limited to one pore size and further systematic in-

vestigations should comprise different pore sizes as well as different step heights with same pore 

sizes and porosities respectively. The air-water flow properties in the pooled step cavity for the 

pooled steps and the porous pooled steps with Po = 31% are compared in section 6.3.3. The effect 

of the porosity upon the energy dissipation performance is discussed in section 7.3. 
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5.4 Air-water flow properties on pooled stepped spillways with 8.9° slope 

5.4.1 Presentation 

The air-water flow properties were measured with a double-tip conductivity probe (Ø = 0.13 mm) 

for the three stepped spillway configurations with θ = 8.9° at several step edges downstream of the 

inception point of free-surface aeration. The configurations comprised a flat stepped spillway (ref-

erence design), a pooled stepped spillway with 5 cm high weirs and an alternation of flat and pooled 

steps with regular alternations of flat and pooled steps (Figure 5-24). Figure 5-24 present a sketch of 

the three stepped spillway configurations and their geometric dimensions: step height h, step length 

l, channel width W, pool weir height w, and pooled weir length lw. The locations of the double-tip 

conductivity probe measurements in channel centreline are sketched, with y = 0 at the step edge for 

the flat steps and y = 0 at the pool weir edge for the pooled steps.  

The air-water flow properties were compared for a range of discharges 0.054 ≤ qw ≤ 0.234 m2/s be-

tween the three stepped spillway configurations. Table 5-6 summarises the experimental conditions 

for the air-water flow measurements including the flow regimes, the inception points and the meas-

ured step edges. Further details about the comparison of the three stepped spillway configurations 

were presented by FELDER et al. (2012a) and FELDER & CHANSON (2012a,2013a). 

 
Figure 5-24: Details of pooled and flat stepped spillway configurations in stepped spillway III (θ = 8.9°); definition of 

first measurement position (y = 0) 
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Table 5-6: Air-water flow measurements with a double-tip conductivity probe for the three different stepped spillway 
configurations (III, θ = 8.9°, h = 5 cm) 

Configuration dc/h 
[-] 

qw 
[m2/s] 

Re 
[-] 

Measured 
step edges 

Inception 
point 

Flow      
regime 

Flat steps (IIIa) 
(reference design) 

1.35 0.054 2.18×105 21 4 TRA 

1.7 0.078 3.10×105 16-21 5 SK/TRA 

2.0 0.098 3.93×105 21 6 SK 

2.3 0.122 4.85×105 21 7 SK 

2.66 0.152 6.03×105 16-21 9 to 10 SK 

3.0 0.182 7.23×105 21 10 to 11 SK 

3.3 0.210 8.34×105 21 13 to 14 SK 

3.55 0.234 9.30×105 17-21 14 to 15 SK 

Pooled steps (IIIb) 1.35 0.054 2.18×105 14-21 3 TRA 

1.7 0.078 3.10×105 14-21 5 SK/TRA 

2.0 0.098 3.93×105 20+21 6 SK 

2.3 0.122 4.85×105 14-21 7 SK 

2.66 0.152 6.03×105 14-21 8 SK 

3.0 0.182 7.23×105 20+21 9 SK 

3.3 0.210 8.34×105 14-21 10 SK 

3.55 0.234 9.30×105 14-21 11 SK 

Combination of 
flat/pooled steps (IIIc) 

1.35 0.054 2.18×105 20+21 3 to 4 TRA 

1.7 0.078 3.10×105 14-21 4 TRA 

2.0 0.098 3.93×105 20+21 4 to 5 TRA 

2.3 0.122 4.85×105 20+21 4 to 5 TRA 

2.66 0.152 6.03×105 14-21 5 TRA 

3.0 0.182 7.23×105 20+21 5 TRA 

3.3 0.210 8.34×105 20+21 5 TRA 

3.55 0.234 9.30×105 14-21 5 TRA 

 

5.4.2 Basic air-water flow properties 

5.4.2.1 Void fraction distributions 

The vertical distributions of void fractions showed typical S-shape distributions for all experiments 

(Figure 5-25). In Figures 5-25A and 5-25B, typical void fraction distributions are presented as a 

function of the dimensionless distance from the step edge y/Y90. The vertical elevation y was meas-

ured starting from the edge for the flat steps and at the pool weir edge for the pooled steps; Y90 is 

the distance for which C = 90%. For the smaller flow rate, all void fraction distributions were very 

close (Figure 5-25A). For the larger flow rates, the void fraction distributions for the stepped spill-

way with combination of flat and pooled steps differed from those on both flat and pooled steps 

(Figure 5-25B). For all experiments, the advective diffusion equation for skimming flows 

(CHANSON & TOOMBES 2002a) (Equation (3-1)) matched well the experimental data (Figures 5-

25A & 5-25B).  
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(A) dc/h = 2.0; qw = 0.098 m2/s; Re = 3.9 × 105 (B) dc/h = 3.3; qw = 0.210 m2/s; Re = 8.3 × 105 

(C) dc/h = 2.3; qw = 0.122 m2/s; Re = 4.9 × 105 (D) dc/h = 3.55; qw = 0.234 m2/s; Re = 9.3 × 105 

Figure 5-25: Comparison of void fraction distributions on the stepped spillways with flat, pooled and combination of 
flat and pooled steps (θ = 8.9°); Comparison with advective diffusion Equation (3-1) 
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5.4.2.2 Bubble count rate distributions 

For a given step configuration, the bubble count rate distributions changed little for all experiments. 

Differences in terms of bubble count rate distributions between flat and pooled steps were observed 

for the combination of flat and pooled steps. The differences were largest for the smaller flow rates 

(Figure 5-26B) while the bubble count rate distributions for the largest flow rates were close to 

those for both flat and pooled steps. The comparison of all three stepped configurations highlighted 

the largest bubble count rates for the flat stepped spillway for a given flow rate within the experi-

mental flow conditions. For the smallest flow rates, the combination of flat and pooled steps had the 

smallest bubble count rates while, for the largest discharges, the pooled stepped spillway configura-

tion had the smallest values. With increasing discharge the differences between all configurations 

became smaller (Figure 5-26A). Typical dimensionless distributions of bubble count rates are illus-

trated in Figure 5-26 as functions of y/Y90 (Figure 5-26A) and (y+w)/dc (Figure 5-26B) for several 

consecutive step edges for all three stepped configurations. 

Similar observations were presented in terms of the bubble count rate on the flat and pooled stepped 

spillway with θ = 26.6° with same ratio of w/l = 0.16 (Figure 5-18). The differences in terms of 

bubble count rate between flat and pooled steps was smaller for the steeper slope compared to the 

stepped chute with θ = 8.9°. On the other hand, KÖKPINAR (2004) observed much smaller differ-

ences in terms of bubble count rates between flat and pooled steps down a 30° sloped stepped chute. 

This might be linked with the different cavity size on the pooled stepped spillway with a rate w/l = 

0.29. 

(A) dc/h = 3.55; qw = 0.234 m2/s; Re = 9.3 × 105 (B) dc/h = 1.7; qw = 0.078 m2/s; Re = 3.1 × 105 

Figure 5-26: Comparison of bubble count rate distributions on the stepped spillways with flat, pooled and combination 
of flat and pooled steps (θ = 8.9°) 
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5.4.2.3 Interfacial velocity distributions 

The dimensionless interfacial velocity V/V90 distributions showed a good agreement between flat 

and pooled stepped spillway data, as well as for the pooled step data on the stepped spillway con-

figuration with combination of flat and pooled steps (Figure 5-27A). For all discharges, the data 

collapsed reasonably well with a power law with an exponent of 1/10th for y/Y90 ≤ 1 (Equation (3-

14)). For y/Y90 > 1, the velocity distributions had a quasi-uniform profile (Equation (3-15)). For the 

flat and pooled stepped spillway configurations, the data were in close agreement with these self-

similar equations (Figure 5-27A). Data scatter was seen for the pooled steps on the spillway config-

uration with combination of flat and pooled steps. A very different velocity profile shape was ob-

served for the flat steps in the combination of flat and pooled steps in terms of the dimensionless 

distribution V/V90. The interfacial velocity distribution exhibited a distribution shape similar to 

those observed at the impact of nappe flow jets and in transition flows (CHANSON & TOOMBES 

2004; TOOMBES & CHANSON 2008a) (Figure 5-27A).  

(A) dc/h = 2.66; qw = 0.152 m2/s; Re = 6.0 × 105 (B) dc/h = 3.3; qw = 0.210 m2/s; Re = 8.3 × 105 

Figure 5-27: Comparison of interfacial velocity distributions on the stepped spillways with flat, pooled and combina-
tion of flat and pooled steps (θ = 8.9°); Comparison with self-similar Equations (3-14 & (3-15) 
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cial velocities on the flat and pooled stepped spillways with θ = 26.6° which showed a larger veloci-

ty for the pooled step configurations (Figure 5-19). 

 

5.4.2.4 Turbulence intensity distributions 

The turbulence intensity in air-water flows was calculated from the difference in shapes of the auto- 

and cross-correlation functions (Equation (2-9)). Tu was a spatial-average quantity characterising 

the turbulent fluctuations of the interfacial velocity (CHANSON & TOOMBES 2002a). The distribu-

tions of turbulence intensity for the (pooled) step configurations with θ = 8.9° showed very large 

turbulence levels for the pooled stepped spillway and for the spillway with combination of pooled 

and flat steps (Figure 5-28). Maximum values of up to 500-900% were observed in the intermediate 

flow region (0.3 < C < 0.7). The turbulence levels on the flat stepped spillway showed values of 

about 150-200% in the intermediate flow region which were consistent with previous studies on flat 

stepped spillways (CHANSON & TOOMBES 2002a; FELDER & CHANSON 2009b). In the lower bubbly 

flow region and the upper spray region, the turbulence levels tended towards about 20-40% for all 

configurations as shown by CHANSON & TOOMBES (2002a). The large turbulence intensities were 

associated with the instationarities on the pooled stepped spillways. The turbulence levels were sig-

nificantly larger compared to mono-phase flow data. 

The relationship between turbulence levels and dimensionless bubble count rate was investigated. 

The data are shown in Figure 5-29 for all configurations as well as an empirical correlation of a flat 

stepped spillway with θ = 26.6° (Equation (3-16); FELDER & CHANSON 2011a). The present data on 

the flat stepped spillway were in agreement with earlier findings, but the data on the pooled stepped 

spillways showed a very different pattern (Figure 5-29). A large scatter of the data was observed for 

the stepped spillway with combination of flat and pooled steps. For both pooled configurations, the 

relationship between turbulence levels and bubble count rate was expressed in a hysteresis function. 

Overall, the turbulence intensities on the flat stepped spillway were in good agreement with previ-

ous studies. On the other hand, the turbulence levels on the pooled stepped spillway and on the 

stepped spillway with combination of flat and pooled steps were much larger and it is believed that 

this was linked with the presence of slow hydrodynamic fluctuations which were investigated fur-

ther using the triple decomposition technique in section 5.5. The finding of significantly larger tur-

bulent intensities for the pooled stepped spillways was in contrast to the observations on the 

(pooled) stepped spillway with θ = 26.6° which showed almost identical turbulence levels for the 

flat and pooled step configurations. 
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(A) dc/h = 1.7; qw = 0.078 m2/s; Re = 3.1 × 105 (B) dc/h = 2.66; qw = 0.152 m2/s; Re = 6.0 × 105 

Figure 5-28: Comparison of turbulence intensity distributions on the stepped spillways with flat, pooled and combina-
tion of flat and pooled steps (θ = 8.9°) 

 

 
Figure 5-29: Comparison of the relationship between turbulence intensity and bubble count rates on the stepped spill-

ways with flat, pooled and combination of flat and pooled steps (θ = 8.9°); dc/h = 1.7 – 3.55, all measured 
step edges; comparison with best fit equation for θ = 26.6° (Equation (3-16)) 
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5.4.2.5 Auto- and cross-correlation time scale distributions 

The comparison of the auto- and cross-correlation integral time scale data showed differences be-

tween the flat and pooled stepped spillways (Figure 5-30). Typical auto-correlation time scales are 

presented in dimensionless terms as a function of y/Y90 in Figure 5-30A. The data showed that the 

dimensionless time scales on the pooled stepped spillway were about three to four times as large as 

the time scales on the flat stepped spillway. A similar finding is seen in Figure 5-30B in terms of 

the cross-correlation time scales, shown in dimensionless terms as a function of the dimensionless 

distance (y+w)/dc. The dimensionless cross-correlation time scales were about five to seven times 

larger on the pooled stepped spillway. These results were different to the findings of a good agree-

ment of auto- and cross-correlation time scales respectively on the flat and pooled stepped spillways 

with 26.6° slope (Figure 5-21). 

(A) Auto-correlation time scales: dc/h = 3.55; qw = 0.234 
m2/s; Re = 9.3 × 105 

(B) Cross-correlation time scales: dc/h = 2.66; qw = 0.152 
m2/s; Re = 6.0 × 105 

Figure 5-30: Comparison of auto- and cross-correlation time scale distributions on the stepped spillways with flat and 
pooled steps (θ = 8.9°) 
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larger amount of small air bubble chord sizes (Figure 5-31A). Further chord size distribution data 
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5-31B). An amount of larger water droplet chord sizes was observed for the configuration with 

combination of flat and pooled steps, while the chord sizes for the flat and pooled stepped spillways 

showed similar distributions close to a log-normal distribution shape.  

 
(A) Air bubble chord sizes: dc/h = 3.55; qw = 0.234 m2/s; Re = 9.3 × 105; Step edge 21 

 
(B) Water droplet chord sizes: dc/h = 2.66; qw = 0.152 m2/s; Re = 6.0 × 105; Step edge 20 

Figure 5-31: Comparison of PDF of chord sizes on the stepped spillways with flat, pooled and combination of flat and 
pooled steps (θ = 8.9°) 
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of parameters including the percentage of bubbles/droplets in cluster, the average number of parti-

cles per cluster, the PDF of the number of particles per cluster, the number of clusters per second, 

the average clustered chord sizes, the ratio of average clustered chord size and average chord size 

and the ratio of lead particle size to average clustered chord sizes. Typical results in terms of the 

cluster properties are presented in Figures 5-32 to 5-37 for both transition and skimming flows. 

Overall the percentage of particles in clusters for flat and pooled stepped spillways were in good 

agreement (Figure 5-32). Small differences were visible for the larger flow rates (Figure 5-32B) 

where a larger percentage of droplets in clusters was observed in the pooled stepped spillway flow. 

The shapes of the distributions of percentage of particles in cluster and the magnitude of the per-

centage of particles in clusters were in good agreement with the observations in transition and 

skimming flows on the flat uniform stepped spillway with θ = 26.6°(Figure 3-22).  

More distinctive differences between the flat and pooled stepped spillways with θ = 8.9° were ob-

served in terms of the average number of particles per cluster as shown in Figure 5-33 as function 

of the void fraction. For all discharges, there seemed to be on average a smaller number of particles 

per cluster in both the spray and the bubbly flow regions for the flat stepped spillway. The differ-

ences in number of particles per cluster was in the order of about 10% in a region with void frac-

tions of 0.1 < C < 0.3 and 0.7 < C < 0.9. Please note, that for the smaller flow rates (Figure 5-33A), 

the differences between the two configurations were smaller in terms of number of droplets per 

cluster. The observations compared in shape and magnitude very well with the findings on the flat 

stepped spillway with θ = 26.6° (Figure 3-23). 

A detailed analysis of the probability distribution of number of particles in clusters was performed 

and typical results are presented in Figure 5-34. Figure 5-34A shows typical PDFs of number of 

bubbles per cluster in the bubbly flow region (C < 0.3) and Figure 5-34B presents the number of 

droplets per cluster in the spray region (C > 0.7). All data seemed in good agreement. It appeared 

however that there was a larger percentage of smaller particles on the flat stepped spillway. There 

was also a larger number of particles per cluster on the pooled stepped spillway: i.e., some clusters 

could comprise of up to 13 to 20 particles per cluster. The finding was consistent with the observa-

tions of larger average numbers of particles per cluster on the pooled stepped spillway (Figure 5-

33). It is interesting to note, that the larger numbers of particles per cluster on the pooled stepped 

spillway happened despite an overall smaller number of bubbles/droplets within the flow (refer to 

bubble count rate in Figure 5-26). The probability distribution functions for numbers of particles on 

flat stepped spillway with 8.9° and 26.6° slopes were in good agreement. 
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(A) dc/h = 1.7; qw = 0.078 m2/s; Re = 3.1 × 105 (B) dc/h = 3.55; qw = 0.234 m2/s; Re = 9.3 × 105 

Figure 5-32: Comparison of percentage of particles in cluster for the flat and pooled stepped spillways (θ = 8.9°) 

 

(A) dc/h = 1.7; qw = 0.078 m2/s; Re = 3.1 × 105 (B) dc/h = 2.66; qw = 0.152 m2/s; Re = 6.0 × 105 

Figure 5-33: Comparison of number of particles per cluster for the flat and pooled stepped spillways (θ = 8.9°) 

 

(A) Air bubbles in cluster: dc/h = 3.55; qw = 0.234 m2/s; 
Re = 9.3 × 105 

(B) Water droplets in cluster: dc/h = 1.35; qw = 0.055 
m2/s; Re = 2.2 × 105 

Figure 5-34: Comparison of PDF of numbers of particles in clusters for the flat and pooled stepped spillways (θ = 8.9°) 
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A further cluster property was the number of clusters per seconds. Typical distributions of dimen-

sionless number of clusters per seconds are illustrated in Figure 5-35 as functions of the void frac-

tion (Figure 5-35A) and as functions of the dimensionless distance from the step edge and weir 

edge respectively (y+w)/dc (Figure 5-35B). Marked differences were observed between flat and 

pooled stepped spillways. The number of clusters per second on the flat stepped spillway was about 

twice as large as the number of clusters per unit time on the pooled stepped spillway. The compari-

son with the experimental findings on the flat stepped spillways with 26.6° slopes (Figure 3-25) 

showed similar shapes, but small differences in terms of the number of clusters per second. For the 

smaller flow rates, a comparatively lager number of clusters per second were recorded for the 

steeper sloped spillway. For the larger flow rates, the magnitudes were similar for the two stepped 

spillway slopes. 

A dimensionless relationship between bubble count rate and number of clusters per second was ob-

served for the flat stepped spillway with θ = 26.6° and empirical correlations of the flat stepped 

spillway data were found (Equations (3-24) & (3-25); section 3.3.3.2). For the experiments on the 

flat and pooled stepped spillways with θ = 8.9°, a dimensionless relationship between number of 

clusters and bubble count rate was also observed and the data are compared with the empirical cor-

relations in Figure 5-36. For all data, a linear relationship between number of clusters per second 

and bubble count rate was observed in both bubbly flow region (Figure 5-36A) and spray region 

(Figure 5-36B). The data were in relatively good agreement with the empirical correlation (Equa-

tions (3-24) & (3-25)), but small differences were visible in the bubbly flow region (Figure 5-36A). 

(A) dc/h = 1.7; qw = 0.078 m2/s; Re = 3.1 × 105 (B) dc/h = 3.55; qw = 0.234 m2/s; Re = 9.3 × 105 

Figure 5-35: Comparison of number of clusters per second for the flat and pooled stepped spillways (θ = 8.9°) 
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(A) Bubble clusters (B) Droplet clusters 

Figure 5-36: Comparison of relationship between number of clusters per second and bubble count rate for the flat and 
pooled stepped spillways (θ = 8.9°); Comparison with empirical correlations (Equations (3-24) & (3-25)) 
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(C) Ratio of average clustered chord sizes to average 
chord sizes: dc/h = 2.66; qw = 0.152 m2/s; Re = 6.0 × 
105 

(D) Ratio of lead particle size to average clustered chord 
sizes: dc/h = 3.55; qw = 0.234 m2/s; Re = 9.3 × 105 

Figure 5-37: Average clustered chord sizes of particles in clusters on flat and pooled stepped spillways (θ = 8.9°) 

 

5.4.3.3 Inter-particle arrival times 

A further comparative analysis was undertaken in terms of the inter-particle arrival time. For the 

flat and pooled step configurations, the air bubbles and the water droplets were split into five groups 

of bubble/droplet chords. For each group, an inter-particle arrival time probability analysis was per-

formed and the data were compared with the Poisson distribution. Any deviation from the Poisson 

distribution indicated non-random distributions of particles, hence particle clustering. A comparison 

between flat and pooled stepped spillway results was performed for the same discharge, at the same 

step edge and for a comparable void fraction. Typical comparative results are illustrated in Figures 

5-38 & 5-39 for the inter-particle arrival time of air bubbles and water droplets respectively. The re-

sults present various discharges to represent the various flow conditions. Further results can be 

found in FELDER & CHANSON (2012a).  

Overall the inter-particle arrival time analyses showed small differences between flat and pooled 

stepped spillway data for all discharges. For all experiments, differences between data and Poisson 

distributions were observed for the smallest inter-particle arrival times, typically the smallest parti-

cles. A comparison between Figures 5-38 & 5-39 suggests differences in terms of inter-particle ar-

rival times between flat and pooled stepped spillways. The deviations from the Poisson distributions 

appeared to be larger on pooled stepped spillways, compared to the results on flat stepped spill-

ways. On flat stepped spillways, deviations were seen for inter-particle arrival time smaller 2 to 3 

ms. For the pooled stepped spillway, the deviations were observed for inter-particle arrival times 

smaller 10 ms. The results might indicate a more likely clustering process on pooled stepped spill-

ways. The inter-particle arrival time analyses on the flat stepped spillway were consistent with the 

findings on the flat stepped spillway with θ = 26.6° (section 3.3.3.3). 

average_clustered_chord_size/average_chord_size [-]

C
 [

-]

0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Flat steps - Step edge 16
Flat steps - Step edge 17
Flat steps - Step edge 18
Flat steps - Step edge 19
Flat steps - Step edge 20
Flat steps - Step edge 21
Pooled steps - Step edge 14
Pooled steps - Step edge 15
Pooled steps - Step edge 16
Pooled steps - Step edge 17
Pooled steps - Step edge 18
Pooled steps - Step edge 19
Pooled steps - Step edge 20
Pooled steps - Step edge 21

lead_particle_size/average_clustered_chord_size [-]

C
 [

-]

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

0.2

0.4

0.6

0.8

1

Flat steps - Step edge 17
Flat steps - Step edge 18
Flat steps - Step edge 19
Flat steps - Step edge 20
Flat steps - Step edge 21
Pooled steps - Step edge 14
Pooled steps - Step edge 15
Pooled steps - Step edge 16
Pooled steps - Step edge 17
Pooled steps - Step edge 18
Pooled steps - Step edge 19
Pooled steps - Step edge 20
Pooled steps - Step edge 21



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

168 5 Flow characteristics of pooled stepped spillways with 8.9° and 26.6° slopes 

(A) dc/h = 2.0; qw = 0.099 m2/s; Re = 3.9 × 105 (B) dc/h = 1.35; qw = 0.055 m2/s; Re = 2.2 × 105 

(C) dc/h = 1.7; qw = 0.078 m2/s; Re = 3.1 × 105 (D) dc/h = 2.66; qw = 0.152 m2/s; Re = 6.0 × 105 

(E) dc/h = 3.55; qw = 0.234 m2/s; Re = 9.3 × 105 

 

 

Figure 5-38: Comparison of inter-particle arrival times of air bubbles for the flat and pooled stepped spillways (θ = 
8.9°); Step edge 21 for all figures 
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(A) dc/h = 2.66; qw = 0.152 m2/s; Re = 6.0 × 105 (B) dc/h = 3.55; qw = 0.234 m2/s; Re = 9.3 × 105 

(C) dc/h = 2.0; qw = 0.099 m2/s; Re = 3.9 × 105 (D) dc/h = 1.7; qw = 0.078 m2/s; Re = 3.1 × 105 

(E) dc/h = 1.35; qw = 0.055 m2/s; Re = 2.2 × 105 

 

 

Figure 5-39: Comparison of inter-particle arrival times of water droplets for the flat and pooled stepped spillways (θ = 
8.9°); Step edge 21 for all figures  
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in good agreement between the flat and pooled stepped spillways, but differences were observed for 

the stepped spillway configuration with combination of flat and pooled steps. In that configuration, 

the mean air concentration Cmean was larger compared to the other configurations for larger dis-

charges as illustrated in Figure 5-40A. The data highlighted however large fluctuations in terms of 

Cmean linked with the alternation of flat and pooled steps. The largest aeration was seen on the 

pooled steps on the combined stepped spillway configuration.  

Another key feature is the dimensionless characteristic interfacial velocity V90/Vc (Figure 5-40B). 

The largest dimensionless interfacial velocities were observed for the flat stepped spillway configu-

ration as seen in Figure 5-40B. The lowest of V90/Vc were seen for the combination of flat and 

pooled steps. Data scatter was noted for the stepped spillway with combination of flat and pooled 

steps. Further characteristic parameters were presented by FELDER & CHANSON (2012a). 

(A) Mean air concentration Cmean (B) Characteristic dimensionless interfacial velocity 
V90/Vc 

Figure 5-40: Comparison of longitudinal distributions of characteristic parameters on the stepped spillways with flat 
and pooled steps (θ = 8.9°) 
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the step cavities and a main flow skimming above the pseudo-bottom formed by the step edges. 

However, the pooled stepped spillway flow exhibited strong jump waves in the transition flow re-

gime (1.08 ≤ dc/h ≤ 1.76). These waves comprised strong instabilities in the recirculation processes 

and irregular cavity ejection processes. The instabilities were still seen for the larger flow rates on 

the pooled stepped spillway in the skimming flow regime (1.76 ≤ dc/h ≤ 3.55).  

It is believed that the flow instabilities were a main cause for differences in air-water flow proper-

ties between the flat and pooled stepped spillways, in terms of bubble count rate, auto- and cross-

correlation time scales, turbulence intensities and the particle grouping. The auto- and cross-

correlation time scales were about 5 to 7 times larger on the pooled stepped spillway. The turbu-

lence intensities on pooled stepped spillways showed values up to 400-900% compared to turbu-

lence levels of up to 150-200% on the flat stepped spillway. The level of turbulence seemed abnor-

mally large compared to flat stepped spillway results or even classical mono-phase flow data. The 

pooled step weirs acted as roughness elements, which induced instabilities and flow instationarities. 

It is believed that these instationarities caused the strong turbulence levels. A suitable turbulence 

decomposition technique might allow the identification of the true contributions of these instabili-

ties in terms of slow fluctuations and high-frequency turbulent fluctuations on a pooled stepped 

spillway (FELDER & CHANSON 2012a,2013b). 

 

5.5.2 Air-water flow properties of decomposed raw signal components 

For all experimental data collected on the pooled stepped spillway, the triple decomposition was 

applied to the raw probe signal as discussed in section 2.7 and Appendix D. The cut-off frequencies 

of 0.33 and 10 Hz were used (section 2.7; Appendix D). In this section, the results of the triple de-

composition technique are presented in terms of the auto- and cross-correlation functions, the max-

imum cross-correlation distributions, the auto- and cross-correlation time scales, the interfacial ve-

locities V and the turbulence intensities Tu. The results are presented for the raw signal, for the 

band pass filtered signal, i.e. the slow fluctuating signal component, for the high pass filtered signal, 

i.e. the fast fluctuating signal component, and for the calculations based upon the sum of slow and 

fast fluctuating signal correlations. In the following sections, the notation reflects the decomposi-

tion: for example, with V the time-averaged interfacial velocity calculated from the raw signal, V' 

the slow fluctuating component of the velocity calculated from the band pass filtered signal, V" the 

fast fluctuating velocity component computed from the high pass filtered signal, and V(1) the veloci-

ty calculated from the weighted sum of correlation functions of band and high pass filtered signal 

components (Equations (2-23) & (2-24)). 
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The data for the low pass filtered signal or the mean signal component are not contributing to the 

decomposed air-water flow properties linked with the correlation analyses as shown in section 2.7 

and Appendix D. Table 5-7 summarises the parameters investigated in this section. 

 

Table 5-7: Summary of investigated parameters in the decomposition of the pooled stepped spillway data  

Parameter Signal components 

Raw  
data 

Band pass  
filtered data 
(0.33-10 Hz) 

High pass    
filtered data 

(10-10000 Hz) 

Calculation based upon the sum of 
correlation functions of band and high 

pass filtered components 

Auto-correlation function [-] Rxx Rxx'= ϑ × Rx'x' Rxx''= ς × Rx''x'' Rxx
(1)= ϑ × Rx'x' + ς × Rx''x'' 

Cross-correlation function [-] Rxy Rxy'= A × Rx'y' Rxy''= B × Rx''y'' Rxy
(1)= A × Rx'y' + B × Rx''y'' 

Maximum cross-correlation [-] (Rxy)max (Rxy)'max (Rxy)''max (Rxy)
(1)

max 

Cross-correlation time scale [s] Txy Txy' Txy'' Txy
(1) 

Auto-correlation time scale [s] Txx Txx' Txx'' Txx
(1) 

Interfacial velocity [m/s] V V' V'' V(1) 

Turbulence intensity [-] Tu Tu' Tu'' Tu(1) 
 

Auto- and cross-correlation functions 

The auto- and cross-correlation functions for the raw signal and the decomposed signal components 

were calculated based upon the theoretical derivation in section 2.7 (also Appendix D). The correla-

tion calculations were conducted for 4,000 time steps (i.e. time lag 0 <  < 0.2 s) which appeared an 

optimum in terms of data quality and calculation time. In Figure 5-41A typical auto-correlation 

functions are illustrated for one location in a skimming flow. Figure 5-41A includes the auto-

correlation functions of the raw data, of the band pass filtered signal, of the high pass filtered signal 

and of the summation of the correlation functions of band and high pass filtered signals. The shapes 

of the raw signal auto-correlation function were in agreement with results from previous stepped 

spillway studies (CAROSI and CHANSON 2006), but the time lag for the first crossing was relatively 

longer. This shape led to larger auto-correlation time scales (section 5.4.2.5, Figure 5-30A). The 

shapes of the auto-correlation function for the band pass filtered signal showed a different shape 

with a plateau of largest auto-correlation values. The shape for the high pass filtered component 

was very steep and showed an earlier first crossing. The summation of auto-correlation functions of 

band and high pass filtered components was close to the auto-correlation function of the raw signal, 

although the curve was consistently lower and crossed the x-axis earlier. This might be linked with 

the earlier crossing of the x-axis by the high pass filtered signal and as well as the assumptions in 

the theoretical derivation (Appendix D). Similar results are shown in Figure 5-41B in terms of the 

cross-correlation functions. The results were close to the auto-correlation function findings. All au-

to- and cross-correlation data showed typical shapes for all experiments in the present study 

(FELDER & CHANSON 2012a).  
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(A) Auto-correlation functions: Step edge 21, y = 86 mm, 
C = 0.318, F = 64.0 Hz  

(B) Cross-correlation functions: Step edge 20, y = 102 
mm, C = 0.715, F = 55.9 Hz 

Figure 5-41: Auto- and cross-correlation functions for the raw signal and the filtered signal components on the pooled 
stepped spillways (θ = 8.9°) - dc/h = 3.0; qw = 0.182 m2/s; Re = 7.2 × 105 

 

5.5.2.1 Maximum cross-correlation coefficient 

The maximum cross-correlation coefficients were calculated at each location and typical results are 

shown in Figure 5-42 as a function of the distance y measured above the pseudo-bottom formed by 

the step edges for one flow rate. The graphs of raw signal, band pass filtered component and for the 

sum of the correlation functions of band and high passed filtered signals exhibited similar shapes 

with the largest values in the intermediate flow region (0.3 < C < 0.7). While the distribution shapes 

were in agreement with previous studies (CAROSI & CHANSON 2006), differences were seen in 

terms of magnitude for the band pass filtered component, with lower maximum values (Rxy)'max ≈ 

0.5. In the spray region, the maximum cross-correlation values (Rxy)'max tended to very small values. 

For the high pass filtered data, the distributions of (Rxy)''max showed a different shape with a local 

maximum for void fractions of about 1-5%, a local minimum in the intermediate flow region and an 

increasing size of (Rxy)''max values in the spray region. 
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(A) Raw signal  (B) Band pass filtered signal component (0.33 – 10 Hz) 

(C) High pass filtered signal component (10 – 10000 Hz) (D) Calculated data of sum of correlation functions of 
band and high pass filtered components 

Figure 5-42: Maximum cross-correlation coefficient distributions for the raw signal and the filtered signal components 
on the pooled stepped spillway (θ = 8.9°) - dc/h = 2.3; qw = 0.122 m2/s; Re = 4.9 × 105 

 

5.5.2.2 Cross-correlation time scales 

The cross-correlation integral time scales were calculated for the raw signal and the decomposed 
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for completeness. The data agreed very well with the raw signal data and it highlighted the linearity 

of the decomposition process for the cross-correlation time scales. 

(A) Raw signal  (B) Band pass filtered signal component (0.33 – 10 Hz) 

(C) High pass filtered signal component (10 – 10000 Hz) (D) Calculated data of sum of correlation functions of 
band and high pass filtered components 

Figure 5-43: Cross-correlation time scale distributions for the raw signal and the filtered signal components on the 
pooled stepped spillway (θ = 8.9°) - dc/h = 3.3; qw = 0.210 m2/s; Re = 8.3 × 105 

 

 
Figure 5-44: Cross-correlation time scale distributions for the raw signal and the filtered signal components on the 

pooled stepped spillway (θ = 8.9°) - dc/h = 2.0; qw = 0.099 m2/s; Re = 3.9 × 105; Step edge 21 
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5.5.2.3 Auto-correlation time scales 

The auto-correlation integral time scale data showed similarly a difference in order of magnitude 

between the high pass filtered signal data Txx'' and the other components (Figures 5-45 & 5-46). The 

auto-correlation time scale of the high pass filtered component was about one order of magnitude 

smaller compared to those of the other components. The trend indicated an increase in Txx" with in-

creasing void fraction. The auto-correlation time scales of the raw signal, the band pass filtered sig-

nal component and of the sum Txx'+Txx" were close, with maximum time scales in the intermediate 

flow region and smaller values in the lower bubbly and upper spray regions. The values of the auto-

correlation time scales for these components were almost identical to the raw signal data. The sum 

Txx'+Txx" of the high pass and band pass filtered data was also close to the raw signal data (Figure 

5-46). 

(A) Raw signal  (B) Band pass filtered signal component (0.33 – 10 Hz) 

(C) High pass filtered signal component (10 – 10000 Hz) (D) Calculated data of sum of correlation functions of 
band and high pass filtered components 

Figure 5-45: Auto-correlation time scale distributions for the raw signal and the filtered signal components on the 
pooled stepped spillway (θ = 8.9°) - dc/h = 2.66; qw = 0.152 m2/s; Re = 6.0 × 105 
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Figure 5-46: Auto-correlation time scale distributions for the raw signal and the filtered signal components on the 

pooled stepped spillway (θ = 8.9°) - dc/h = 1.7; qw = 0.078 m2/s; Re = 3.1 × 105; Step edge 20 
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(A) Raw signal  (B) Band pass filtered signal component (0.33 – 10 Hz) 

(C) High pass filtered signal component (10 – 10000 Hz) (D) Calculated data of sum of correlation functions of 
band and high pass filtered components 

Figure 5-47: Interfacial velocity distributions for the raw signal and the filtered signal components on the pooled 
stepped spillway (θ = 8.9°) - dc/h = 3.55; qw = 0.234 m2/s; Re = 9.3 × 105 

 

 
Figure 5-48: Interfacial velocity distributions for the raw signal and the filtered signal components on the pooled 

stepped spillway (θ = 8.9°) - dc/h = 2.3; qw = 0.122 m2/s; Re = 4.9 × 105; Step edge 19 
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5.5.2.5 Turbulence intensity 

Typical results of the signal's triple decomposition technique are presented in Figures 5-49 & 5-50 

in terms of the turbulence intensity Tu. The fast fluctuating turbulence intensity data Tu" had a 

shape close to that of the raw signal data Tu, with maxima in terms of turbulence intensity in the in-

termediate flow region. However the fast fluctuating turbulence levels were smaller with maximum 

values of about 120%, compared to 600% for the raw signal data. Scatter of slow fluctuating turbu-

lence data was observed with values between 50% and 600%, the majority of the data being within 

the range of 150% to 300%. The turbulence levels for the slow fluctuating components were an in-

dicator of the large energy in the slow fluctuating instabilities. The turbulence intensities calculated 

based upon the weighted sum of the correlation functions of band pass and high pass filtered signal 

components were almost identical to the raw signal results. Furthermore the sum (Tu'+Tu") of the 

band pass and the high pass filtered turbulence levels were close to the raw signal data for most po-

sitions as illustrated in Figure 5-50. Simply the present data suggested consistently that:  

"Tu'TuTuTu )1(   (5-2) 

(A) Raw signal  (B) Band pass filtered signal component (0.33 – 10 Hz) 

(C) High pass filtered signal component (10 – 10000 Hz) (D) Calculated data of sum of correlation functions of 
band and high pass filtered components 

Figure 5-49: Turbulence intensity distributions for the raw signal and the filtered signal components on the pooled 
stepped spillway (θ = 8.9°) - dc/h = 1.7; qw = 0.078 m2/s; Re = 3.1 × 105 
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Figure 5-50: Turbulence intensity distributions for the raw signal and the filtered signal components on the pooled 

stepped spillway (θ = 8.9°) - dc/h = 2.66; qw = 0.152 m2/s; Re = 6.0 × 105; Step edge 19 

 

Although no theoretical validation of the triple decomposition of the turbulence intensities (Equa-

tion (5-2)) was obtained, the experimental results showed that the triple decomposition technique 

yielded an accurate identification of the respective turbulence contributions of the slow and fast 

fluctuating velocity components. The physical data suggested that a large proportion of the turbu-

lent kinetic energy was encompassed in the slow velocity motion and that: 

'Tu"Tu   (5-3) 

as illustrated in Figure 5-51. On average the data yielded Tu"/Tu' = 0.56 on the pooled stepped 

spillway (FELDER & CHANSON 2012a). 

 
Figure 5-51: Comparison of the turbulence intensity (Tu) calculated based upon the raw probe signal to the turbulence 

levels (Tu', Tu") calculated based upon the band and high pass filtered signals on the pooled stepped 
spillway (θ = 8.9°)  
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5.5.3 Discussion 

In the previous section, the triple decomposition technique was applied to the pooled stepped spill-

way. Instationary air-water flows with large turbulence levels were also observed on the stepped 

spillway equipped with a combination of flat and pooled steps. The triple decomposition technique 

was applied for a typical skimming flow rate with cut-off frequencies of 0.33 Hz and 10 Hz, and 

typical results in terms of turbulence intensity are shown in Figure 5-52 for two successive step 

edges in the aerated flow region at the downstream end of the chute. Figure 5-52 highlights the 

large turbulence levels deduced from the raw signal analyses as well as from the weighted sum of 

correlation functions of band pass and high pass filtered signal components. The slow fluctuating 

signal component analysis yielded turbulence values of about 150-280% although with scatter. The 

fast fluctuating signal component data showed lower turbulence levels around about 50 to 120%. 

The majority of the turbulent kinetic energy was present in the slow fluctuating velocity component, 

i.e. in the slow fluctuating flow motion.  

 
Figure 5-52: Turbulence intensity distributions for the raw signal and the filtered signal components on the stepped 

spillway with combination of flat and pooled steps (θ = 8.9°) - dc/h = 1.7; qw = 0.078 m2/s; Re = 3.1× 105 

 

The triple decomposition technique enabled the identification of the contributions of the various 

flow components into the turbulent kinetic energy. The slow fluctuating velocity component en-

compassed the largest contribution to the turbulent kinetic energy, while the velocity fluctuations in 

terms of fast fluctuating velocity component identified the "true" turbulence properties within the 

instationary flow. For the pooled stepped spillway, the turbulence levels Tu" in terms of fast fluctu-

ating velocity component may be compared with the turbulence intensity measurements Tu in flat 

stepped spillways with the same slope and for the same flow conditions (Figure 5-53). Figure 5-53 
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shows a comparison in terms of turbulence levels on flat stepped spillway (solid symbols) and the 

fast fluctuating component on pooled stepped spillway. All data sets were obtained for the same 

discharge and step height, and with the same instrumentation. The comparison suggested a qualita-

tive agreement between the turbulence level distributions, while quantitative differences in terms of 

vertical elevations were linked with differences in flow depths and the different definition of the 

pseudo-bottom: i.e., step edge for flat steps and pool edge for pooled steps. 

 
Figure 5-53: Comparison of turbulence intensities of the fast fluctuating component of the pooled stepped spillway and 

of the flat stepped spillway (θ = 8.9°) - dc/h = 2.66; qw = 0.152 m2/s; Re = 6.0 × 105 
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A triple decomposition technique is also typically applied to unsteady mono-phase flows (e.g. 

HUSSAIN & REYNOLDS 1972; FOX et al. 2005; BROWN et al. 2011; BROWN & CHANSON 2013). The 

triple decomposition approach is herein applied to the instationary velocity signal to identify the 

mean, the slow and the fast fluctuating velocity components. The triple decomposition technique in 

mono-phase flows is well accepted. The novel triple decomposition technique in air-water flow is 

different. It is based upon the filtering of the raw signal and the calculation of the velocity compo-

nents based upon correlation analyses. Therefore it is not believed that the current triple decomposi-

tion technique can be applied to typical mono-phase flows. The triple decomposition technique ap-

pears suitable for flow situations where no instantaneous velocity signal exists such as instationary 

air-water flows in surges caused by dam breaks, in breaking waves, in drop shafts and at plunging 

jets, in roll waves down spillways, in tidal bores, surges in open channels and in hydraulic jumps. 

The application of the triple decomposition technique in (pseudo-)periodic air-water flows in a hy-

draulic jump is presented in Appendix E. 

 

5.6 Summary 

The air-water flow patterns and properties were investigated on several pooled and porous pooled 

stepped spillway configurations on stepped chutes with θ = 8.9° and θ = 26.6°. The air-water flow 

patterns showed typical flow regimes for all stepped spillways. Instabilities were observed for the 

pooled stepped spillways linked with pulsating flows in the first step cavity. For the steeper sloped 

spillway (θ = 26.6º), the pattern did not cause much flow disturbance in the nappe flow regime and 

the instabilities disappeared on the pooled steps with porosity. For the 8.9° slope pooled stepped 

spillway, significant instationarities existed in the transition flows comprising jump waves. For 

larger flow rates in skimming flows, instationarities were also observed linked with unsteady cavity 

recirculation and ejection processes with characteristic frequencies.  

The air-water flow properties were calculated for all pooled configurations and compared to the 

corresponding flat stepped spillway. For the 26.6° slope spillway configurations, the differences in 

air-water flow properties were small. However, larger interfacial velocities were observed for all 

experiments on the (porous) pooled step configurations which was inconsistent with the larger step 

roughness on the pooled steps. The finding was significant because it indicated smaller energy dis-

sipation performance for the pooled step configurations.  

The observations of the macros- and microscopic air-water flow properties showed large differ-

ences between the pooled and flat stepped configurations on the 8.9° slope stepped chute. Similar 

distributions were found in terms of the void fractions and chord sizes. The number of entrained air 
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bubbles was much smaller for the pooled steps as well as the interfacial velocity. The smaller veloc-

ities were expected since the pools increased the roughness of the steps, but it was in contrast to the 

observation of smaller velocities on the pooled step for the steeper slope.  

For the 8.9° slope spillway, significantly larger turbulence intensities and auto- and cross-

correlation time scales were calculated for the pooled step configurations. This finding was linked 

with the instationary air-water flows on the pooled steps and the triple decomposition technique was 

applied to the pooled step data. The air-water flow signals were decomposed into the fast and slow 

fluctuating signal components and the true turbulence intensities and the contribution of the slow 

velocity fluctuations were identified. It was shown that the slow instationary motions contributed 

the most to the turbulent kinetic energy. The successful application of the triple decomposition 

technique to instationary air-water flows confirmed the validity of the novel approach.  
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6 Air-water flows in step cavities on stepped spillways with 8.9° and 26.6° slopes 

6.1 Introduction 

At large discharges, the flow skims as a coherent stream over the pseudo-bottom formed by the step 

edges (RAJARATNAM 1990). In the step cavities, intense and stable recirculating vortices develop 

through the transmission of shear stress and momentum transfer from the mainstream flow 

(CHANSON 2001b). The skimming flow is highly aerated and characterised by bubble-turbulence in-

teractions (CHANSON & TOOMBES 2002a). Behind each step, a shear layer develops and small scale 

vortices are generated due to the form losses because of a large gradient of vorticity at the corner 

(GONZALEZ & CHANSON 2004; CHANSON & CAROSI 2007b). The vortices travel downstream, com-

bine and eventually impact on the next step edge (Figure 6-1). Figure 6-1 illustrates the cavity recir-

culations and the developing shear layer in a typical skimming flow. The recirculation motion with-

in the step cavities is three-dimensional (MATOS et al. 2000; MATOS 2001; GONZALEZ & CHANSON 

2008). Random cavity ejections between the step cavity and the mainstream skimming flows might 

contribute to the energy dissipation process (CHANSON et al. 2002; AMADOR et al. 2006; FELDER & 

CHANSON 2008a; FELDER et al. 2012b). The flow processes in the step cavities are still not under-

stood despite first experimental studies of macroscopic air-water flow properties (BOES 2000a; 

MATOS et al. 2001; CHANSON & TOOMBES 2002a; GONZALEZ & CHANSON 2004,2008) (Table 6-1). 

BOES (2000a) and MATOS et al. (2001) presented preliminary results highlighting the strong cavity 

aeration. GONZALEZ & CHANSON (2004) showed the existence of a well-defined shear layer devel-

oping downstream of each step edge. The experimental flow conditions for these experiments are 

summarised in Table 6-1 together with the present experimental investigations of cavity flows in-

cluding cavity data on a flat stepped spillway with 26.6° slope (FELDER & CHANSON 2011a). 

The visual observations of the cavity recirculation are difficult in air-water skimming flows. A few 

physical studies of clear water flows past large roughness elements and cavities added insightful de-

tails. Some studies provided information about the generation and pairing in the three-dimensional 

flow behind cavities (LIN & ROCKWELL 2001; D'YACHENKO et al. 2008; OZALP et al. 2010). Other 

studies detailed the momentum exchange and cavity ejection processes (DJENIDI et al. 1994,1999; 

TANTIRIGE et al. 1994). 

Detailed air-water skimming flow experiments were performed herein in a step cavity on stepped 

spillways with slopes of 26.6° and 8.9° and with various step geometries (Figure 6-2). The experi-

ments were conducted with conductivity probes on the three experimental facilities explained in 

section 2.2. On stepped spillway I, unique air-water flow properties in a cavity were measured on a 

flat stepped spillway with a slope of 26.6° including the turbulence intensities and the integral tur-
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bulent scales (FELDER & CHANSON 2011a). Additional data for the same channel slope were col-

lected in a cavity on pooled and porous pooled stepped spillways in stepped spillway facility II. For 

the experimental facility III with a slope of 8.9°, detailed air-water flow experiments in a step cavity 

were conducted on both flat and pooled stepped spillways. Table 6-1 summarises the experimental 

flow conditions. It was the aim of the Ph.D. project to expand the preliminary results and to gain a 

greater understanding of the cavity flows in skimming flows over flat and (porous) pooled stepped 

chutes. The study was based upon physical modelling in relatively large facilities, and detailed air-

water flow measurements were conducted with conductivity probes at several locations along the 

triangular cavities to provide new insights in the sub-millimetric air-water flow properties. 

 
Figure 6-1: Sketch of cavity recirculation and developing shear layer in skimming flows 

 

 
Figure 6-2: Sketch of step cavities in the present study; illustration of zero position and the pseudo-bottom for the flat 

and pooled stepped spillways 
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Table 6-1: Experimental investigations with phase-detection intrusive probes of air-water flow properties in step cavi-
ties 

Reference θ 
[°] 

W 
[m] 

h 
[m] 

dc/h 
[-] 

qw 
[m2/s] 

Re 
[-] 

Measured air-water 
flow properties 

Comment 

BOES (2000a) 55 0.5 0.093 1.88 0.230 9.1×105 C  

MATOS et al. 
(2001) 

21.8 1.0 0.100 1.1  
1.5 

0.114 
0.182 

4.4×105 
7.2×105 

C, F, V  

30 0.4 0.025 1.62 0.026 1.2×105 C  

53.1 1.0 0.080 1.09 
1.86 

0.080 
0.180 

3.2×105 
7.2×105 

C  

55 0.4 0.025 1.62 0.026 1.2×105 C  

GONZALEZ & 
CHANSON 
(2004) 

15.9 1.0 0.100 1.7 0.219 8.8×105 C, F, V  

Present study  26.6 1.0 0.100 1.28 0.143 5.7×105 C, F, V, Tu, Txx, 
Txy, Lxz, Tint, Chord 
sizes, Cluster  

Spillway Ia (flat steps): 
FELDER & CHANSON 
(2011a) 

26.6 0.52 0.100 1.29 0.144 5.7×105 C, F, V, Tu, Txx, 
Txy, Chord sizes, 
Cluster 

Spillway IIb              
(pooled steps):                 
w = 0.031 m 

26.6 0.52 0.100 1.29 0.144 5.7×105 C, F, V, Tu, Txx, 
Txy, Chord sizes, 
Cluster 

Spillway IIc                    
(porous pooled steps):     
w = 0.031 m, Po = 31% 

8.9 0.50 0.050 2.66 0.152 6.0×105 C, F, V, Tu, Txx, 
Txy, Chord sizes, 
Cluster 

Spillway IIIa (flat steps) 

8.9 0.50 0.050 2.66 0.152 6.0×105 C, F, V, Tu, Txx, 
Txy, Chord sizes, 
Cluster 

Spillway IIIb             
(pooled steps):                 
w = 0.05 m 

Note: C: Void fraction; F: Bubble count rate; V: Interfacial velocity; Tu: Turbulence intensity; Txx: 

Auto-correlation time scale; Txy: Cross-correlation time scale; Lxz: Integral turbulent length scale; 

Tint: Integral turbulent time scale 

 

6.2 Air-water flow patterns in step cavities on stepped spillways  

The flow patterns on the 26.6° slope flat stepped spillway showed a typical skimming flow regime 

with stable recirculations in the step cavities in the air-water flow area for the investigated flow rate 

(Figure 6-3). In Figure 6-3B, the large amount of air bubbles within the step cavity is visible and a 

shear layer formation at the step edge was observed. The cavity recirculation was highly energetic 

and it was maintained by the transmission of shear stress from the mainstream and momentum ex-

changes between mainstream and cavity flows (DJENIDI et al. 1999; CHANSON et al. 2002). The air-

water flows impacted on the successive step face. Furthermore irregular cavity ejection processes 

were observed. An air-water volume was ejected out of the cavity and replaced by fresh fluid flow 

into the step cavity (FELDER et al. 2012b).  
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(A) Skimming flow patterns (B) Cavity recirculations at downstream end 

Figure 6-3: Air-water flow patterns on stepped spillway Ia with flat steps (θ = 26.6°; h =10 cm): dc/h = 1.28, q = 0.143 
m2/s, Re = 5.7 × 105 

 

The air-water flow patterns for the skimming flow rate on the pooled stepped spillway with θ = 

26.6° and weir height w = 3.1 cm were similar to the corresponding flat stepped spillway (Figure 6-

4). Stable recirculation movements were observed in the air-water flow pooled step cavities. How-

ever, the intensity of the recirculations and the amount of entrained air appeared to be smaller com-

pared to that observed in the flat step cavities. A shear layer was created at the pooled step edge and 

the cavity recirculation was driven by the shear layer interactions. The air-water flows did not im-

pact directly on the step face due to the water filling of the pooled cavity and a small upward jet and 

recirculations were observed immediately before the pooled weir (Figure 6-4B). Irregular cavity 

ejections were observed which were similar to the findings on the corresponding flat stepped spill-

way as reported by FELDER et al. (2012b). 

(A) Skimming flow patterns (B) Cavity recirculations at downstream end 

Figure 6-4: Air-water flow patterns on stepped spillway IIb with pooled steps (θ = 26.6°; h =10 cm; w = 3.1 cm): dc/h 
= 1.29, q = 0.144 m2/s, Re = 5.7 × 105 

 

On the porous pooled stepped spillway with slope of 26.6º the flow patterns were very close to the 

observations on the pooled stepped spillway with a shear layer developing at the pool weir edge 

(Figure 6-5). However, the cavity recirculation intensity and the aeration seemed smaller. Further-
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more, the upward jet at the downstream end of the pooled cavity was much smaller (Figure 6-5B). 

The differences in cavity flow patterns were linked with the porosity of the pooled weir. Some fluid 

volumes discharged through the small holes (Ø = 5 mm) in the pool weir. The discharge through the 

pores was estimated using the resistance coefficient for a perforated thick plate (IDELCHIK 1994) 

and it was found to be about 3-4% of the total flow rate. It must be noted, that this was just a rough 

estimate because the cavity recirculation, the irregular cavity ejections as well as the upwards jet 

might affect the porous flow discharge. 

The discharge through the pores tended to reduce the cavity recirculation motion as well as the ejec-

tion processes and the mass exchange processes between cavity and overlying mainstream flow. 

The flow processes through the porous pooled weir might be comparable to flows through porous 

fences investigated by various researchers (YARAGAL et al. 1997; LEE & KIM 1999; DONG et al. 

2010; TSUKAHARA et al. 2012). In these experimental studies, the effects of porous fences on the 

flow fields were shown including the reduction of pressure and recirculation behind the fence and 

the decrease of the turbulence intensities with increasing porosity. The visual observations in the 

present study tended to confirm the reduction of cavity recirculations and the flow field around the 

porous pooled weir was similar to the PIV measurements of the flow field by TSUKAHARA et al. 

(2012).  

(A) Skimming flow patterns (B) Cavity recirculations at downstream end 

Figure 6-5: Air-water flow patterns on stepped spillway IIc with pooled porous steps (θ = 26.6°; h =10 cm; w = 3.1 
cm; Po = 31%): dc/h = 1.29, q = 0.144 m2/s, Re = 5.7 × 105 

 

The air-water flow processes differed on the flatter sloped stepped spillways with θ =8.9°. For the 

flat stepped spillway with h = 5 cm, the characteristic air-water flow patterns in the skimming flow 

discharge are illustrated in Figure 6-6. The flow appearance showed larger droplet ejections above 

the air-water skimming flows. The flows appeared to be less aerated compared to the steeper sloped 

stepped spillways and the free-surface showed a curved free-surface in the cavity center (Figure 6-

6). The cavity recirculation motions were smaller and unstable compared to the 26.6° slope flat 
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stepped spillway. Furthermore, the visual observations indicated that the amount of air in the step 

cavity was much smaller. The shear layer development at the step edge was less pronounced and the 

impact on the step face appeared at half step length. Downstream of the impingement point on the 

step face, the flow direction was almost horizontal until the next step edge (Figure 6-6). 

(A) Skimming flow patterns (B) Cavity flow patterns at downstream end 

Figure 6-6: Air-water flow patterns on stepped spillway IIIa with flat steps (θ = 8.9°; h =5 cm): dc/h = 2.66, q = 0.152 
m2/s, Re = 6.0 × 105 

 

The air-water flow patterns for the 8.9° slope pooled stepped spillway with w = 5 cm are illustrated 

in Figure 6-7 for the skimming flow rate used for the cavity flow measurements. The flow patterns 

differed from the observations on the corresponding flat stepped spillway and instabilities were seen 

in terms of unstable cavity recirculation and ejection processes. The free-surface was wavy caused 

by small jump waves propagating downstream and large air-water packages were ejected (Figure 6-

7A). In the pooled step cavity, the aeration appeared much smaller compared to the corresponding 

flat stepped spillway and in the area immediately downstream of the pool weir, almost no air bub-

bles were seen (Figure 6-7B). Due to the instabilities it was difficult to identify a distinctive shear 

layer development and an upward directed flow motion appeared immediately before the pooled 

weir. More details about the instabilities on the pooled stepped spillway were detailed in section 5 

as well as in FELDER & CHANSON (2012a). In visual observations and energy spectra analyses, it 

was shown that the instationary air-water flows had characteristic frequencies of about 0.5-2 Hz. 

The unstable cavity recirculation and ejection processes reflected these frequencies. 
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(A) Skimming flow patterns (B) Cavity flow patterns at downstream end 

Figure 6-7: Air-water flow patterns on stepped spillway IIIb with pooled steps (θ = 8.9°; h =5 cm; w = 5 cm): dc/h = 
2.66, q = 0.152 m2/s, Re = 6.0 × 105 

 

6.3 Air-water flow properties in step cavities on stepped spillways  

6.3.1 Presentation 

Air-water flow experiments were conducted with conductivity probes along one step cavity for the 

stepped spillways (Table 6-2). Table 6-2 lists the experimental flow conditions for the cavity flow 

experiments including the stepped spillway specifics, the step cavity position and the inception 

points. All experiments were performed along one step cavity at the downstream end of the spill-

ways at least three step edges downstream of the inception point. The measurements were conduct-

ed for about the same water discharge per unit width qw and same Reynolds number respectively in 

the skimming flow regime.  

 

Table 6-2: Experimental flow conditions for the air-water flow experiments in step cavities 

Stepped 
spillway 

θ 
[°] 

h 
[cm] 

w 
[cm] 

dc/h 
[-] 

qw 

[m2/s] 
Re       
[-] 

Inception 
point step 

Step 
cavity 

Conductivity probes 

Flat (Ia) 26.6 10 N/A 1.28 0.143 5.7×105 6 to 7 9-10 Double-tip (Ø = 0.25 mm) 
Array of 2 single-tip (Ø = 
0.35 mm) 

Pooled (IIb)  26.6 10 3.1 1.29 0.144 5.7×105 6 to 7 9-10 Double-tip (Ø = 0.25 mm) 

Porous 
pooled (IIc) 
Po = 31%  

26.6 10 3.1 1.29 0.144 5.7×105 7 9-10 Double-tip (Ø = 0.25 mm)  

Flat (IIIa) 8.9 5 N/A 2.66 0.152 6.0×105 9 to 10 20-21 Double-tip (Ø = 0.13 mm) 

Pooled (IIIb) 8.9 5 5 2.66 0.152 6.0×105 8 20-21 Double-tip (Ø = 0.13 mm) 
 

For the flat stepped spillway with θ = 26.6°, the air-water flow experiments were conducted with a 

double-tip conductivity probe and an array of two identical single-tip probes separated with various 

transverse distances 3.3 ≤ Δz ≤ 80.8 mm. The double-tip probe was aligned with the flow direction 

to enable the recording of the interfacial velocities and the turbulent intensities at altogether 10 
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measurement locations (Figure 6-8A). An extensive set of experiments was conducted with the ar-

ray of two single-tip conductivity probes at 8 streamwise locations. The probes were aligned per-

pendicular to the vertical step face, i.e. with an angle of 26.6° to the main flow direction (Figure 6-

8B). The arrangement with the single-tip conductivity probes (Figure 6-8) permitted to record the 

air-water flow properties within the whole cavity and it was deemed appropriate since the single-tip 

probe output signal is little affected by the orientation of the probe with the flow (SENE 1984; 

CHANSON 1988). 

(A) Sketch of measurement locations with conductivity 
probes along the step cavity 

(B) Photo of experimental setup for two side-by-side sin-
gle-tip conductivity probes  

Figure 6-8: Experimental setup for the experiments on flat stepped spillway Ia (θ = 26.6°) 

 

The experiments for the (porous) pooled stepped spillways with 26.6° slope and for the flat and 

pooled stepped spillway configurations on the channel with a slope of 8.9° were conducted with 

double-tip conductivity probes. The probe sensors were facing in flow direction and were perpen-

dicular to the pseudo-bottom formed by the step edges and pool weir edges respectively (Figure 6-

9). Figure 6-9 sketches the positioning and the measurement locations for the experiments on the 

pooled stepped spillways with both slopes. The experiments were conducted at 11 measurements 

positions along the step cavity. 

All probe sensors were sampled for 45 s at 20 kHz per sensor. The displacement and elevations of 

all probes was conducted in the direction perpendicular to the pseudo-bottom which defined the ze-

ro-positioning (y = 0) for the flat and pooled steps respectively. Due to the double-tip conductivity 

design, it was not possible to measure the air-water flow properties at all positions in the cavities, 

but the shear layer properties were recorded. 
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Figure 6-9: Measurement locations with double-tip conductivity probes along the pooled step cavities for pooled 
stepped spillways with 8.9° and 26.6° slopes 

 

6.3.2 Air-water flow properties in flat step cavity with 26.6° slope 

For the flat stepped spillway with slope of 26.6°, the experiments were conducted with both single-

tip and double-tip conductivity probes and the air-water flow properties were calculated. In the fol-

lowing subsections, the air-water flow properties are presented and further details were reported in 

FELDER & CHANSON (2011a). 

6.3.2.1 Void fraction distributions 

The void fraction distributions along the step cavity are illustrated in Figure 6-10 as a function of 

dimensionless height perpendicular to the pseudo-bottom y/h. Figure 6-10 presents distributions of 

void fraction at several longitudinal distance xs along the cavity with length X. The scaling for the 

void fraction is shown in the figure. For the flow regions, above the pseudo-bottom, all distributions 

were in good agreement and fitted well the typical S-shape profile which was reported in earlier 

studies for locations at and between step edges (e.g. MATOS et al. 2001; CHANSON & TOOMBES 

2002a; GONZALEZ & CHANSON 2004; BUNG 2009). 

In the lower flow region (y/h < 0.3), however, differences were seen. Within the step cavity, the ob-

servations showed a local maximum in void fraction within the turbulent shear layer next to the 

pseudo-bottom (Figure 6-10). BOES' (2000a) data showed a similar trend for a step cavity on a slope 

of 50° but the location of the local void fraction maximum was closer to the step face. A compari-

son with the present results suggested that the size and shape of the cavity have a significant impact 

on the void fraction profiles in the cavity. For the present data, the maximum void fraction in the 

shear layer increased with increasing distance xs from the first step edge to a maximum value at a 

dimensionless cavity length xs/X ≈ 0.5-0.65. Further downstream, the maximum void fraction value 

within the cavity decreased (Figure 6-10; Table 6-3). 
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Figure 6-10: Void fraction distributions along the step cavity on stepped spillway Ia with flat steps (θ = 26.6°; h =10 

cm): dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; Single-tip conductivity probe data 

 

Table 6-3 lists several characteristic air-water flow parameters along the step cavity. The data were 

calculated for the single-tip probe measurements; for the mean air concentration Cmean, the double-

tip probe data are listed for comparison. Herein the depth-averaged void fraction Cmean was calcu-

lated above the pseudo bottom as: 







90Yy

0y90
mean dy)C1(

Y

1
C  (6-1) 

where y = 0 at the pseudo-bottom formed by the step edges, C the void fraction and Y90 the charac-

teristic flow depth where C = 90%. Slight differences were observed between the single-tip and 

double-tip probe data, possibly resulting from the larger single-tip probe sensor size and different 

probe orientation. In Table 6-3, the mean void fraction (Ccavity)mean between the cavity boundary and 

the pseudo-bottom was calculated as: 

  





0y

*hy
meancavity dyC

*h

1
C  (6-2) 

where h* is the distance from the cavity boundary to the pseudo-bottom (y = 0) measured perpen-

dicular to the pseudo-bottom in each cross-section. (Ccavity)mean and the maximum void fraction 

(Ccavity)max were calculated at all locations. The largest values of (Ccavity)max were at about 0.5 to 0.65 

times the cavity length X and the largest values of (Ccavity)mean were also mid-cavity.  



 6 Air-water flows in step cavities on stepped spillways with 8.9° and 26.6° slopes 195 

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

Table 6-3: Characteristic air-water flow parameters along step cavity on flat stepped spillway Ia (θ = 26.6°; h =10 
cm): dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105 

Location 
(step) 

Cmean [-] 
(double-tip) 

Cmean [-] 

(single-tip) 
(Ccavity)mean [-] 

(single-tip) 
(Ccavity)max [-] 
(single-tip) 

(Fmax)shear×dc/Vc [-] 
(single-tip) 

Step 9 0.362 0.352 - - - 
9+0.1×X 0.338 - - - - 
9+0.2×X 0.341 0.323 0.014 0.025 1.940 
9+0.3×X 0.346 0.325 0.028 0.043 3.152 
9+0.4×X 0.361 0.335 0.041 0.071 4.248 
9+0.5×X 0.366 0.356 0.066 0.117 5.762 
9+0.65×X 0.407 0.391 0.060 0.114 6.941 
9+0.8×X 0.396 0.382 0.012 0.032 - 
9+0.9×X 0.372 - - - - 
Step 10 0.340 0.326 - - - 

 

6.3.2.2 Bubble count rate distributions 

In addition, the bubble count rate data were recorded at all locations and the results for the single-

tip probe measurements are presented in Figure 6-11 at all longitudinal locations between step edg-

es 9 and 10. The physical data highlighted a local maximum in bubble count rate in the developing 

shear layer (Figure 6-11), and the characteristic maximum dimensionless bubble frequencies 

(Fmax)shear×dc/Vc are listed in Table 6-3 (last column) for the single-tip probe data. Above the pseu-

do-bottom, all distributions of bubble count rates showed a typical profile with maximum values in 

the intermediate flow region for void fractions of about 50%. A second, much smaller peak in the 

bubble count rate distributions was visible close to the pseudo-bottom within the shear layer. The 

largest values were observed just above the pseudo-bottom in the centre of the step cavity. The ob-

servations of these maximum values were consistent with the observations of largest maximum void 

fraction in the middle of the step cavity. 

It is noteworthy that, in the shear region, the location of the local maximum in bubble count rate 

(Fmax)shear did not coincide with the location of the local maximum in void fraction (Ccavity)max. Ra-

ther the local void fraction maxima were located beneath the local bubble count rate maxima. The 

non-coincidence of (Ccavity)max and (Fmax)shear demonstrated that the interactions between the devel-

oping shear layer and entrained air bubbles were complex. A somehow similar pattern was observed 

in developing shear layers of plunging jet flows and hydraulic jumps (BRATTBERG & CHANSON 

1998; CHANSON 2010). It was suggested that the non-coincidence of air bubble diffusion layer and 

momentum shear layer caused the intriguing pattern, but further research is needed. 
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Figure 6-11: Bubble frequency distributions along the step cavity on stepped spillway Ia with flat steps (θ = 26.6°; h 

=10 cm): dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; Single-tip conductivity probe data 

 

6.3.2.3 Interfacial velocity distributions 

With the double-tip conductivity probe, the time-averaged interfacial velocities were recorded along 

the cavity and the complete results are presented in Figure 6-12. All velocity distributions were sim-

ilar and followed a 1/10th power law in the main flow above the pseudo-bottom (y > 0). Beneath the 

pseudo-bottom negative velocities were recorded which were consistent with the visual observa-

tions of cavity recirculations. Note, however, that the double-tip probe was not designed to record 

negative velocities, and these recirculation data must be considered with care. Overall the findings 

confirmed the observations of GONZALEZ & CHANSON (2004) for a channel slope of 15.9°. 

 
Figure 6-12: Interfacial velocity distributions along the step cavity on stepped spillway Ia with flat steps (θ = 26.6°; h 

=10 cm): dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; Double-tip conductivity probe data 
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6.3.2.4 Turbulence intensity distributions 

The turbulence intensities Tu were calculated at all locations along the step cavity with the double-

tip conductivity probe. All present results are presented in Figure 6-13 exhibiting two distinctive 

features. First the turbulence levels at every location along the cavity showed large values in the in-

termediate flow region defined as 0.3 < C < 0.7. The finding was consistent with earlier studies at 

step edges (see section 3). Second large turbulence levels were observed in the middle of the shear 

layer close to the pseudo-bottom. Turbulence intensities could reach maximum levels up to 200% 

that were one magnitude larger than turbulence intensity observations in shear layers of mono-phase 

flow (WYGNANSKI & FIEDLER 1970) and more than twice the turbulence levels in air-water flow by 

GONZALEZ & CHANSON (2004). The large turbulence levels indicated the strong mixing in the shear 

layer and intense momentum exchange between cavity flow and mainstream skimming flows. 

 
Figure 6-13: Turbulence intensity distributions along the step cavity on stepped spillway Ia with flat steps (θ = 26.6°; h 

=10 cm): dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; Double-tip conductivity probe data 

 

6.3.2.5 Auto- and cross-correlation time scale distributions  

The auto- and cross-correlation time scales were calculated for all double-tip data at the positions 

along the step cavity (Figure 6-14). The distributions of the auto-correlation integral time scales Txx 

are shown in Figure 6-14A and the cross-correlation time scales Txy in Figure 6-14B. The distribu-

tions of both auto- and cross-correlation time scales showed typical distributions for y/h > 0.3 with 

maximum time scales in the intermediate flow region as observed for data at step edges. Differ-
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ences between the auto- and cross-correlation scales were observed in the upper spray region with 

larger values of Txx which was linked with the different nature of the flow in the spray (CAROSI & 

CHANSON 2006). For y/h < 0.3, larger auto-correlation time scales were observed within the step 

cavity which reflected the recirculation movements within the step niche (Figure 6-14A). For the 

cross-correlation time scales, the values of Txy in the shear layer and in the step cavity remained al-

most constant with slightly larger time scales in the lower shear layer region (Figure 6-14B). 

(A) Auto-correlation time scale (B) Cross-correlation time scale 

Figure 6-14: Auto- and cross-correlation time scale distributions along the step cavity on stepped spillway Ia with flat 
steps (θ = 26.6°; h =10 cm): dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; Double-tip conductivity probe 
data 

 

6.3.2.6 Integral turbulent time and length scale distributions  

With an array of two single-tip probes, several experiments were conducted for a range of trans-

verse separation distances 3.3 ≤ Δz ≤ 80.8 mm, and the integral turbulent length and time scales 

were calculated (Equations (2-13) & (2-14)). The results are illustrated in Figures 6-15 and 6-16. 

Figure 6-15 shows the integral turbulent length and time scales, i.e. the transverse size of the large 

advecting vortices for the two step edges and for six locations along the step cavity. In Figure 6-

15A, the dimensionless integral turbulent length scales are illustrated as a function of y/h and Fig-

ure 6-15B shows the corresponding dimensionless time scales. Figure 6-16 shows the longitudinal 

development of the integral turbulent time scales along the shear layer. The data sets characterised 

the development of the large air-water vortical structures in the air-water flow region along a cavity 

and the integral turbulent scales within the recirculation zone. 

For vertical locations such as y/h > 0.3, the distributions of integral turbulent time and length scales 

exhibited a similar shape for all locations along the step cavity suggesting self-similarity of the 
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large vortical structures. Maximum values were observed in the bulk of the flow 0.3 < C < 0.7 as 

observed at step edges. For all measurement positions, the maxima of integral turbulent length and 

time scales (Lxz)max and (Tint)max were observed and they are listed in Table 6-4.  

In the shear layer (i.e. y/h < 0.3), differences in integral turbulent scale distributions were seen. 

These differences were relatively small for the integral turbulent length scales, although larger tur-

bulent length scales were observed in the cavity beneath the pseudo-bottom about the middle of the 

cavity. The maximum values of the integral turbulent length scales in the cavity (Lxz_cavity)max were 

much smaller compared to the scales in the mainstream flow (Lxz)max (Figure 6-15A; Table 6-4). 

The distributions for the integral turbulent time scales showed marked differences with larger inte-

gral turbulent time scales in the middle of the step cavity. The maximum values of the time scales 

(Tint_cavity)max exceeded the maximum integral turbulent time scales in the intermediate flow region 

(Tint)max (Figure 6-16; Table 6-4). Figure 6-16 highlights a trend that was close to the observation of 

void fraction profiles along the cavity (Figure 6-10) suggesting that the integral turbulent time 

scales distributions reflected the recirculation motion within the step cavity. 

The characteristic maximum values of the integral turbulent length and time scales are listed in Ta-

ble 6-4 along the step cavity. In Table 6-4, the characteristic maximum values of the turbulence in-

tensities in the intermediate flow region Tumax and in the shear layer (Tumax)shear are also added to 

complement the turbulent properties. 

(A) Dimensionless integral turbulent length scales (B) Dimensionless integral turbulent time scales 

Figure 6-15: Integral turbulent scale distributions along the step cavity on stepped spillway Ia with flat steps (θ = 
26.6°; h =10 cm): dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; Single-tip conductivity probe data 
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Figure 6-16: Integral turbulent time scale distributions along the step cavity on stepped spillway Ia with flat steps (θ = 

26.6°; h =10 cm): dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; Single-tip conductivity probe data 

 

Table 6-4: Characteristic maximum turbulent parameters along step cavity on flat stepped spillway Ia (θ = 26.6°; h 
=10 cm): dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105 

Location 
(step) 

(Lxz)max/dc 

[-] 
(single-tip) 

(Lxz_cavity)max/dc 

[-] 
 (single-tip) 

(Tint)max× g/dc 
[-]            

(single-tip) 

(Tint_cavity)
max

× g/dc   

[-]                  
(single-tip) 

Tumax  
[-] 

(double-tip) 

(Tumax)shear 
[-] 

(double-tip) 

Step 9 0.117 - 0.030 - 1.343 - 

9+0.1×X - - - - 1.183 1.629 

9+0.2×X 0.131 0.026 0.031 0.028 1.150 2.191 

9+0.3×X 0.132 0.036 0.030 0.035 1.149 2.139 

9+0.4×X 0.134 0.043 0.029 0.042 1.078 2.390 

9+0.5×X 0.130 0.047 0.028 0.048 1.027 1.449 

9+0.65×X 0.130 0.050 0.027 0.031 1.010 - 

9+0.8×X 0.130 0.028 0.027 0.017 1.092 - 

9+0.9×X - - - - 1.174 - 

Step 10 0.143 - 0.032 - 1.279 - 
 

6.3.2.7 Air bubble and water droplet chord time probability distributions 

At all positions along the step cavity, the air bubble and water droplet chord sizes were calculated 

for both double-tip and single-tip probe data. Typical results are presented in Figures 6-17 & 6-18 

for all measurement locations. In Figure 6-17, characteristic probability distributions of the air bub-

ble and water droplet chord times are shown for the double-tip probe data. A good agreement for 

the air bubble chord sizes were observed for all data in the mainstream flow (y/h > 0.3) and little 
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differences are visible in Figure 6-17A for similar void fractions. Also little differences were ob-

served for the water droplet chord times in the spray region (C > 0.7) as illustrated in Figure 6-17B 

for characteristic double-tip probe data along the step cavity.  

 
(A) Air bubble chord times 

 
(B) Water droplet chord times 

Figure 6-17: PDF of chord sizes along step cavity on stepped spillway Ia with flat steps (θ = 26.6°; h =10 cm): dc/h = 
1.28, qw = 0.143 m2/s, Re = 5.7 × 105; Double-tip conductivity probe data 

 

For the single-tip probe data, the same outcomes were observed for bubble and droplet chord times 

in the mainstream flow and more detailed investigations were conducted within shear layer and step 

cavity. In Figure 6-18, typical air bubble chord sizes are illustrated for various positions along the 

step cavity representing characteristic probability distributions of chord times in the cavity. In Fig-

ure 6-18A, typical chord time distributions are shown for all measurement locations along the step 

cavity for similar void fractions. Some data were observed in the mainstream flow, some in the 

shear layer and others in the cavity recirculation area (Figure 6-18A). The comparison of the chord 

times highlighted the differences in probability distributions between the chord times in the main-

stream flow and in the recirculation area. For the mainstream flow, typical distributions were ob-

served as reported in previous studies with similarity to log-normal distributions (CHANSON & 
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TOOMBES 2002a; TAKAHASHI et al. 2006; CHANSON & CAROSI 2007b; FELDER & CHANSON 2009b). 

A large proportion of the bubble chord times showed very small values. In the recirculation zone 

however, a different shape was visible with a much smaller number of small chord times, a much 

flatter curve and a larger number of larger chord sizes. More detailed investigations were performed 

for all data sets at several vertical positions in a cross-section with similar amounts of air concentra-

tion and the results are shown in Figure 6-18B and 6-18C, In Figure 6-18B, the chord time distribu-

tions are shown for a cross-section close to the step edge (0.3X) and the data are presented for the 

recirculation zone, the shear layer and the mainstream flow. The findings of different shapes in the 

recirculation zone were confirmed and the shear layer profiles were similar to the mainstream flow 

probability distributions of the chord times (Figure 6-18B). Characteristic results for a cross-section 

in the downstream third of the step cavity are shown in Figure 6-18C which confirmed a good 

agreement of bubble chord size distributions in the shear layer and the free-stream flow.  

 
(A) Air bubble chord times 

 
(B) Air bubble chord times for C ≈ 0.057 at Step 9 +0.3X 

 
(C) Air bubble chord times for C ≈ 0.134 at Step 9 +0.65X 

Figure 6-18: PDF of chord times in step cavity on stepped spillway Ia with flat steps (θ = 26.6°; h =10 cm): dc/h = 
1.28, qw = 0.143 m2/s, Re = 5.7 × 105; Single-tip conductivity probe data 
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6.3.2.8 Air bubble and water droplet clusters 

More detailed analyses of the microscopic properties were performed including the air bubble and 

water droplet cluster properties. The results of the single-tip probe experiments along the step cavity 

are presented in Figure 6-19 for all positions along the step cavity. The cluster properties are pre-

sented as functions of the dimensionless distance perpendicular to the pseudo-bottom y/h (Figure 6-

19).  

The distributions of the percentage of particles in clusters are shown in Figure 6-19A. In the region 

for y/h > 0.3, all data were in very good agreement. For the shear layer and the recirculation part 

(y/h < 0.3), the data showed differences. Larger percentages of bubbles in clusters were observed in 

the shear layer and the largest peaks were observed in the centre of the cavity. The shapes reflected 

very well the distribution shapes of the bubble count rate (Figure 6-11). It appeared that there was a 

strong connection between number of entrained air bubbles and the percentage of bubbles in clus-

ters in the shear layer region.  

Similar results were also observed for the number of particles per cluster (Figure 6-19B) and for the 

dimensionless number of clusters per second (Figure 6-19C). In the shear layer region, local maxi-

ma of particles per clusters and clusters per second were observed which reflected the bubble count 

rate distribution shapes. Even though the findings were less pronounced, typically larger numbers of 

particles per cluster and local maxima in the number of clusters per second were found in the shear 

layer. In the mainstream flow part, the distributions of particles per cluster and clusters per second 

respectively showed little differences (Figure 6-19B). The findings implied a strong connection be-

tween the number of entrained air bubble and characteristic cluster properties in the shear layer.  

A similarity between the average clustered chord size distributions and the distributions of integral 

turbulent time scales (Figure 6-16) were observed (Figure 6-19D). In the recirculation region, much 

larger chord sizes were recorded compared to the mainstream flow with the largest chord sizes in 

the first half of the step cavity (0.3 < X < 0.5) which was also consistent with the observation of in-

tegral turbulent time scale distributions. The findings of larger chord sizes of the air bubbles in clus-

ters was in agreement with the observations of probability distributions of the air bubble chord time 

distributions which showed larger numbers of larger chord sizes in the cavity recirculation region 

compared to mainstream flows (Figure 6-18). Little differences were observed for all measurement 

positions along the step cavity in terms of the rate of average clustered chord sizes and chord sizes 

(Figure 6-19E) and in terms of the rate of leading particles and average chord sizes of particles in 

clusters (Figure 6-19F). 
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(A) Percentage of particles in clusters (B) Number of particles per cluster 

(C) Clusters per second (D) Average clustered chord sizes 

(E) Rate of average clustered chord size and average 
chord sizes 

(F) Rate of lead particle size and average clustered chord 
sizes 

Figure 6-19: Cluster properties in step cavity on stepped spillway Ia with flat steps (θ = 26.6°; h =10 cm): dc/h = 1.28, 
qw = 0.143 m2/s, Re = 5.7 × 105; Single-tip conductivity probe data 
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6.3.2.9 Inter-particle arrival times 

An inter-particle arrival time analysis was performed for the shear layer and cavity regions to iden-

tify any differences in the different flow regions for comparable void fraction contents. In Figure 6-

20, typical probability distributions functions of inter-particle arrival times for different air bubble 

chord sizes are shown for the single-tip conductivity probe data.  

 
(A) Inter-particle arrival time for C ≈ 0.076 - 0.092 at 

Step 9 +0.3X 

 
(B) Inter-particle arrival time for C ≈ 0.076 - 0.092 at 

Step 9 +0.3X 

 
(C) Inter-particle arrival time for C ≈ 0.103  at Step 9 

+0.4X 

 
(D) Inter-particle arrival time for C ≈ 0.103  at Step 9 

+0.4X 

 
(E) Inter-particle arrival time for C ≈ 0.103  at Step 9 

+0.4X 

 
(F) Inter-particle arrival time for C ≈ 0.103  at Step 9 

+0.4X 

Figure 6-20: Inter-particle arrival times in step cavity on stepped spillway Ia with flat steps (θ = 26.6°; h =10 cm): dc/h 
= 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; Single-tip conductivity probe data 
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Every graph in Figure 6-20 illustrates the PDF distributions of the inter-particle arrival times for 

different chord sizes for respectively three measurement positions in the recirculation zone within 

the step cavity, for the shear layer and for the mainstream flow region. In addition, the correspond-

ing Poisson distributions are shown for each measurement location (Figure 6-20). For all groups of 

air bubble chord times, similar results were observed with the largest numbers of smallest inter-

particle arrival times for the measurement positions in the free-stream part of the flow (blue sym-

bols in Figure 6-20). In these bubble chord time groups, the recirculation zone data exhibited the 

smallest number of small inter-particle arrival times and a slightly larger number of larger inter-

particle arrival times. For all air bubble chord sizes, the inter-particle arrival time analyses showed 

that the distributions of the shear layer data were between the data in the recirculation and main-

stream flow regions. For some chord time classes they were in good agreement with the main 

stream flow results. The inter-particle arrival time analysis highlighted differences in the different 

flow regions in particular in the recirculation zone within the step cavity. This finding was con-

sistent with differences in further microscopic air-water flow parameters including the air bubble 

chord times and the cluster properties. Differences were observed between the measured data and 

the corresponding Poisson distribution for all positions which showed the randomness of the arrival 

times of particles of various sizes.  

 

6.3.3 Air-water flow properties in (porous) pooled step cavities with 26.6° slope 

With a double-tip conductivity probe, detailed air-water flow measurements were performed along 

a step cavity for the pooled and porous (Po = 31%) pooled stepped spillway configurations (Figure 

6-21). The experiments were conducted with a double-tip conductivity probe at 11 positions be-

tween the step edges at the downstream end of the spillway for a typical skimming flow rate which 

was close to the flow rate on the flat stepped spillway presented in section 6.3.2. The air-water flow 

properties for the pooled and porous pooled stepped spillways are compared in the following sec-

tions. All air-water flow properties are illustrated as functions of the dimensionless distance from 

the pseudo-bottom (y+w)/h with w the pool weir height. 

 
Figure 6-21: Pooled and porous pooled step cavities with θ = 26.6°; h = 10 cm 
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6.3.3.1 Void fraction distributions 

The void fraction distributions for the pooled and porous pooled stepped spillways are compared in 

Figure 6-22 for all measurement positions along the pooled step cavity. All void fraction distribu-

tions showed typical S-shape distributions as commonly observed in skimming flows at step edges. 

Furthermore the respective void fraction distributions for the pooled and porous pooled stepped 

spillways were in very good agreement. Small differences were observed in terms of the slope of 

the S-shapes and in terms of the flow depth which reflected the smaller flow depth in the porous 

pooled configuration (Figure 6-22). This finding was consistent with the observations of void frac-

tions at the pooled step edges (section 5.3.2.1).  

 
Figure 6-22: Void fraction distributions along the step cavity on stepped spillway II with pooled and porous pooled 

steps (θ = 26.6°; h =10 cm; w = 3.1 cm; Po = 31%): dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105;  

 

Small differences were observed in the shear layer and in the (porous) pooled step cavity. Slightly 

larger air concentrations were recorded for the pooled stepped spillway which was consistent with 

the visual observations of smaller air content for the porous configuration. For (y+w)/h < 0.3, the 

void fraction distributions for the porous pooled stepped spillway showed small air contents which 

were almost constant throughout the shear layer and within the cavity. Very small local peaks were 

observed for the pooled stepped spillway distributions within the pooled step cavity. However, the 

void fraction distributions differed from the observations on the flat stepped spillway which exhib-

ited much larger air concentrations and clear local peaks in the shear layer (Figure 6-10). The flat 
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stepped spillway attracted larger air entrainment compared to the pooled steps which was consistent 

with the visual observations of the air-water flow patterns.  

6.3.3.2 Bubble count rate distributions 

The dimensionless distributions of bubble count rates for the pooled and porous pooled stepped 

spillways showed maximum bubble count rates in the intermediate flow region with similar shapes 

for all measurement positions at the pooled weir edges and along the cavity (Figure 6-23). Small 

differences were observed between the pooled and porous pooled steps with consistently larger 

numbers of entrained air bubbles for the pooled stepped spillway configuration. Greater differences 

between the two configurations were seen in the shear layer with local maxima in bubble count rate 

(Fshear)max for the pooled stepped spillway. These maxima were consistent with the observations on 

the flat stepped spillway with same channel slope which showed also a larger number of bubble 

frequencies in the shear layer (Figure 6-11). However, the magnitude of the bubble frequencies in 

the shear layer for the pooled stepped spillway was smaller compared to the flat steps. A more de-

tailed comparison of the number of entrained air bubbles in the shear layer is presented in section 

6.5.1. The porous pooled stepped spillway did not provide significant local maxima of bubble fre-

quencies in the shear layer region and the bubble count rates were consistently smaller within the 

step cavity. The pores in the pool weir reduced the number of entrained air bubbles within the 

pooled step cavity.  

 
Figure 6-23: Bubble count rate distributions along the step cavity on stepped spillway II with pooled and porous pooled 

steps (θ = 26.6°; h =10 cm; w = 3.1 cm; Po= 31%): dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105  
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6.3.3.3 Interfacial velocity distributions 

The dimensionless distributions of interfacial velocities V/Vc were compared for all measurement 

positions (Figure 6-24). For the data above the shear layer, the velocity distributions for the pooled 

and porous pooled stepped spillways showed typical shapes which were close to a 1/10th power law. 

All data were in very close agreement and slightly larger interfacial velocities were recorded for the 

porous pooled steps in the region 0.3 < (y+w)/h < 0.75 (Figure 6-24). In the flow region within the 

pooled step cavity, small differences were also observed. In particular at the measurement position 

closest to the (porous) pooled weir, the interfacial velocities differed. For the porous pooled step 

cavity, a relatively uniform velocity distribution existed which indicated the flow through the po-

rous pooled weir (blue hollow square symbols). In contrast, the pooled step velocities were negative 

behind the pool weir because of the cavity recirculation movements. Further downstream from the 

(porous) pooled weir, negative velocities were also observed for the porous pooled configuration 

which showed recirculation movements. Please note, that the detection of negative velocities might 

be erroneous because the double-tip probe was designed to pierce air bubbles in flow direction. 

Overall the data were in relatively good agreement with the observations on the flat stepped spill-

way and a self-similarity of the velocities in the shear layer was found (section 6.5.2). 

 
Figure 6-24: Interfacial velocity distributions along the step cavity on stepped spillway II with pooled and porous 

pooled steps (θ = 26.6°; h =10 cm; w = 3.1 cm; Po = 31%): dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105 
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6.3.3.4 Turbulence intensity distributions 

The turbulence intensity distributions are shown in Figure 6-25 along the pooled step cavity for the 

pooled and porous pooled stepped spillways. Above the shear layer, all turbulence levels showed 

maxima in the intermediate flow region which was consistent with data at the step edges (section 

5.3.2.4). While the magnitude of the turbulent intensities was about equal at step edges, larger tur-

bulence levels were observed for the pooled step configuration along the cavity (Figure 6-25).  

 
Figure 6-25: Turbulence intensity distributions along the step cavity on stepped spillway II with pooled and porous 

pooled steps (θ = 26.6°; h =10 cm; w = 3.1 cm; Po = 31%): dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105 

 

For both stepped spillways, larger turbulence intensities were also recorded in the shear layer with 

turbulence levels exceeding the turbulence maxima in the intermediate flow region. The finding 

was in agreement with the observations in the step cavity on the flat stepped spillway which showed 

also local maxima in the shear layer (Figure 6-13). The turbulence levels for the pooled stepped 

spillway were also large in the recirculation zone. The values of Tu were smaller for the porous 

pooled steps and the turbulence levels were almost uniform for the measurement position just 

downstream of the porous pooled weir. This finding was consistent with uniform interfacial veloci-

ty distributions in this cavity region and linked with the air-water flow discharge through the pooled 

weir pores. The pool wall porosity tended to induce a damping of the turbulence levels in the 

pooled step cavity as well as in the mainstream skimming flows. LEE & KIM (1999) highlighted the 
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decrease of turbulence intensities with increasing porosity behind a porous fence. The present find-

ings showed similar results for the air-water flows on the porous pooled stepped spillway. It must 

be noted however, that the present experimental testing was limited to the time-averaged velocity 

and turbulence. Furthermore the present experiments were limited to one pore size (Ø = 5 mm) and 

the effects of the pore sizes on the cavity flows were not investigated as shown by KIM & LEE 

(2001). 

 

6.3.3.5 Auto- and cross-correlation time scale distributions 

For the double-tip conductivity probe data, the auto- and cross-correlation time scales were calcu-

lated for all (porous) pooled measurement positions along the cavity. The results for the time scales 

are compared in Figure 6-26 in dimensionless terms. The auto-correlation time scale Txx distribu-

tions are illustrated in Figure 6-26A and the cross-correlation time scales Txy in Figure 6-26B. All 

time scale distributions showed typical shapes with large time scales in the intermediate flow region 

and slightly larger time scales for the pooled stepped spillway configuration. The time scales de-

creased almost linearly towards the pseudo-bottom at and in between the pooled step edges.  

(A) Auto-correlation time scale (B) Cross-correlation time scale 

Figure 6-26: Auto- and cross-correlation time scale distributions along the step cavity on stepped spillway II with 
pooled and porous pooled steps (θ = 26.6°; h =10 cm; w = 3.1 cm; Po = 31%): dc/h = 1.29, qw = 0.144 
m2/s, Re = 5.7 × 105 

 

For the auto-correlation time scales, the values of Txx increased in the step cavity reflecting the re-

circulation of the air bubbles in the cavity for both pooled configurations. Similar results were also 

observed for the flat stepped spillway (Figure 6-14A). However, the auto-correlation time scales for 

the region directly behind the porous pooled weir showed uniform profiles with small scales which 
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was linked with the flow through the porous pooled weir. The observations of the cross-correlation 

time scales in the step cavity were different (Figure 6-26B). The values of Txy were similar for both 

pooled and porous pooled steps. The distributions in the pooled step cavity showed almost uniform 

distributions.  

 

6.3.3.6 Air bubble and water droplet chord time probability distributions 

Typically the air bubble chord time probability distribution functions for the pooled and porous 

pooled stepped spillways were in close agreement showing a typical log-normal shape for all data in 

the bubbly flow region above the pooled cavity (Figure 6-27A). However it appeared that a slightly 

larger number of smaller bubbles were detected for the pooled stepped spillway (Figure 6-27A). 

Similarly, the comparison of the water droplet chord sizes in the spray region showed a close 

agreement of the pooled and porous pooled step data along the cavity which exhibited also a log-

normal distribution (Figure 6-27B). A slightly larger number of smaller water droplets were ob-

served for the pooled stepped spillway. The observations of both bubble and droplet chord times 

showed a close agreement of the chord times for the pooled and porous pooled steps for the main-

stream flow region above the pooled step cavity. 

The characteristic results in terms of probability distributions of the air bubble chord times within 

the pooled step cavity showed different distributions for the (porous) pooled step cavities (Figure 6-

28), similarly to the observations in the flat step cavity (Figure 6-18). In the recirculation zone, a 

larger number of larger chord times were detected for both pooled configurations. The probability 

distributions of the chord times in the shear layer showed a larger number of smaller chord times 

(Figure 6-28A). For comparison, the chord time distributions of the mainstream flow outside the 

step cavity are shown in Figure 6-28B to highlight the different distributions of the chord times in 

the recirculation and shear layer zones. For the (porous) pooled stepped spillways, the observations 

and the shapes of the PDF distributions for the cavity recirculation zone, for the shear layer and for 

the mainstream flow region were in good agreement with the findings on the flat stepped spillway. 
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(A) Air bubble chord times 

 
(B) Water droplet chord times 

Figure 6-27: PDF of chord times along step cavity on stepped spillway II with pooled and porous pooled steps (θ = 
26.6°; h =10 cm; w = 3.1 cm; Po = 31%): dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105 

 

(A) Air bubble chord times for C ≈ 0.02 at Step 9 +0.3X (B) Air bubble chord times for C ≈ 0.035 at Step 9 +0.4X 

Figure 6-28: PDF of chord times in step cavity on stepped spillway II with pooled and porous pooled steps (θ = 26.6°; 
h =10 cm; w = 3.1 cm; Po = 31%): dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7 × 105 
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6.3.4 Air-water flow properties in flat and pooled step cavities with 8.9° slope 

Detailed cavity experiments were also conducted on the flat and pooled stepped spillways with θ = 

8.9° (Figure 6-29). Figure 6-29 sketches the two step cavity configurations which were used for de-

tailed air-water flow experiments with a double-tip conductivity probe. In this section, the air-water 

flow properties for the experiments along the step cavity are compared for the two configurations. 

The results are presented as functions of the dimensionless distance from the pseudo-bottom formed 

by the flat step edges (y+w)/h where the pool weir height w indicates the first measurement position 

at pooled weir edges. In all Figures in this section, the x-axis (y = 0) represents the pseudo-bottom 

for the flat steps and negative values indicate the data in the flat step cavity. The zero position for 

the pooled step data is presented at the position (y+w)/h = 1 in all figures and marked with a dotted 

line. The pooled step data below the dotted line represent the air-water flow properties in the pooled 

step cavity. The data for the flat stepped spillway are illustrated in full symbols and the pooled step 

data in hollow symbols. 

 
Figure 6-29: Flat and pooled step cavities with θ = 8.9°; h = 5 cm; w = 5 cm 

 

6.3.4.1 Void fraction distributions 

The void fraction distributions for all measurement positions along the step cavity for the flat and 

pooled steps showed typical S-shape profiles and no difference in shapes was observed for all posi-

tions (Figure 6-30). The shapes within the flat and pooled step cavities showed different features 

(Figure 6-30). Within the flat step cavity, small maxima (Ccavity)max were observed for the first third 

of the cavity below the shear layer. Similar results were observed in the step cavity of the flat 

stepped spillway with θ = 26.6° (Figure 6-10), but the values of (Ccavity)max were much smaller for 

the flatter sloped stepped spillway. A comparison of the magnitudes of the void fraction maxima in 

the cavities for the different channel geometries are compared in section 6.4.1. For the pooled 

stepped spillway with 8.9° slope, uniform void fraction profiles were observed for the shear layer 

and the cavity region at all positions along the pooled step cavity (Figure 6-30). The results high-

lighted the small amount of entrained air in the pooled step cavity and confirmed the visual obser-

vations of small air content (Figure 6-7). Furthermore, the results agreed with the finding of smaller 

air concentrations for the pooled stepped spillways with θ = 26.6° (Figure 6-22). 
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Figure 6-30: Void fraction distributions along the step cavity on stepped spillway III with flat and pooled steps (θ = 

8.9°; h =5 cm; w = 5 cm): dc/h = 2.66, qw = 0.152 m2/s, Re = 6.0 × 105 

 

6.3.4.2 Bubble count rate distributions 

The dimensionless bubble count rate F×dc/Vc distributions for the flat and pooled steps respectively 

were in close agreement and showed maxima in the intermediate flow region at all positions along 

the step cavity (Figure 6-31). The shapes along the step cavity were typical for bubble count rate 

distributions at step edges. The number of entrained air bubbles was larger for the flat stepped 

spillway as reported previously (section 5.4.2.2). Differences were observed in and below the shear 

layer. For the flat stepped spillway, local maxima of bubble count rate (Fmax)shear were observed in 

the shear layer which was consistent with findings in the flat step cavity with θ = 26.6° (Figure 6-

11). However, the magnitude of the values of (Fmax)shear was smaller for the flat stepped spillway 

with 8.9° slope and a more detailed comparison is presented in section 6.4.1. The distributions of 

the bubble count rate for the pooled stepped spillway highlighted the small amount of air bubbles 

entrained into the pooled step cavity. The shapes of F×dc/Vc was almost uniform within the pooled 

step cavity, but a small increase of the bubble count rate in the shear layer along the cavity was 

found (Figure 6-31). The shape of the bubble count rates differed from the observations for the 

pooled steps with θ = 26.6° which showed more clear local maxima in the shear layer. 
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Figure 6-31: Bubble count rate distributions along the step cavity on stepped spillway III with flat and pooled steps (θ 

= 8.9°; h =5 cm; w = 5 cm): dc/h = 2.66, qw = 0.152 m2/s, Re = 6.0 × 105 

 

6.3.4.3 Interfacial velocity distributions 

The dimensionless interfacial velocity V/Vc data along the step cavity are presented in Figure 6-32 

for the flat and pooled stepped spillways. Firstly, the interfacial velocities were larger on the flat 

stepped spillway for all measurement positions which was consistent with the observations at step 

edges (section 5.4.2.3). Secondly, all distributions of V/Vc followed closely a 1/10th power law for 

all positions along the step cavity. For both flat and pooled steps, the development of the boundary 

layer is visible in Figure 6-32 and a self-similarity was found (section 6.4.2). In the recirculation 

zone, negative interfacial velocities were observed for the flat and pooled steps which reflected the 

recirculation movements. For the pooled stepped spillway, the interfacial velocities in the pooled 

step cavity showed a much larger data scatter which might be linked with the unsteady cavity recir-

culation motions and the irregular cavity ejection processes as reported in section 5.2.3.  
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Figure 6-32: Interfacial velocity distributions along the step cavity on stepped spillway III with flat and pooled steps (θ 

= 8.9°; h =5 cm; w = 5 cm): dc/h = 2.66, qw = 0.152 m2/s, Re = 6.0 × 105 

 

6.3.4.4 Turbulence intensity distributions 

For the flat and pooled step cavities, typical shapes of turbulence levels were observed for all data 

with maximum values of Tu in the intermediate flow region as observed at step edges (Figure 6-33). 

However, the turbulence intensities for the pooled stepped spillway showed much larger values 

linked with the instationary nature of the flow on the pooled stepped spillway with θ = 8.9° 

(THORWARTH 2006; FELDER & CHANSON 2012a). For the pooled step cavity, Figure 6-33 highlights 

also data scatter and larger turbulence levels in the shear layer and the cavity recirculation region. It 

is believed that this reflected the instabilities within the step cavity including the irregular recircula-

tions and ejection processes. The turbulence intensity distributions for the flat stepped spillway had 

also larger values within the shear layer reflecting the strong mixing and momentum exchange be-

tween cavity and mainstream flow. Furthermore, the shapes of the turbulence intensity distributions 

highlighted a slightly different shape for the centre of the step cavity with a more uniform profile 

(Figure 6-33). This finding was different from observations on the 26.6° slope stepped spillway and 

reflected different flow patterns along the step cavity. 
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Figure 6-33: Turbulence intensity distributions along the step cavity on stepped spillway III with flat and pooled steps 

(θ = 8.9°; h =5 cm; w = 5 cm): dc/h = 2.66, qw = 0.152 m2/s, Re = 6.0 × 105 

 

6.3.4.5 Auto- and cross-correlation time scale distributions 

The dimensionless auto-correlation time scale Txx distributions exhibited much larger values for the 

pooled stepped spillway at all positions along the flat and pooled step cavities (Figure 6-34A). The 

distributions of Txx showed little difference along the step cavity for the pooled step with maxima in 

the intermediate flow region. Furthermore, the pooled step data showed large auto-correlation time 

scales in both shear layer and recirculation zone which was consistent with the observations of larg-

er turbulence levels. The auto-correlation time scale distributions for the flat stepped spillway 

showed also maxima in the intermediate flow region, but small differences in shape were visible in 

the centre of the cavity (Figure 3-34A). Furthermore larger auto-correlation time scales were ob-

served in shear layer and recirculation zone which was also observed in the flat stepped cavity with 

θ = 26.6°. 

The dimensionless cross-correlation time scales Txy showed similar findings as found for the auto-

correlation time scales with much larger scales for the pooled stepped spillway (Figure 6-34B). Fur-

thermore large values of Txy were observed in the shear layer and recirculation zone for both flat 

and pooled steps. 
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(A) Auto-correlation time scale 

 
(B) Cross-correlation time scale 

Figure 6-34: Auto- and cross-correlation time scale distributions along the step cavity on stepped spillway III with flat 
and pooled steps (θ = 8.9°; h =5 cm; w = 5 cm): dc/h = 2.66, qw = 0.152 m2/s, Re = 6.0 × 105 

 

6.3.4.6 Air bubble and water droplet chord time probability distributions 

For the flat and pooled step configurations, typical probability distribution functions of the air bub-
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the flat stepped spillway and statistically larger chord times on the pooled stepped spillway. Even so 

differences were observed, both flat and pooled step data followed log-normal distributions. The 

characteristic water droplet chord probability distributions for the flat and pooled steps were in rela-

tively good agreement (Figure 6-35B). It appeared that the pooled stepped spillway data exhibited a 

larger scatter of data and overall a slightly larger amount of larger chord times.  

 
(A) Air bubble chord times 

 
(B) Water droplet chord times 

Figure 6-35: PDF of chord times along step cavity on flat and pooled stepped spillway III (θ = 8.9°; h =5 = 5 cm): dc/h 
= 2.66, qw = 0.152 m2/s, Re = 6.0 × 105 

 

More detailed investigations of the bubble chord times of the flat and pooled steps were conducted 

for comparable void fractions and similar positions within the step cavities and the shear layer (Fig-

ure 6-36). For the data within the cavity, small differences between the two configurations were ob-

served in terms of the bubble chord times confirming the findings in the mainstream flow region 

(Figure 6-35A). Clear differences were seen for data in the shear layer region with proportionally 

larger numbers of smaller chord times for the flat stepped spillway (Figure 6-36). The probability 

distributions of chord times in the recirculation zone showed a different shape compared to the 
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shear layer and mainstream flow regions. The shape was similar to the observations on the flat and 

pooled stepped spillways with 26.6° slope, but it appeared that the chord times were overall smaller 

on the flat and pooled steps with θ = 8.9°. 

(A) Air bubble chord times for C ≈ 0.01 at Step 20 +0.3X (B) Air bubble chord times for C ≈ 0.01 at Step 20 +0.5X 

Figure 6-36: PDF of chord times in step cavity on flat and pooled stepped spillway III (θ = 8.9°; h =5 = 5 cm): dc/h = 
2.66, qw = 0.152 m2/s, Re = 6.0 × 105 

 

6.4 Discussion 

6.4.1 Air-water flows in step cavities: a review 

Detailed air-water flow measurements were conducted with phase-detection intrusive probes along 

(pooled) step cavities for a typical skimming flow rate. The experiments were performed for five 
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26.6° and a flat and pooled step cavity with θ = 8.9° (Figure 6-37). For the flat stepped spillway 
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well as at all locations along the step cavity. Small differences were observed between the pooled 

and porous pooled stepped spillways (θ = 26.6°) with a larger flow depth and slightly larger turbu-

lence levels and bubble count rates for the pooled steps. The comparative analyses between the flat 

and pooled steps with θ = 8.9° highlighted differences above the shear layer including a smaller 
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bubble count rate, a smaller interfacial velocity, larger turbulence levels and larger auto- and cross-

correlation time scales for the pooled stepped spillway configuration. This finding was consistent 

with the observations at the (pooled) step edges in section 5.4. 

 
Figure 6-37: Step cavities in the present study; illustration of zero position and the pseudo-bottom for the flat and 

pooled stepped spillways 

 

Behind each (pooled) step edge, a shear layer developed and small scale vortices travelled down-

stream in the region of the pseudo-bottom. The present observations characterised the air-water 

shear layer properties highlighting the development of the mixing layer downstream of the (pooled) 

step edge and the strong interactions between (pooled) cavity recirculation and mainstream skim-

ming flows. For the flat stepped spillway with 26.6° slope, the void fraction and bubble count rate 

data showed local maxima in the developing shear layer, although the location of local maximum 

void fraction was always located below the local maximum bubble count rate location. A similar 

pattern was previously reported in developing shear layers of plunging jets and hydraulic jumps. 

The results implied the existence of a region of high shear stress along the cavity region inducing a 

significant bubble break-up linked with small scale vortices. These turbulent processes appeared to 

be very energetic. Furthermore, the cluster properties reflected the development of the shear layer 

behind the flat step edge (θ = 26.6°) which was linked with a larger number of entrained air bubbles 

and high turbulence levels in the shear layer. The break-up of air bubbles and strong shear forces 

led to a local increase of the cluster properties including the number of clusters per second, the 

number of particles per clusters and the percentage of particles in clusters. The (porous) pooled 

stepped spillway (θ = 26.6°) results were similar to the observations on the corresponding flat 

stepped spillway. However, the local peaks of the number of entrained air bubbles in the shear layer 

were less pronounced for the pooled steps which might indicate a weaker shear layer development 

compared to the flat stepped spillway. For the flatter slope stepped chute with θ = 8.9°, significant 
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differences between the flat and pooled steps were observed in the shear layer. The characteristic 

maxima of the bubble count rate in the shear layer were much larger for the flat stepped spillway 

while the pooled steps had very small numbers of entrained air bubbles. Further differences be-

tween the two step configurations were also seen for the turbulence levels and the correlation time 

scales with larger values for the pooled step cavity. For both stepped spillways with θ = 8.9°, max-

ima of turbulence intensities and correlation time scales were observed in and below the shear layer 

reflecting the development of the shear layer. The interfacial velocity distributions for both stepped 

configurations were in relatively good agreement showing the development of the shear layer and 

further self-similarity. 

For the flat stepped spillway with θ = 26.6°, the void fraction distribution data showed local maxi-

ma in void fraction in the cavity region highlighting bubble trapping in the large scale vortices. 

Downstream of the cavity, the shear layer impacted on the step boundary and some ejection mecha-

nism at the cavity downstream end transported the air bubbles out of the recirculation region. The 

air bubble and water droplet chord sizes and inter-particle arrival time analyses highlighted the dif-

ferent nature of the flow in the cavity recirculation region with a smaller number of smaller chord 

sizes and of smaller inter-particle arrival times for the cavity flow data. Local maxima of void frac-

tions and bubble count rates were also observed in the pooled step cavity with θ = 26.6°. However, 

the magnitude of the air-water flow properties was smaller compared to the flat stepped spillway 

with same channel slope. The air-water flow properties in the porous pooled step cavity (θ = 26.6°) 

showed different shapes compared to the corresponding pooled step with much smaller numbers of 

entrained air bubbles and smaller air concentration in the shear layer and recirculation regions. In-

terestingly almost uniform profiles of interfacial velocity, turbulence intensity and correlation time 

scales were observed in the measurement position just downstream of the porous pool weir which 

might reflect a uniform steady flow through the pool weir pores and smaller cavity recirculations. 

For the stepped chutes with 8.9° slope, a much larger air concentration within the cavity was ob-

served for the flat stepped spillway compared to the pooled step. However, the air concentration ap-

peared smaller compared to the steeper sloped stepped chute with θ = 26.6°. Large scatter of the da-

ta on the pooled stepped spillway was observed in terms of turbulence levels, interfacial velocities 

and correlation scales which seemed to be caused by the irregular cavity recirculation and ejection 

processes for the skimming flow rate. Differences between the flat and pooled step cavity data were 

also observed for the bubble chord times. The flat stepped spillway showed a larger number of 

smaller chord times in the bubbly flow region. The shape of the probability distributions of the bub-

ble chord times in the recirculation zone were in good agreement, but the shape appeared different 

from the flat and pooled stepped spillway data with θ = 26.6°. 
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6.4.2 Quantitative comparison of air-water cavity flow properties 

The air-water flow experiments in the Ph.D. project provided the most detailed and comprehensive 

insights into the cavity flows on stepped spillways comprising five different flat and pooled cavity 

configurations with θ = 8.9° and θ = 26.6° (Figure 6-37; Table 6-5). The experiments were conduct-

ed in the skimming flow regime for similar flow rates and Reynolds numbers respectively (Table 6-

5). In a cavity flow, the Reynolds number is the most characteristic dimensionless parameter be-

cause the cavity flows are linked with shear layer development, momentum exchange between cavi-

ty and mainstream flow and recirculation movements within the step niche. The experiments were 

conducted at the downstream end of the spillways to facilitate a distance of at least three step edges 

downstream of the inception points for a sufficient aeration of the step cavity.  

 

Table 6-5: Experimental flow conditions for the air-water flow experiments in flat and pooled step cavities 

Stepped spillway θ     
[°] 

W 
[m] 

h 
[cm] 

w 
[cm] 

Po   
[-] 

dc/h 
[-] 

qw 

[m2/s] 
Re      
[-] 

Inception 
point 

Step cavity 

Ia: flat 26.6 1.0 10 N/A N/A 1.28 0.143 5.7×105 6 to 7 9-10 

IIb: pooled 26.6 0.52 10 3.1 0 1.29 0.144 5.7×105 6 to 7 9-10 

IIc: pooled porous 26.6 0.52 10 3.1 0.31 1.29 0.144 5.7×105 7 9-10 

IIIa: flat 8.9 0.5 5 N/A N/A 2.66 0.152 6.0×105 9 to 10 20-21 

IIIb: pooled 8.9 0.5 5 5 0 2.66 0.152 6.0×105 8 20-21 
 

The air-water flow results in the region above the step cavities showed similarities for all step con-

figurations and little differences were observed with flow properties at step edges. Within the shear 

layer and the underlying step cavity different flow features were found which reflected the devel-

opment of the shear layer behind the step edge, the cavity recirculation and the cavity ejection pro-

cesses in the step niches. Self-similarities of the characteristic velocities were found and they are 

discussed in section 6.4.3. This section discusses characteristic air-water flow parameters along the 

step cavities for the different step geometries (Figure 6-38). 

Figure 6-38 illustrates characteristic air-water flow parameters along the step cavities for all stepped 

spillway configurations. The air-water flow parameters were measured with double-tip conductivity 

probes and provided information about key air-water flow parameters along the step cavity, in the 

shear layer and cavity regions including the air concentration, the bubble count rate and the turbu-

lence levels. In Figure 6-38, the characteristic parameters are illustrated for the free-stream flow 

above the shear layer which included the mean air concentration Cmean, the maximum bubble count 

rate Fmax and the maximum turbulence levels Tumax. The corresponding air-water flow properties in 

the step cavity and the shear layer region are also shown in Figure 6-38 including the maximum air 
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concentration in the step cavity (Ccavity)max, the maximum bubble count rate in the shear layer 

(Fmax)shear and the maximum turbulence intensity in the shear layer (Tumax)shear. 

The distributions of mean air concentration for all step configurations are illustrated in Figure 6-

38A. The data of GONZALEZ & CHANSON (2004), collected in air-water flows in a step cavity on a 

stepped spillway with 15.9° slope, are added for comparison (Figure 6-38A). All distributions of 

Cmean showed a similar shape with a larger content of air in between the step edges. The differences 

in mean air concentration were largest for the flat steps with θ = 8.9° and θ = 15.9° respectively and 

the values of Cmean were almost twice in between the step edges compared to the step edges. Small-

er differences were observed for the flat step data on the 26.6° slope spillway and the corresponding 

pooled step configurations showed consistently slightly smaller mean air concentration (Figure 6-

38A). The smallest air concentration was observed along the pooled step cavity with slope of 8.9° 

showing much smaller air content in between the (pooled) step edges compared to the correspond-

ing flat step cavity. The smaller mean concentration for the pooled step cavity region might be 

linked with the unsteady flow processes on the pooled stepped spillway including unstable cavity 

recirculation and ejection processes.  

Local maxima in void fraction distributions were observed in a region below the shear layer and 

characteristic maxima of the air concentration in the step cavity (Ccavity)max are shown in Figure 6-

38B. The maximum void fractions reflected the air entrainment process through the shear layer and 

were clearly visible for the flat step cavity geometries in the present study. The pooled step cavities 

exhibited smaller peaks in the void fraction distributions. In Figure 6-38B, the values of (Ccavity)max 

are shown for all geometries and they increased with distance from the (pooled) step edge and 

reached maxima at about the center of the cavity. In the second half of the cavity the maximum void 

fractions decreased again (Figure 6-38B). The comparison of the different step configurations 

showed a much larger air entrainment for the steeper slope with 26.6° which was consistent with 

the visual observations of the cavity aeration. For both stepped spillway slopes, larger values of 

(Ccavity)max were observed for the flat steps which indicated a stronger shear layer development into 

the step niche. It is believed that the pooled weir deflected the mainstream flow into an upward flow 

direction which reduced the shear layer development. Therefore the pooled stepped spillway geom-

etry decreased the aeration of the pooled step cavity significantly which might have negative im-

pacts on cavitation prevention. In Figure 6-38B, additional data are added for the flat stepped chute 

with 26.6° slope which were measured with a single-tip probe. The distribution showed smaller 

values of (Ccavity)max which might be linked with the larger probe tip size compared to the double-tip 

probe data. 
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(A) Mean void fraction Cmean (B) Maximum void fraction in step cavity (Ccavity)max 

(C) Maximum bubble count rate Fmax×dc/Vc (D) Maximum bubble count rate in shear layer (Fmax)shear 

(E) Maximum turbulence intensity Tumax (F) Maximum Tu in shear layer (Tumax)shear 

Figure 6-38: Comparison of characteristic air-water flow parameters along the step cavity on the stepped spillways 
with flat and pooled steps; Double-tip conductivity probe data 
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The maximum bubble frequency above the shear layer Fmax are shown in dimensionless terms in 

Figure 6-38C. The observations showed small variations of bubble count rates in between the step 

edges. For the stepped spillways with θ = 26.6°, the flat steps showed slightly larger values of Fmax 

compared to the corresponding pooled and porous pooled steps. The differences between the flat 

and pooled step for the 8.9° slope were significantly larger and the maximum number of air bubbles 

was about twice as large for the flat stepped spillway. This finding was consistent with the visual 

observations of the air-water flow patterns and was linked with the instabilities on the pooled 

stepped spillway with θ = 8.9°.  

The maxima of bubble count rates in the shear layer (Fmax)shear are shown in Figure 6-38D for all 

step configurations. The results were similar to the maximum values of entrained air bubbles above 

the shear layer with larger values of (Fmax)shear for the flat steps. On the stepped spillway with θ = 

26.6°, larger values of (Fmax)shear were observed in between the step edges and the maximum num-

bers of entrained air bubbles in the shear layer was significantly larger for the flat steps (Figure 6-

38D). This finding was consistent with the observations of smaller maximum air concentration in 

the cavity (Figure 6-38B) and reflected the weaker shear layer on the pooled step spillway. The pool 

weir reduced both the number of entrained air bubbles and the air concentration which was seen in 

the visual observations and in the distributions of the void fractions and bubble count rates along 

the step cavities. For the stepped spillway with θ = 8.9°, a much smaller number of air bubbles was 

entrained in the shear layer for the flat and pooled step configurations (Figure 6-38D) which was 

consistent with the findings of smaller maximum void fractions in the cavity region. It must be not-

ed, that the stepped spillway with 8.9° slope had half the step heights compared to the steeper 

stepped spillway. Significant scale effects were reported in the mainstream flow for geometrically 

scaled stepped spillways in terms of bubble count rate (Appendix G). Therefore it is possible, that 

the smaller step geometry might contribute to the smaller number of air bubbles within the shear 

layer and step cavities. However it appeared that the entrainment of air bubbles into the step cavities 

was reduced for the 8.9° slope.  

The maxima in turbulence intensities above the shear layer Tumax and within the shear layer 

(Tumax)shear are illustrated in Figures 6-38E and 6-38F respectively. Large turbulence maxima were 

observed for all step configurations along the step cavities. A close agreement of maximum turbu-

lence levels in and above the shear layer were recorded for the step cavities with 26.6° slope and for 

the flat stepped spillway with θ = 8.9°. However much larger maximum turbulence intensities were 

found for the pooled stepped spillway with θ = 8.9° which was linked with the instationary air-

water flows (see section 5.4.2.4). 
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6.4.3 Self-similarity of velocity profiles in shear layer 

The measurements with the double-tip conductivity probe provided information about the velocities 

along the step cavities for all stepped spillway configurations. All interfacial velocity distributions 

exhibited self-similarity and followed closely a 1/10th power law independently of the measurement 

position along the cavity and independent of the step configuration. Small differences were ob-

served within the step niche which was linked with the recirculation movements and the positioning 

of the double-tip conductivity probes. The probes were positioned perpendicular to the pseudo-

bottom and were designed to face in mainstream flow direction. Furthermore, small differences 

were observed for the porous pooled cavity in the area just behind the porous pooled weir which 

seemed to be linked with a discharge through the pores.  

Characteristic velocity parameters are illustrated in Figure 6-39 for all step configurations in the 

present study. The dimensionless mean flow velocity Uw/Vc along the step cavity is shown in Fig-

ure 6-39A and the characteristic dimensionless interfacial velocity V90/Vc in Figure 6-39B. All data 

are illustrated as function of the dimensionless position along the step cavity xs/X and compared 

with air-water flow data by GONZALEZ & CHANSON (2004). GONZALEZ & CHANSON (2004) con-

ducted air-water flow experiments with a double-tip probe along a step cavity on a flat stepped 

spillway with θ = 15.9° and step height of 10 cm for a skimming flow rate (dc/h = 1.7, q = 0.219 

m2/s, Re = 8.7 × 105). The distributions of the velocity data in Figure 6-39 showed a relatively uni-

form distribution of both velocity parameters along the cavities for all configurations.  

For the mean flow velocities in Figure 3-39A, a close agreement was observed for the flat and 

pooled steps with θ = 26.6° and the flat steps on the 15.9° slope spillway. Slightly larger mean ve-

locities were recorded in the cavity centre for the flat steps with θ = 8.9° and consistently larger 

mean velocities for the porous pooled step. A significantly smaller mean velocity was observed for 

the pooled step on the 8.9° slope spillway (Figure 6-39A). Similar results were recorded in terms of 

the dimensionless interfacial velocities in Figure 6-39B. A close agreement was seen for the flat 

steps with slopes of 8.9° and 15.9° and slightly larger velocities for the steeper slope with 26.6°. 

Larger interfacial velocities were observed for the (porous) pooled steps with θ = 26.6° which was 

consistent with larger velocities compared to the corresponding flat stepped spillway. Much smaller 

interfacial velocities were observed for the pooled steps with θ = 8.9° which confirmed the finding 

of smaller velocities for the entire flow column for the pooled stepped spillway compared to the 

corresponding flat steps (section 5.4.2.3). 
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(A) Mean flow velocity Uw/Vc (B) Characteristic interfacial velocity V90/Vc 

Figure 6-39: Characteristic air-water flow velocities along the step cavity on the stepped spillways with flat and pooled 
steps; Double-tip conductivity probe data 

 

The velocity data showed further the development of a shear layer behind the upstream step edge 

and the pooled weir edge respectively. The data for all experimental configurations were compared 

with air-water flow data by GONZALEZ & CHANSON (2004) and with the theoretical solutions for 

turbulent free shear layers (RAJARATNAM 1976; SCHLICHTING 1979; SCHETZ 1993). TOLLMIEN 

(1926) developed a solution for the equations of motion in a free shear layer using Prandtl's mixing 

length theorem (RAJARATNAM 1976): 
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where Λ = y/(a' × xs); V0 is the free-stream velocity, xs is the distance along a step cavity and a' is 

an empirical constant: a' = (2 × lm
2/xs

2)1/3 with lm Prandtl's mixing length (GONZALEZ & CHANSON 

2004). GOERTLER's (1942) solution of the equations of motion is based upon a constant eddy viscos-

ity model (RAJARATNAM 1976): 
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where y50 is the location where V/V0 is 50%, K is a constant inversely proportional to the rate of 

expansion of the mixing layer, and erf is the Gaussian error function: 
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where u and j are dimensionless values to define the error function. The interfacial velocity data are 

presented in a self-similar plot in Figure 6-40: i.e., V/V0 as a function of K × (y - y50)/xs where the 

free-stream velocity V0 was chosen as 0.9 × V90 to be consistent with the study of GONZALEZ & 

CHANSON (2004). In Figure 6-40, both Tollmien's and Goertler's theoretical solutions are compared 

with the experimental data. Overall the data for all stepped spillway configurations agreed well with 

the theoretical solutions as well as with the findings of GONZALEZ & CHANSON (2004) with a dif-

ferent cavity shape. Note the discrepancy between experimental data and theory for the negative ve-

locities which was most likely caused by the limitations of the measurement technique: the double-

tip probe was not designed to record negative velocities since the probe support may interfere with 

the sensors. 

 
Figure 6-40: Self-similarity of air-water flow velocities for stepped spillways in the present study; Comparison with 

theoretical solutions 

 

The variable a' in Tollmien's solution and the value K in Goertler's solution were calculated based 

upon a best data fit and the findings are illustrated in Figure 6-41. Note that the values of K for 

some step geometries are not illustrated for the measurement locations downstream of half the cavi-

ty length because it was not possible to measure the location y50 close to the (pooled) step edge due 
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to the design of the conductivity probes. For plane shear layers in mono-phase flows, the values for 

K were deduced from studies by REICHARDT (1942) (data found in SCHLICHTING (1979)), 

LIEPMANN & LAUFER (1947) and WYGNANSKI & FIEDLER (1970). These data in terms of 

GOERTLER's K are compared in Figure 6-41A with the experimental observations of two-phase flow 

data of the present study and of GONZALEZ & CHANSON (2004) for a stepped spillway with a slope 

of 15.9°. For all air-water flow data sets, the values of K were close and tended to increase slightly 

along the step cavity towards typical values for mono-phase flow (Figure 6-41A). In air-water flows 

(GONZALEZ & CHANSON 2004; Present study), the values for TOLLMIEN's a' decreased along the 

step cavities (Figure 6-41B) towards typical mono-phase flow values of a' ≈ 0.09 observed by 

LIEPMANN & LAUFER (1947). Importantly, the data showed a greater expansion rate of the shear 

layer compared to mono-phase flow results. Indeed the rate of growth of the mixing layer is propor-

tional to 1/K (GOERTLER) and a' (TOLLMIEN). 

(A) Comparison of GOERTLER's K  (B) Comparison of TOLLMIEN's a' 

Figure 6-41: Comparison of experimental results with GOERTLER's and TOLLMIEN’s solutions of shear layer of present 
study with air-water flow data by GONZALEZ & CHANSON (2004), and mono-phase flow data (REICHARDT 
1942; LIEPMANN & LAUFER 1947; WYGNANSKI & FIEDLER 1970) 

 

The development of the shear layer along the step cavities is shown in Figure 6-42 for the flat and 

pooled stepped spillways in the present experiments. The characteristic values are presented: the 

edge of the shear layer located where V/V0 = 1 and the shear layer centreline where V/V0 = 0.5. The 

experimental results highlighted the shape of the developing shear layer downstream of the step 

edge. The shear layer data of the present study are compared with the observations of GONZALEZ & 

CHANSON (2004) in Figure 6-42 for measurement locations along the cavity. A close agreement was 

observed for the shear layer positions along the flat step cavities. However the pooled stepped 

spillway configurations for the 8.9° and 26.6° slopes showed larger shear layer edges with stronger 
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scatter of the data. Overall the experimental data highlighted the development of the shear layer in 

flat and pooled step cavities on stepped chutes with slopes between 8.9° and 26.6°. 

 
Figure 6-42: Comparison of shear layer development between the stepped spillway data in the present study and the 

study of GONZALEZ & CHANSON (2004) 

 

6.5 Summary 

Detailed air-water flow experiments were conducted along a step cavity for five different stepped 

spillway configurations with flat, pooled and porous pooled steps and slopes of 8.9° and 26.6°. The 

experiments were conducted for the same flow rates and Reynolds numbers respectively to allow a 

comparison of the results. Visual observations showed the aeration in all step cavities. Much 

stronger aeration and distinctive cavity recirculation was observed for the steeper slope stepped 

spillways (θ = 26.6°). On the stepped spillway with θ = 8.9°, the cavity recirculation and ejection 

processes were irregular, and large instabilities were observed for the pooled stepped spillway. 
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For all stepped spillway configurations, extensive air-water flow experiments were conducted with 

a double-tip conductivity probe. In addition, an array of two single-tip conductivity probes was used 

in the flat step cavity for the steeper sloped spillway. The experiments highlighted the air-water 

flow properties in between the (pooled) step cavities, in the shear layer and in the cavity recircula-

tion region. For all stepped spillways configurations, self-similarities were observed for all air-

water flow properties above the shear layer and the respective distributions were almost identical in 

between the step edges and at the (pooled) step edges. Furthermore self-similarities of interfacial 

velocities in the shear layer were observed for all step cavities. The observations highlighted the 

development of the shear layer behind the (pooled) step edges and the data were in close agreement 

with theoretical solutions.  

In the shear layer and the cavity region, differences were observed for several characteristic air-

water flow properties highlighting the development of the shear layer along the step cavity. Local 

maxima of void fractions and bubble count rates were recorded in the shear layer and the cavity re-

gions highlighting a region of high shear stress along the step cavities. The development was much 

more pronounced for the flat stepped spillways compared to the corresponding pooled steps. Fur-

thermore, it appeared that the shear layer development for the stepped spillway with θ = 8.9° was 

much weaker associated with a smaller number of entrained air bubbles and smaller air concentra-

tion. In addition to the local maxima in air concentration and bubble frequency, the development of 

the shear layer was also reflected in large turbulence levels within the shear layer. Strong mixing 

took place within this region with break-up of air bubbles and formation of small scale vortices be-

hind the step edge.  

For all stepped spillway configurations, differences in air bubble chord sizes were observed be-

tween the cavity zone and the shear layer and the free-stream regions respectively. In the cavity, 

smaller numbers of small chord times were recorded and the air bubbles were comparatively larger 

than in the shear layer and the mainstream flow. Similar findings were also observed for the flat 

step cavity with 26.6° slope in more detailed analyses of the cluster properties and the inter-particle 

arrival times. The air bubbles in the cavity recirculation zone and the shear layer highlighted the dif-

ferences with the mainstream flow. In the shear layer, an increased number of cluster properties was 

observed which reflected the developing shear layer.  

Differences were observed for the flat and pooled stepped spillways for a given slope. For the flat 

stepped spillway, smaller numbers of bubble and smaller air concentrations were found on the 

pooled stepped spillways indicating an effect of the pooled step weir on the shear layer develop-

ment and the interactions between mainstream and cavity flows. In contrast, much larger turbulence 
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levels were recorded in the shear layer of the pooled steps, which was linked with the irregular cavi-

ty recirculations and ejection processes. For the steeper channel slope with θ = 26.6°, the differ-

ences between flat and pooled step cavities were less pronounced, but an effect of the pool weir on 

the cavity flows was found. The pool weir reduced the number of entrained air bubbles and the air 

concentration. The porosity of the pool weirs in the porous pooled configuration reduced the air 

concentration and bubble frequency in the cavity further. 
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7.1 Presentation 

In the Ph.D. project, extensive experiments were conducted on several stepped spillway models 

with θ = 8.9° and θ = 26.6°. The stepped spillway configurations comprised uniform flat steps with 

h = 5 cm and h = 10 cm, non-uniform steps, pooled steps and porous pooled steps (Table 7-1; Fig-

ure 7-1). Table 7-1 lists the key characteristics and flow conditions for the stepped spillway config-

urations and Figure 7-1 sketches the stepped spillways. In previous sections and in several Appen-

dixes, the flow patterns and the macros- and microscopic air-water flow properties were presented 

for all step configurations. In this section, the comparative performances of all stepped spillways 

are discussed including the location of the inception point of free-surface aeration (section 7.2), the 

rate of energy dissipation and residual energy at the downstream end (section 7.3) and the Darcy 

friction factors along the stepped spillways (section 7.4). The differences between the flat and 

pooled stepped spillways in the present study are discussed and compared with further pooled 

stepped spillway studies (section 7.5). The aeration and air-water mass transfer properties for all 

stepped configurations are presented in section 7.6 and compared with results on several flat 

stepped spillways with typical embankment dam slopes (3.4° ≤ θ ≤ 26.6°). The design implications 

of the present stepped spillway configurations are discussed in section 7.7. 

 

Table 7-1: Experimental flow conditions for the stepped spillway configurations 

Configuration Spill-
way 

Nb. of 
steps 

θ 
[°] 

h  
[cm] 

W 
[m] 

w 
[cm] 

qw 
[m2/s] 

dc/h 
[-] 

Re 
[-] 

Uniform flat steps Ia  10 26.6 10 1 N/A 0.009-0.241 0.20-1.81 3.5×104-9.6×105 

Ib  20 26.6 5 1 N/A 0.005-0.230 0.27-3.51 1.9×104-9.1×105 

IIa  10 26.6 10 0.52 N/A 0.008-0.262 0.18-1.91 3.1×104-1.0×106 

IIIa 21 8.9 5 0.5 N/A 0.004-0.234 0.24-3.54 1.6×104-9.3×105 

Non-uniform flat 
steps 
(3 configurations) 

I:  
Config. 
A-C 

11, 15 
& 18 

26.6 5 & 
10 

1 N/A 0.005-0.241 0.13-1.81 1.9×104-9.6×105 

Pooled steps IIb  10 26.6 10 0.52 3.1 0.004-0.267 0.11-1.94 1.5×104-1.1×106 

IIIb 21 8.9 5 0.5 5 0.009-0.233 0.39-3.54 3.4×104-9.3×105 

Porous pooled steps: 
Po = 5% & Po = 31% 

IIc & 
IId 

10 26.6 10 0.52 3.1 0.003-0.282 0.10-2.01 1.3×104-1.1×106 

Alternation of flat 
and pooled steps 

IIIc 21 8.9 5 0.5 0 & 
5 

0.007-0.233 0.52-3.54 5.2×104-9.3×105 
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Figure 7-1: Stepped spillway configurations in the present study; experimental setup and definition of step numbering 

and measurement positions 

 

7.2 Inception point of free-surface aeration 

The location of the inception point of free-surface aeration was recorded for a range of discharges 

(Table 7-1), encompassing nappe, transition and skimming flows for all stepped spillways. The in-

ception point location data LI/ks are illustrated in Figure 7-2 as a function of a Froude number F* 
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(Equation 7-1). Herein LI is the distance from the first step edge to the inception point of free-

surface aeration and ks is the step cavity height normal to the mainstream flow: ks = h×cosθ for flat 

stepped spillways and ks = (h+w)×cosθ for pooled stepped spillways. For the combination of flat 

and pooled steps, the inception point data are presented for the step cavity height definitions used 

for flat and pooled steps respectively (Figure 7-2). The Froude number F* is expressed in terms of 

the step roughness: 

3
s

w

ksing

q
*F


  (7-1) 

The inception point observations were close for all flat and pooled stepped spillway configurations. 

However the data for the configuration with combination of flat and pooled steps (θ = 8.9°) showed 

clear differences linked with a jet flow generated at the upstream end of the spillway (FELDER et al. 

2012a). The position of the jet did not change for the investigated flow rates and the location of the 

inception point of air entrainment remained about constant for the largest flow rates (Figure 7-2). 

All inception point data were compared with three empirical correlations by: 

713.00796.0I *F)(sin719.9
cosh

L



 (CHANSON 1995b); 27° ≤ θ ≤ 53° (7-2) 

*F11.505.1
cosh

LI 


 (CAROSI & CHANSON 2006); θ = 21.8°; 0.45 ≤ dc/h ≤ 1.6 (7-3) 

85.023.0

s

I *F)(sin7.9
k

L
  (THORWARTH 2008); θ = 8.9° & 14.6°; 0.5 ≤ dc/h ≤ 3.6 (7-4) 

The data on the stepped spillway with θ = 26.6° were compared with Equations (7-2) & (7-3), while 

the flat and pooled stepped spillways with θ = 8.9° were compared with Equations (7-2) & (7-4) 

(Figure 7-2). All stepped spillway configurations showed a relatively good agreement with the em-

pirical equations, but differences were observed for the stepped spillway with combination of flat 

and pooled steps (θ = 8.9°). Differences were also visible for the largest flow rates on the flat 

stepped spillway with θ = 8.9° which might be linked with a subjective judgment of the exact loca-

tion of the inception point.  
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Figure 7-2: Locations of inception point of free-surface aeration for all stepped spillway configurations in the present 

study; Comparison with empirical correlations (Equations (7-2), (7-3) & (7-4)) 

 

7.3 Energy dissipation and residual energy 

7.3.1 Energy dissipation performance 

For practical considerations, it is important for a design engineer to quantify the energy dissipation 

rates and the residual energy of stepped spillways. The rate of energy dissipation and the residual 

energy were calculated at the downstream end for all present stepped spillway configurations. The 

quantification was based upon the air-water flow measurements with the double-tip conductivity 

probes. The rate of energy dissipation H/Hmax expressed the percentage of total energy loss along 

the stepped spillway. Hmax was the maximum upstream head above toe Hmax = Hdam + 3/2 × dc, 

where Hdam was the dam height, H was the total head loss H = Hmax – Hres and Hres was the resid-

ual head at the location of measurement: 
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 = 26.6 - Flat steps: Ia, h = 10cm
 = 26.6 - Flat steps: Ib, h = 5cm
 = 26.6 - Non-uniform flat steps: I-Config. A, h = 5cm + 10cm
 = 26.6 - Non-uniform flat steps: I-Config. B, h = 10cm + 2 steps 5cm
 = 26.6 - Non-uniform flat steps: I-Config. C, h = 5cm + 1 step 10cm
 = 26.6 - Flat steps: IIa, h = 10cm
 = 26.6 - Pooled steps: IIb, h = 10cm, w = 3.1cm
 = 26.6 - Porous pooled steps: IIc, h = 10cm, w = 3.1cm, Po = 31%
 = 26.6 - Porous pooled steps: IId, h = 10cm, w = 3.1cm, Po = 5%

 = 8.9 - Flat steps: IIIa, h = 5cm
 = 8.9 - Pooled steps: IIIb, h = 5cm, w = 5cm
 = 8.9 - Flat/pooled steps: IIIc - (ks=(h+w)cos)
 = 8.9 - Flat/pooled steps: IIIc - (ks=hcos)
Correlation CHANSON (1995b) -  = 26.6 (Eq. (7-2))
Correlation [GH_06] -  = 26.6 (Eq. (7-3))
Correlation CHANSON (1995b) -  = 8.9 (Eq. (7-2))
Correlation THORWARTH (2008) -  = 8.9 (Eq. (7-4))
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where d is the equivalent clear water flow depth, Uw the flow velocity (Uw = qw/d) and w the pool 

weir height. 

For all transition and skimming flow discharges on all stepped spillways, the rate of energy dissipa-

tion at the downstream end is presented in Figure 7-3 as a function of the dimensionless drop in el-

evation between the broad-crested weir and the measured step edge zo. Please note that the rate of 

energy dissipation for the stepped spillway with combination of flat and pooled steps was calculated 

for the last two step edges (i.e. a flat and a pooled step edge) (Figure 7-3). All data showed a de-

creasing energy dissipation rate with increasing discharge which was consistent with earlier studies 

on stepped spillways (e.g. MATOS 2000; CHANSON 2001b; FELDER & CHANSON 2009a). All stepped 

spillways dissipated a significant amount of its flow energy. However, differences were observed in 

terms of the energy dissipation performance between different stepped spillway configurations and 

chute slopes. The largest rate of energy dissipation was achieved for the pooled stepped spillway 

configurations with θ = 8.9° which were characterised by significant instationarities of the air-water 

flows (section 5.2.3). A much smaller energy dissipation rate was observed for the corresponding 

flat stepped spillway with h = 5 cm which showed data comparable to the flat stepped spillway with 

h = 5 cm and θ = 26.6° (Figure 7-3).  

All data sets on stepped spillway I (θ = 26.6°) were in relatively close agreement, but small differ-

ences between the different uniform and non-uniform experimental configurations suggested the 

largest energy dissipation rate for the uniform stepped spillway with h = 10 cm. STEPHENSON 

(1988) reported a 10% increase in energy dissipation for non-uniform step heights and the present 

findings did not confirm his observations. However, the differences for uniform step heights of 5 

cm and 10 cm showed scale effects (Figure 7-3; section 3.3.5), which were also observed in earlier 

studies of stepped spillway flows (e.g. BOES 2000a,b; CHANSON & GONZALEZ 2005; FELDER & 

CHANSON 2009b). 

Differences existed also for the stepped spillway configurations on stepped spillway II (θ = 26.6°) 

with smaller energy dissipation rates for the pooled stepped spillway. The finding was the opposite 

of the observations on the flat and pooled stepped spillways with θ = 8.9° which showed larger en-

ergy dissipation rates for the pooled steps. The differences between the flat and pooled step config-

urations are discussed in more detail in section 7.1.5. The porous pooled stepped spillways showed 

the smallest energy dissipation performance. The energy dissipation was caused by momentum ex-

changes between the mainstream flow and cavity regions. The pores in the pooled weir reduced 

both the energetic recirculation motions in the pooled step cavity and the form drag of the steps. 

Furthermore, a small discharge appeared through the pores and contributed to the reduced energy 
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dissipation on the porous pooled stepped spillways. With increasing porosity, the energy dissipation 

performance decreased further.  

 
Figure 7-3: Rate of energy dissipation at the downstream end for all stepped spillway configurations in the present 

study 

 

7.3.2 Residual energy 

Similar findings were seen in terms of the dimensionless residual head Hres/dc measured at the last 

step edge or pool weir edge for all discharges (Figure 7-4). Note that the residual head at the down-

stream end of the stepped chute might be slightly larger than the specific energy at the start of the 

spillway apron. Hence, Figure 7-4 is suitable for design purposes including non-design flow condi-

tions because it is conservative.  

Differences in the residual head were observed for the different step configurations (Figure 7-4) 

which were consistent with the observations of the energy dissipation performance. The lowest re-

sidual head was achieved for the flat channel slope (θ = 8.9°) with smallest residual energy for the 

pooled step configurations. The residual head was almost constant for all discharges on the 8.9° 

sloped spillways. For the other stepped spillway configurations (θ = 26.6°), the residual head de-

creased with increasing discharge for the smaller flow rates, while it was about constant for the 

largest flow rates. The dimensionless residual head for the uniform and non-uniform stepped spill-

way configurations with θ = 26.6° was comparable with aslightly larger residual energy for the uni-

form step height with h = 10 cm. The largest residual energy was observed for the porous pooled 
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 = 26.6 - Porous pooled steps: IId, h = 10cm, w = 3.1cm, Po = 5%
 = 8.9 - Flat steps - step 21: IIIa, h = 5cm
 = 8.9 - Pooled steps - step 21: IIIb, h = 5cm, w = 5cm
 = 8.9 - Flat/pooled steps - step 20: IIIc (pooled step)
 = 8.9 - Flat/pooled steps - step 21: IIIc (flat step)
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stepped spillways (θ = 26.6°) which was linked with the reduced momentum exchange between 

cavity and mainstream flow caused by the pores in the pool weir.  

Please note that for the largest flow rates on the stepped spillway configurations with θ = 26.6°, the 

discharge was not fully developed at the downstream end of the spillway and the residual energy 

might be overestimated (CHANSON 2001b; MEIRELES & MATOS 2009). In Figure 7-4, the residual 

head data were compared with simple design criteria for moderate slope stepped spillways: the up-

per dotted line expressed the median residual energy of a number of experimental data obtained for 

flat stepped spillway slopes smaller than 15.9° and the lower dashed line the median values for flat 

stepped spillway data with slopes 21.8° < θ < 26.6° (FELDER & CHANSON 2009a). Please note that 

the present flat stepped spillway data were not included in the median values. However, the present 

findings agreed reasonable well with previous physical studies on flat stepped spillways with slopes 

between 3.4° and 26.6° and used for the median values shown in Figure 7-4. The differences be-

tween flat and pooled stepped spillway configurations are discussed in more detail in section 7.5. 

 
Figure 7-4: Dimensionless residual energy at the downstream end for all stepped spillway configurations in the present 

study 

 

7.3.3 Executive summary 

For all stepped configurations, a significant amount of the flow energy was dissipated by the 

(pooled) steps. With increasing discharge, the energy dissipation rate decreased. The residual ener-

gy at the downstream end of the stepped chute showed a good agreement with previous experi-

ments. For the flat stepped configurations for both chute slopes (8.9° and 26.6°), the dimensionless 

residual energy was in a range of about Hres/dc = 3 - 4. The residual energy for the non-uniform 
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stepped configurations (θ = 26.6°) was similar to the corresponding flat steps. While the pooled and 

porous pooled step configurations with θ = 26.6° had a residual energy in a similar range, the (po-

rous) pooled configurations had a larger residual energy at the downstream end compared to the 

corresponding flat steps. With increasing porosity the residual head increased. The pooled step de-

sign on a stepped chute with slope of 26.6° does not provide any advantages in terms of energy dis-

sipation performance and residual head. In contrast, the pooled stepped spillway configurations 

with θ = 8.9° showed much smaller residual head and an increased rate of energy dissipation. While 

this design provided advantages in terms of energy dissipation, physical modelling is essential be-

cause of large self-induced instabilities which might be unsuitable for a safe operation of the spill-

way system. Please note that for discharges in the transition flow regime, larger residual energy was 

observed for all configurations and thorough experimental testing is required.  

 

7.4 Flow resistance 

On stepped spillways, significant form losses are caused by the steps (CHANSON 2001b). Additional 

flow resistance might be caused by the pool weir on pooled stepped spillways. The flow resistance 

is commonly expressed by the Darcy-Weisbach friction factor fe (RAJARATNAM 1990; CHANSON 

2001b). The friction factor on a stepped spillway is quantified as the average shear stress in the air-

water flow region downstream of the inception point. CHANSON et al. (2002) argued that neither the 

Darcy-Weisbach formula nor the Gauckler-Manning-Strickler formula can be used satisfactory be-

cause of the dominant form loss contribution. In the present study, no uniform equilibrium flow was 

achieved along the stepped chutes. Therefore the Darcy-Weisbach friction factor was calculated to 

quantify the average shear stress in the gradually-varied flow for the flat and pooled stepped spill-

ways (e.g. CHANSON 1993a): 

 

2
w

f
2

w

Y

0y
f

2
ww

0
e

U

dSg8

U

dyC1Sg8

U

8
f

90



























 (7-6) 

where the friction slope equals Sf = - ∂H/∂x, H is the total head and x is the distance in flow direc-

tion (HENDERSON 1966; CHANSON 2001b). Please note that the Darcy-Weisbach friction factor for 

the stepped spillway with combination of flat and pooled steps was calculated by averaging the fric-

tion factors calculated for the flat and pooled steps respectively (FELDER et al. 2012a). 

The experimental results for all stepped spillway configurations are summarised in Figure 7-5, in 

which the friction factor is plotted as a function of the dimensionless step roughness height ks/DH 
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with DH the equivalent pipe diameter. Figure 7-5 includes all transition and skimming flow data for 

the flat and pooled step configurations. The data are compared with the solution of a simplified ana-

lytical mixing length model, which expressed the pseudo-boundary shear stress: 

K

2
f d


  (7-7) 

where fd is an equivalent Darcy friction factor estimate of the form drag and 1/K is the dimension-

less rate of expansion of the shear layer (CHANSON 2001b; CHANSON et al. 2002). BRATTBERG et al. 

(1998) found in detailed air-water mixing layer experiments in plunging jets that the factor K was 

best fitted by a value of 6 for a velocity between 2 and 6 m/s. 

Overall the stepped spillway configurations with θ = 26.6° had Darcy-Weisbach friction factors be-

tween 0.1 and 0.34 (Figure 7-5). The findings were consistent with the reanalyses of flow resistance 

data showing variations of Darcy friction factors between 0.1 and 0.35 for θ = 15.9° and θ = 21.8° 

(FELDER & CHANSON 2009a). For the stepped spillway configurations with θ = 26.6°, the smallest 

values of fe were observed for the porous pooled steps which confirmed the reduction of form drag 

and momentum exchange by the pores. The flat and pooled stepped spillway data with slope of 8.9° 

differed from the configurations with θ = 26.6° and larger friction factors were observed for the 

pooled step configurations and smaller values of fe for the flat steps. The present findings provide 

guidelines for the practice including more complex stepped configurations. It must be noted howev-

er that physical experiments are essential before implementation to prototype scale due to instabili-

ties for the pooled stepped spillways and for the non-uniform stepped chute with one large drop.  

 
Figure 7-5: Equivalent Darcy friction factors for all stepped spillway configurations 

(h+w)cos/DH [-]

f e
, f

d 
[-

]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
0.012

0.02

0.03

0.04
0.05

0.07

0.1

0.2

0.3

0.4
0.5

0.7

1

1.5

 = 26.6 - Flat steps: Ia, h = 10cm
 = 26.6 - Flat steps: Ib, h = 5cm
 = 26.6 - Non-uniform flat steps: I-Config. A, h = 5cm + 10cm
 = 26.6 - Non-uniform flat steps: I-Config. B, h = 10cm + 2 steps 5cm
 = 26.6 - Non-uniform flat steps: I-Config. C, h = 5cm + 1 step 10cm
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 = 26.6 - Porous pooled steps: IIc, h = 10cm, w = 3.1cm, Po = 31%
 = 26.6 - Porous pooled steps: IId, h = 10cm, w = 3.1cm, Po = 5%
 = 8.9 - Flat steps: IIIa, h = 5cm
 = 8.9 - Pooled steps: IIIb, h = 5cm
 = 8.9 - Combination flat/pooled steps: IIIc
pseudo-boundary shear stress (Eq. (7-7))
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7.5 Comparison with flat and pooled stepped spillway studies 

The comparison of the air-water flow properties on the flat and pooled stepped spillways with θ = 

26.6° and θ = 8.9° respectively showed differences in terms of the bubble count rates, the interfacial 

velocities, the turbulence intensities and the microscopic air-water flow properties (see section 5). 

Differences were also observed between the flat and pooled stepped spillways in terms of energy 

dissipation, residual head and flow resistance (Figures 7-3, 7-4 & 7-5). In this section, the differ-

ences between the flat and pooled stepped spillway data in the present study are discussed in more 

detail in a comparison with reanalysed data of further experimental studies by KÖKPINAR (2004) 

and THORWARTH (2008) on flat and pooled stepped spillways with slopes of 14.6° and 30° respec-

tively (Table 7-2). Table 7-2 lists the pooled step geometries for the comparative analysis of flat and 

pooled steps. Further flat and pooled step configurations with θ = 30° were investigated by ANDRÉ 

(2004) and TAKAHASHI et al. (2008) (Table 7-2). ANDRÉ (2004) and TAKAHASHI et al. (2008) did 

not measure the energy dissipation performances based upon air-water flow properties and used a 

non-intrusive measurement technique downstream of the stepped section. The comparative analysis 

with the air-water flow results is therefore limited to qualitative assessment.  

 

Table 7-2: Experimental studies of flat and pooled stepped spillway experiments: Summary of pooled step geometries  

Reference Slope [°] h [m] l [m] w [m] lw [m] w/l [-] w/h [-] 

Present study 26.6 0.1 0.2 0.031 0.015 0.155 0.31 

8.9 0.05 0.319 0.05 0.015 0.157 1.0 

ANDRÉ (2004) 30 0.06 0.104 0.03 0.026 0.288 0.5 

KÖKPINAR (2004) 30 0.06 0.104 0.03 0.026 0.288 0.5 

THORWARTH (2008) 14.6 0.05 0.192 0.02 0.015 0.105 0.4 

0.03 0.156 0.6 

0.05 0.261 1.0 

TAKAHASHI et al. 
(2008) 

30 0.2 0.347 0.04-0.2 unknown 0.11-0.58 0.2-1 

 

The present data were compared with the other experimental studies in terms of the rate of energy 

dissipation, residual energy and friction factors (Figure 7-6). For the spillway with θ = 26.6°, the 

experimental data for the flat stepped spillway showed a larger rate of energy dissipation compared 

to the pooled configurations with same slope for discharges in the skimming flow regime. In transi-

tion flows, the pooled stepped spillway showed the largest rate of energy dissipation (Figure 7-6A). 

This finding contradicted the observations on the flat and pooled stepped spillways with θ = 8.9 and 

θ = 14.6° which showed the largest rate of energy dissipation on the pooled stepped spillways. 

THORWARTH (2008) investigated different ratios of pool weir height w to step height h and step 

length l respectively (Table 7-2). The reanalysed data showed larger energy dissipation for all 
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pooled stepped spillway experiments (Figure 7-6A). The reanalysis of KÖKPINAR's (2004) data 

showed on the other hand little difference between the flat and pooled stepped spillway perfor-

mances. The data of KÖKPINAR (2004) showed a smaller decrease in energy dissipation rate with 

increasing discharge, compared to the other data sets. On a 30º slope, the results by both 

TAKAHASHI et al. (2008) and ANDRÉ (2004) showed little difference in energy dissipation perfor-

mance between the flat and pooled step data. 

The residual energies for the flat and pooled stepped spillway configurations in the present study 

were compared with reanalysed data of THORWARTH (2008) and KÖKPINAR (2004) (Figure 7-6B). 

The data were compared in terms of the dimensionless residual head Hres/dc as a function of the di-

mensionless discharge dc/h (Figure 7-6B). For the stepped chute with θ = 26.6°, the residual head 

was smallest for the flat stepped spillway in the skimming flow regime compared to the correspond-

ing pooled stepped spillway. In contrast, the residual energy on the stepped spillway with θ = 8.9° 

and the reanalysed data of THORWARTH (2008) showed smaller residual heads for the pooled 

stepped spillways while the dimensionless residual head remained almost constant for the investi-

gated discharges (Figure 7-6B). The reanalysed data of KÖKPINAR (2004) yielded much larger re-

sidual energy for both flat and pooled steps (θ = 30°). The physical explanation for the larger values 

of Hres/dc for KÖKPINAR’S (2004) data is unknown. However, the residual head for the flat stepped 

spillway was smaller for all discharges. This observation was in agreement with the present findings 

of smaller residual head for the flat stepped spillway with similar channel slope (θ = 26.6°).  

The equivalent Darcy friction factors were compared for the stepped spillway configurations in 

Figure 7-6C as a function of the dimensionless step cavity roughness height (h+w)×cosθ/DH. All 

data for the stepped spillway with θ = 26.6° showed scatter within 0.15 < fe < 0.28 for skimming 

flows (Figure 7-6C). There was no clear trend in terms of flow resistance. Larger friction factors 

were observed for smaller flow rates fe ≈ 0.3. On flat slopes (θ = 8.9° and θ = 14.6°), the friction 

factors were significantly smaller on the flat stepped spillways compared to the pooled steps. That 

is, the friction factor on the flat stepped spillways was fe ≈ 0.1. For the pooled stepped spillways 

with θ = 14.6°, fe ≈ 0.19 and fe ≥ 0.3 on the 8.9° sloped pooled stepped spillway (Figure 6-7C). For 

the pooled stepped spillway with θ = 8.9°, the larger friction factors were observed for the transition 

flow regimes which exhibited strong instationary air-water flows. The observations in the present 

study agreed with the friction factor measurements in a homogenous flow by ANDRÉ (2004) on flat 

and pooled stepped spillways with θ = 30°, showing little difference between flat and pooled steps. 

Overall the present analysis implied that the chute slope had a large impact upon the rate of energy 

dissipation and the residual energy for both flat and pooled stepped spillways. On the steeper slopes 
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(26.6° and 30°), smaller residual energy was achieved on the flat stepped spillway configuration, 

while the residual energy was smaller for the pooled stepped spillway configuration on the flat 

slopes (8.9° and 14.6°). For the pooled stepped spillways with slopes of 14.6° and 8.9°, instabilities 

existed which might have enhanced the energy dissipation performance. The reanalysed data of 

THORWARTH (2008) and the studies by ANDRÉ (2004) and TAKAHASHI et al. (2008) showed that the 

pool weir height did not affect the rate of energy dissipation significantly. 

On the stepped chute with θ = 26.6°, the pool weir did not enhance the flow resistance, contrarily to 

the flat slope observations even though the rate of pool weir height to step length was identical. The 

pool weirs on the stepped spillway with θ = 26.6° showed little effects upon the friction factors de-

spite data scatter. Although the weir did not affect the flow resistance for the slope of 26.6°, it 

would be interesting to investigate the effect of larger weir height on the energy dissipation rate and 

the flow resistance for the same channel slope. 

(A) Rate of energy dissipation at the downstream end (B) Residual energy at the downstream end 

(C) Equivalent Darcy-Weisbach friction factors 

 

(D) Legend for Figures 7-6 (A)-(C) 

Figure 7-6: Energy dissipation rate, residual energy and friction factors for flat and pooled stepped spillways; Com-
parison of present data with reanalysed data of THORWARTH (2008) and KÖKPINAR (2004) 
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7.6 Aeration and air-water mass transfer 

7.6.1 Presentation 

Stepped spillways are characterised by significant aeration downstream of the inception point of air 

entrainment. The air-water flows are highly complex and strong energetic interactions between air 

bubbles and water droplets take place. The quantification of the aeration is an important design pa-

rameter and for all present experimental configurations, the air concentration and the number of en-

trained air bubbles were measured and presented throughout the thesis. A comparison of the aera-

tion and the air-water mass transfer for the present stepped spillways and further flat uniform 

stepped spillways with typical embankment dam slopes (3.4° ≤ θ ≤ 26.6°) are presented in this sec-

tion (Table 7-3).  

 

Table 7-3: Experimental configurations of aeration and air-water mass transfer experiments on the present and further 
stepped spillways with flat steps (3.4° ≤ θ ≤ 26.6°) 

Reference Slope 
[°] 

W 
[m] 

h 
[cm] 

qw 
[m2/s] 

dc/h 
[-] 

Conductivity 
probe 

Sampling 
rate/ du-

ration 

Inflow Comment 

CHANSON (1997b) 4.0 0.5 N/A 0.142-
0.164 

N/A Double-tip (Ø 
= 0.025 mm) 

40 kHz / 
5.12 s 

Nozzle Smooth chute (L = 25 
m) for comparison 

CHANSON & 
TOOMBES (2002b) 

3.4 0.5 14.3 0.08-
0.15 

0.61-
0.92 

Single-tip (Ø 
= 0.35 mm) 

5 kHz / 
60 s 

Nozzle 10 steps, (L = 25 m) 

TOOMBES & 
CHANSON (2005) 

3.4 0.5 14.3 0.08-
0.15 

0.61-
0.92 

N/A N/A Nozzle 10 steps, (L = 25 m); 
Dissolved oxygen 
measurements 

CHANSON & 
TOOMBES (2002b) 

3.4 0.5 7.15 0.08-
0.15 

1.21-
1.85 

Single-tip (Ø 
= 0.35 mm) 

5 kHz / 
180 s 

Nozzle 18 steps , (L = 25 m) 

OHTSU et al. (2004) 5.7 & 
11.3 

0.4 0.63
-5.0 

0.02-
0.08 

1.25-
14.3 

Single-tip (Ø 
= 0.1 mm) 

2 kHz / 
60 s 

Smooth 
crest 

Hdam between 30 and 70 
cm   

THORWARTH 
(2008) 

14.6 0.5 5 0.05-
0.234 

1.27-
3.55 

Double-tip (Ø 
= 0.13 mm) 

30 kHz / 
40 s 

Broad-
crest 

26 steps 

CHANSON & 
TOOMBES (2002a) 

15.9 1.0 10 0.069-
0.188 

0.78-
1.53 

Double-tip (Ø 
= 0.025 mm) 

20 kHz / 
20 s 

Broad-
crest 

9 steps 

GONZALEZ (2005) 15.9 1.0 5 & 
10 

0.021-
0.220 

0.6-
3.2 

Double-tip (Ø 
= 0.025 mm) 

20 kHz / 
20 s 

Broad-
crest 

9 & 18 steps 

BUNG (2009) 18.4 0.3 3 & 
6 

0.07-
0.11 

2.65-
3.58 

Double-tip (Ø 
= 0.13 mm) 

25 kHz / 
25 s 

Broad-
crest 

Hdam = 2.4 m; Addi-
tional dissolved oxygen 
measurements  

GONZALEZ (2005) 21.8 1.0 10 0.114-
0.220 

1.1-
1.7 

Double-tip (Ø 
= 0.025 mm) 

20 kHz / 
20 s 

Broad-
crest 

10 steps  

CAROSI & 
CHANSON (2006) 

21.8 1.0 10 0.095-
0.180 

1.0-
1.57 

Double-tip (Ø 
= 0.25 mm) 

20 kHz / 
45 s 

Broad-
crest 

10 steps  

FELDER & 
CHANSON (2008a) 

21.8 1.0 5 0.059-
0.158 

1.17-
3.16 

Double-tip (Ø 
= 0.25 mm) 

20 kHz / 
45 s 

Broad-
crest 

20 steps  

Present study 8.9 0.5 5 0.035-
0.234 

1.0-
3.55 

Double-tip (Ø 
= 0.13 mm) 

20 kHz / 
45 s 

Broad-
crest 

21 steps; Spillway III; 
flat and pooled step 
configurations 

26.6 1.0 5 & 
10 

0.020-
0.227 

0.69-
3.30 

Double-tip (Ø 
= 0.25 mm) 

20 kHz / 
45 s 

Broad-
crest 

10 & 20 steps; Spillway 
I; flat and various non-
uniform configurations 

26.6 0.52 10 0.008-
0.282 

0.18-
2.01 

Double-tip (Ø 
= 0.25 mm) 

20 kHz / 
45 s 

Broad-
crest 

10 steps; Spillway II; 
flat and various pooled 
step configurations 
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Table 7-3 lists the experimental configurations for which the aeration performances are compared. 

Please note, that the stepped spillway models had different step heights and channel length which 

affected the air entrainment. It was argued by CHANSON & TOOMBES (2001a) and CHANSON 

(2006b) that no equilibrium flow conditions existed on stepped spillways. The experiments of 

FELDER & CHANSON (2009b) confirmed these findings and indicated characteristic seesaw patterns 

in the skimming flow regime. In particular the bubble count rate F did not reach an equilibrium val-

ue and the number of entrained air bubbles increased with increasing distance downstream of the 

inception point. Furthermore, Table 7-3 lists differences in conductivity probe tip sizes. As dis-

cussed by CAROSI & CHANSON (2006), the size of the conductivity probe tip affects the size of the 

smallest detectable air bubble and hence the total number of detected bubbles increases with de-

creasing tip size.  

 

7.6.2 Aeration performance 

A typical parameter for the characterisation of the aeration is the mean air concentration Cmean 

which describes the depth-averaged air content. The mean air concentration for the flat and pooled 

step configurations in the present study were compared with further flat stepped spillways with em-

bankment dam slopes at the downstream end of the stepped chutes (Figure 7-7). The data were pre-

sented as a function of the channel slope to investigate the effect of the slope upon the aeration. In 

Figure 7-7, the mean air concentration for the skimming flow discharges on the stepped spillways 

are compared with aeration data from a smooth spillway with θ = 4°, with the uniform equilibrium 

data of STRAUB & ANDERSON (1958) on a smooth spillway with various channel slopes and with an 

equilibrium air concentration Ce = 0.9×sinθ.  

While the aeration on the smooth spillway compared well with the equilibrium aeration, the mean 

air concentration for the stepped spillway data exceeded the equilibrium aeration level for stepped 

spillways with θ ≤ 21.8°. It appeared that the mean air concentration was largest for the flat stepped 

spillways with θ = 21.8°. Interestingly, the mean air concentration was significantly smaller for the 

flat and pooled stepped spillways with θ = 26.6°. It appeared that the stepped spillway with θ = 

21.8° might be optimum in terms of air concentration. This stepped spillway slope might be best 

suited for a design for an optimum aeration performance. Please note, that Figure 7-7 compared 

solely skimming flow data and that the aeration within the nappe and transition flow regimes were 

larger for all stepped spillways. OHTSU et al. (2004) argued that a stepped spillway with θ = 19° 

might be an optimum design in terms of flow resistance and the present findings showed a similar 

trend. CHANSON (2001b) showed the effect of stepped spillway slopes upon the mean air concentra-



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

 7 Comparative performance of the stepped spillways 249

tion for stepped chutes with slopes exceeding 20°. For all stepped spillway data in the gradually 

varied flows, the mean air concentration was below the uniform equilibrium air concentration. 

However, for the largest stepped chute slopes (θ > 50°), the mean air concentration was larger than 

the values of Cmean on the spillway with θ = 21.8°. 

 
Figure 7-7: Depth-averaged air concentration on stepped spillway configurations with embankment dam slopes (3.4° ≤ 

θ ≤ 26.6°) in skimming flows; Present step configurations with flat stepped spillway data, data on a smooth 
flat chute and the equilibrium air concentration on flat smooth chutes; Note the different conductivity probe 
sizes 

 

A further characteristic parameter for the quantification of the air entrainment performance is the 

maximum number of entrained air bubbles Fmax. In all experiments, the maximum bubble count rate 

was observed in the intermediate flow region for air concentrations of about 0.4 < C < 0.6. The in-

termediate flow region was characterised by strong air bubble and water droplet interactions which 

were affected by free-surface waves (Appendix H). Very energetic processes took place in this re-

gion and the largest turbulent levels and the largest integral turbulent scales were observed. The 

comparison of the maximum number of entrained air bubbles is illustrated in Figure 7-8 as a func-

tion of the chute slope for the step edges at the downstream end. For all stepped spillways, a signifi-

cant number of air bubbles was entrained even though the flattest stepped chute slope indicated a 

smaller number of entrained bubbles (θ = 3.4°). The largest maxima in bubble count rate were ob-

served for stepped spillways with θ = 15.9° and θ = 21.8°. However, it must be noted, that the sen-

Slope  []

C
m

ea
n;

 C
e 

[-
]

0 5 10 15 20 25 30 35 40 45
0

0.05
0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45
0.5

0.55
0.6

0.65

Ia: Flat steps ( = 26.6°, h = 10 cm)  = 0.25mm
Ib: Flat steps ( = 26.6°, h = 5 cm)  = 0.25mm
IIa: Flat steps ( = 26.6°, h = 10 cm)  = 0.25mm
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IIIa: Flat steps ( = 8.9°, h = 5 cm)  = 0.13mm
IIIb: Pooled steps ( = 8.9°, h = 5 cm, w = 5 cm)  = 0.13mm
Smooth spillway ( = 4°) [CHANSON 1997b]  = 0.35mm
Smooth spillway ( = 4°) [CHANSON 1997b]  = 0.025mm
Flat steps ( = 3.4°, h = 14.3 cm) [TOOMBES & CHANSON 2005]  = 0.35mm
Flat steps ( = 3.4°, h = 7.15 cm) [TOOMBES & CHANSON 2005]  = 0.025mm
Flat steps ( = 5.7°, h = 0.625 - 5 cm) [OHTSU et al. 2004]  = 0.1mm

Flat steps ( = 11.3°, h = 0.625 - 5 cm) [OHTSU et al. 2004]  = 0.1mm
Flat steps ( = 14.6°, h = 10 cm) [THORWARTH 2008]  = 0.13mm
Flat steps ( = 14.6°, h = 5 cm) [THORWARTH 2008]  = 0.13mm
Flat steps ( = 15.9°, h = 10 cm) [CHANSON & TOOMBES 2002a]  = 0.025mm
Flat steps ( = 15.9°, h = 10 cm) [GONZALEZ 2005]  = 0.025mm
Flat steps ( = 15.9°, h = 5 cm) [GONZALEZ 2005]  = 0.025mm
Flat steps ( = 18.4°, h = 6 cm) [BUNG 2009]  = 0.13mm
Flat steps ( = 21.8°, h = 10 cm) [CAROSI & CHANSON 2006]  = 0.25mm
Flat steps ( = 21.8°, h = 5 cm) [FELDER & CHANSON 2008a]  = 0.25mm
Ce = 0.9sin
Ce (Smooth spillway data) [STRAUB & ANDERSON 1958)
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sor tip size was smallest for some of these experiments which led to a larger bubble count rate. The 

comparison of bubble count rates with same tip size indicated that the number of entrained air bub-

bles might be similar for the larger embankment dam slopes (θ = 21.8° and θ = 26.6°). Furthermore, 

the distance between measurement position at the downstream end and the inception point of free-

surface aeration was different. In particular the length of the aerated flow was larger for the smaller 

channel slopes (θ = 3.4° and θ = 8.9°) compared to the steeper channels. Hence, the comparison of 

the maximum number of entrained air bubbles suggested an increase of bubble count rates with in-

creasing channel slope for embankment dams (Figure 7-8). It must be noted that no uniform equi-

librium flow conditions existed and the bubble count rate might increase further with increasing dis-

tance from the inception point. Furthermore it must be noted that the bubble count rate was affected 

by scale effects as shown in Appendix G and the comparison of the maximum number of entrained 

air bubbles might be inaccurate. Overall, the comparative analyses suggested an increase of Fmax 

with increasing channel slope, but further investigations are needed to eliminate effects of different 

scaling, different conductivity probe tip size and different downstream distance from the inception 

point of air entrainment. 

 
Figure 7-8: Dimensionless maximum bubble count rate in a cross-section on stepped spillway configurations with em-

bankment dam slopes (3.4° ≤ θ ≤ 26.6°); Comparison of present step configurations with flat stepped spill-
way data and data on a smooth flat chute; Note the different conductivity probe sizes 
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Smooth spillway ( = 4°) [CHANSON 1997b]  = 0.025mm
Flat steps ( = 3.4°, h = 14.3 cm) [TOOMBES & CHANSON 2005]  = 0.35mm

Flat steps ( = 3.4°, h = 7.15 cm) [TOOMBES & CHANSON 2005]  = 0.35mm
Flat steps ( = 15.9°, h = 10 cm) [CHANSON & TOOMBES 2002a]  = 0.025mm
Flat steps ( = 15.9°, h = 10 cm) [GONZALEZ 2005]  = 0.025mm
Flat steps ( = 15.9°, h = 5 cm) [GONZALEZ 2005]  = 0.025mm
Flat steps ( = 21.8°, h = 10 cm) [GONZALEZ 2005]  = 0.025mm
Flat steps ( = 21.8°, h = 10 cm) [CAROSI & CHANSON 2006]  = 0.25mm
Flat steps ( = 21.8°, h = 5 cm) [FELDER & CHANSON 2008a]  = 0.25mm
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7.6.3 Air-water mass transfer 

The analyses of the air-water interfaces did not only provide information about the number of en-

trained air bubbles, but also about the air bubble and water droplet chord sizes. The chord sizes did 

not represent the exact sizes of the particles, but were a characteristic indicator for the air-water in-

terfaces. The probability analyses of the air-water interfaces showed that most air bubble and water 

droplet chords had a lengths scale of about 1 to 3 mm for all stepped spillways. All probability dis-

tribution functions of the chord sizes followed log-normal correlations. The comparison of the bub-

ble and droplet chord sizes for stepped spillways with different slopes might show an effect of the 

channel slope upon the chord sizes. The recording of the air-water interfaces is affected by the 

probe tip diameter and the comparison of the present stepped spillways with θ = 8.9° and θ = 26.6° 

was not possible. Furthermore scale effects were observed for geometrically scaled stepped spill-

way models (Appendix G). 

The aeration potential of the stepped spillways can be estimated using the air water mass transfer. 

The air-water mass transfer between two interfaces depends upon the concentration gradient. The 

mass transfer rate is stated in Fick's Law, which expresses the mass transfer rate as function of the 

diffusion coefficient and of the gradient of gas concentration. In stepped spillway flows, the air-

water mass transfer is linked with entrainment of air bubbles and strong air-water interactions in the 

highly-turbulent flow mixture. Therefore the air-water mass transfer is associated with the air-water 

interface area and the concentration gradient between air and water. The air phase in water consists 

of a volatile liquid (e.g. oxygen) and the mass transfer equation can be expressed as (CHANSON 

2001b; TOOMBES 2002; TOOMBES & CHANSON 2005): 

 gassatLgas CCakC
t





 (7-8) 

where Cgas is the local concentration of the dissolved gas, Csat is the concentration of dissolved gas 

in water at equilibrium (herein Csat ≈ 0 mg/l) (GULLIVER 1990), kL is the liquid film coefficient and 

a is the specific interfacial area. The liquid film coefficient was a factor for the mass transfer and 

almost constant for all bubble chord sizes and flow conditions (KAWASE & MOO-YOUNG 1992): 
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where μw and ρw are the dynamic viscosity and density of water  respectively and Dgas is the molec-

ular diffusivity for oxygen (FERRELL & HIMMELBLAU 1967): 

3892.7
K

27
gas T1016793.1D    (for O2) (7-10) 
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The molecular diffusivity for oxygen was calculated for a temperature in Kelvin TK = 293° (i.e. 20° 

Celsius). The calculation of the aeration efficiency was based upon oxygen to allow a comparison 

with direct dissolved oxygen measurements on stepped spillways by TOOMBES (2002) and BUNG 

(2009). The significant concentration of nitrogen in the atmosphere was neglected herein, but com-

parative analyses showed little effect upon the aeration efficiency. 

Following TOOMBES (2002), the specific interface area for any bubble shape and chord size distri-

bution can be estimated as: 

V

F4
a


  (7-11) 

The interface area is proportional to the number of entrained air bubbles F and to the interfacial ve-

locity V. The aeration efficiency was therefore improved by large numbers of small entrained air 

bubbles and slow flow velocities. 

Equation (7-8) may be transformed to account for the mass transfer between successive cross-

sections: 
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 (7-12) 

where x is the longitudinal distance along the stepped chute, Uw the mean flow velocity and amean 

the depth-averaged specific interfacial area measured with a conductivity probe:  
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In stepped spillway flows, the overall gas transfer may be quantified integrating Equation (7-12) 

along the stepped chute from the inception point of air entrainment until the downstream end. The 

aeration efficiency in terms of oxygen E(O2) can be expressed as (TOOMBES 2002; TOOMBES & 

CHANSON 2005): 
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  (7-14) 

where (Cgas)u/s is the upstream dissolved gas concentration and (Cgas)d/s the dissolved gas concentra-

tion at the downstream end of the stepped chute. 

For all present experiments, the aeration efficiency was calculated based upon conductivity probe 

measurements. The aeration efficiency E(O2) for the present stepped spillways and for further flat 

stepped chute data are illustrated in Figure 7-9 in dimensionless terms per meter drop in invert ele-
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vation zo as a function of the dimensionless rate of energy dissipation H/Hmax. Please note that 

for stepped spillway III (θ = 8.9°) the data set was limited because the air-water flow measurements 

were only possible in the lower part of the spillway model. In Figure 7-9, further data are added 

which were measured based upon direct dissolved oxygen (DO) measurements (TOOMBES 2002; 

TOOMBES & CHANSON 2005; BUNG 2009). All data were in relatively close agreement, but an en-

hanced aeration efficiency was observed for experiments with smallest double-tip probe sizes which 

increased the number of detected bubbles and hence the interface area. All data showed a monoton-

ic increase of aeration efficiency with increasing rate of energy dissipation. The relationship was 

best correlated by a power law for all data based upon conductivity probes and dissolved oxygen 

measurements: 
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 (7-15) 

 

Figure 7-9: Aeration efficiency per meter drop in invert elevation E(O2)/zo in terms of dissolved oxygen at 20° Celsius 
at the downstream end of the stepped chute; Comparison of present stepped spillway data with further flat 
stepped spillway data with embankment dam slopes (3.4° ≤ θ ≤ 26.6°); Comparison between dissolved oxy-
gen (DO) measurements, the integration of the mass transfer Equation (7-12) and best fit correlation 
(Equation (7-15)); Note the different conductivity probe sizes 
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The present findings confirmed the results of FELDER & CHANSON (2009a) who linked the aeration 

rate of the flow to the energy dissipation. The air-water flows were highly turbulent with strong in-

teractions between different regions of the flow including the cavity recirculations, the intermediate 

flow region and the free-surface aeration. The present findings indicated that a large proportion of 

the kinetic energy was dissipated in the flow region with strong air-water interactions within the in-

termediate flow region (0.3 < C < 0.7). This flow region was characterised by large numbers of en-

trained air bubbles, largest numbers of interface areas and strong turbulence levels. The results 

highlighted the important role of the intermediate flow region for the energy dissipation and for the 

aeration efficiency. 

 

7.7 Design implications 

The stepped spillways in the Ph.D. project comprised a range of flat, pooled, porous pooled and 

non-uniform step configurations with typical embankment dam slopes of θ = 8.9° and θ = 26.6°. In 

a comparative study, differences between the configurations were found in terms of the flow pat-

terns and of the macros- and microscopic air-water flow properties. Furthermore, additional design 

parameters for all stepped spillway configurations were compared including the rate of energy dis-

sipation, residual energy, friction factors and aeration performances. For the flat stepped spillways, 

the experimental results confirmed the findings in earlier studies of flat stepped spillways and the 

existing design guidelines are suitable.  

For the more complex stepped spillway designs with non-uniform steps, pooled steps and porous 

pooled steps, the present results yielded design recommendations. The comparison of the non-

uniform stepped spillway configurations with the corresponding flat stepped spillways showed only 

small differences between all configurations in terms of energy dissipation and flow resistance. The 

present findings indicate that the design of stepped spillways with non-uniform step heights did not 

enhance the energy dissipation at the chute downstream end. However, differences were observed 

in terms of the flow patterns and air-water flow properties. For the smaller discharges, the non-

uniform step configurations showed flow instabilities, larger flow depth and stronger splashing. In 

particular, the non-uniform stepped spillway with large drop exhibited large aeration and major 

flow bulking downstream of the drop for smaller flow rates. For all non-uniform stepped spillways, 

the instabilities decreased with increasing discharges and the air-water flow properties were compa-

rable to the corresponding flat stepped spillways. Overall, the results provided practical information 

for alternative designs of stepped spillways with non-uniform step heights. While the combination 
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of different step heights yielded a similar rate of energy dissipation, the flows were affected by in-

stabilities and the final design should be tested with thorough physical modeling. 

Extensive investigations of various pooled stepped spillway designs indicated differences between 

steep and flat embankment dam slopes. For the flatter slope (θ = 8.9°), the pooled stepped spillway 

and the stepped spillway with combination of flat and pooled steps showed an enhanced energy dis-

sipation performance, a reduction in residual energy and larger friction factors compared to the cor-

responding flat stepped spillway. However, the pooled step configurations exhibited strong self-

induced instabilities which were observed for a range of discharges. The instationarities comprised 

large jump waves which propagated downstream increasing the flow depths and leading to strong 

splashing. Even though the pooled steps yielded a better energy dissipation performance, from a de-

sign perspective, the pooled step design on flat channel slopes might be unsuitable for a safe opera-

tion of the structure. An incident on the Sorpe dam pooled stepped spillway was documented and 

illustrated by CHANSON (2001b) and THORWARTH (2008).  

For the steeper pooled stepped spillway (θ = 26.6°) with same ratio of pool weir height to step 

length (but with a different pool weir height to step height ratio), the experiments highlighted a re-

duced energy dissipation performance and an increased residual head for the pooled steps compared 

to the corresponding flat step design. This finding was linked with an increased flow velocity and 

an increased equivalent clear water depth in the aerated flow region. For small flow rates, instabili-

ties were observed in the nappe flow regime which did not have a major impact upon the air-water 

flow patterns. The pooled step design did not provide any advantageous in terms of energy dissipa-

tion rate and flow patterns and the flat step design is the preferred option. Furthermore, it must be 

noted, that larger pool weir heights might lead to larger instabilities and impact negatively on the 

safe flow performance of such a hydraulic structure. The replacement of the pooled weir with two 

configurations of porous pooled weirs (Po = 5 % and Po = 31%) did show similar air-water flow 

properties compared to the pooled step configuration with same channel slope (θ = 26.6°). Howev-

er, larger velocities were observed on the porous pooled step configurations and the energy dissipa-

tion rates were smaller compared to the pooled stepped spillway. The porosity in the pooled weir 

led to a reduced momentum exchange between the cavity and the mainstream flow resulting in re-

duced energetic processes of form drag and cavity recirculation. With increasing porosity, the flow 

resistance and the energy dissipation performance were further reduced. No instabilities were ob-

served on the porous pooled steps and the flow depth was reduced. For a design engineer, this con-

figuration might have special relevance because pooled stepped spillways are typically equipped 

with a drainage system in the pool weirs and the porosity of Po = 31% was equivalent to a permea-
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bility of gabion weirs. The present findings indicated that the introduction of porosity might reduce 

the energy dissipation performance and prototype designs must take this into account to not allow 

the underperformance of porous stepped spillways. Please note, that the current study was limited to 

one pore size and a systematic study of scale effects for different pore sizes as well as same porosity 

for different step and pool weir heights seems necessary before extrapolation to a prototype scale.  

Overall, the stepped spillway design with flat uniform steps appeared to be the preferred design in 

terms of energy dissipation performance and stability of flow patterns for θ = 8.9º to 26.6º. In situa-

tions for which a more complex stepped spillway design is needed, the present findings provided 

valuable information and demonstrated that further physical investigations must be conducted be-

fore any implementation in a prototype environment. 
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8 Conclusion 

8.1 Presentation of thesis work 

Stepped spillways are characterised by a large energy dissipation and aeration performance. These 

features can be advantageous for designs of flood release facilities of hydraulic structures decreas-

ing the size of the downstream stilling basin. Multiple experimental studies of stepped spillways 

were conducted to find design guidelines. In the past decade, the research focus shifted to stepped 

chutes with slopes typical for embankment dams and to the investigation of the flow physics of the 

complex air-water flows. Despite advances in the understanding of the interplay between cavity re-

circulation and free-surface aeration on macros- and microscopic level, the air-water flow processes 

are still not completely researched up to today. 

In the Ph.D. project, extensive experiments were conducted on three large size stepped spillway 

models with typical embankment dam slopes of 8.9º and 26.6º and step heights of 5 cm and 10 cm. 

In total, 12 stepped spillway configurations were investigated comprising uniform flat steps, non-

uniform flat steps, pooled steps, porous pooled steps and combination of flat and pooled steps. For 

all stepped configurations, the flow patterns were observed for a range of discharges from very 

small to maximum flow rates (typically used as design discharge) in the skimming flow regime. For 

all experiments, double-tip conductivity probes were used to measure the air-water flow properties 

at all step edges downstream of the inception point of free-surface aeration for a range of discharges 

per unit width 0.003 ≤ qw ≤ 0.282 m2/s and Reynolds numbers of 1.3 × 104 ≤ Re ≤ 1.1 × 106. The 

air-water flow properties were calculated with self-designed software and comprised the distribu-

tions of void fraction, bubble count rate, interfacial velocity, turbulence intensity, auto- and cross-

correlation time scales, air bubble and water droplet chord sizes, inter-particle arrival times and the 

cluster characteristics. Additional air-water flow measurements were performed with an array of 

two single-tip conductivity probes with various transverse spacing and the integral turbulent time 

and length scales were calculated.  

In addition to measurements at the step edges, measurements along the step cavities were conducted 

for several stepped configurations to provide a better understanding of the cavity flows and the 

shear layer development. In some pooled step configurations, strong self-induced instationarities 

were observed and a nivel triple decomposition technique for the air-water flow raw signal was de-

veloped to identify the contribution of slow and fast fluctuating flow motions to the turbulence ve-

locity fluctuations. The comparative analyses of all stepped spillway configurations highlighted the 

strong energy dissipation and aeration performances. Further, a relationship was observed which 

linked the energy dissipation rate to the aeration performance highlighting the importance of the 
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flow region with largest air-water interactions to the energy dissipation. Differences were observed 

between the investigated stepped chutes and the best stepped design in terms of energy dissipation 

and flow stability appeared the flat stepped design. The present findings provided novel design sug-

gestions for more complex step designs which require thorough physical modeling before full-scale 

implementation.  

 

8.2 Review of key thesis outcomes 

8.2.1 Research results: Stepped spillways with flat uniform steps 

Extensive experiments were conducted on flat stepped spillways with slopes of 26.6º and 8.9º and 

uniform step heights of 5 and 10 cm. All flat stepped spillways exhibited typical flow patterns in the 

nappe, transition and skimming flows. Small differences were observed including a reduced air en-

trainment and undular free-surface skimming flow profiles for the flatter slope. The changes in flow 

regimes appeared for larger discharges for the stepped chute with θ = 8.9º. For all stepped spill-

ways, air-water flow experiments were conducted with conductivity probes in transition and skim-

ming flows and the full range of air-water flow properties was calculated. The distributions of the 

flow properties were similar for all experiments and they agreed well with previous studies on 

stepped spillways with embankment dam slopes.  

A systematic comparison of the full range of air-water flow properties was conducted for geometri-

cally scaled stepped spillways with θ = 26.6º and step heights of 5 and 10 cm. Based upon Froude 

and Reynolds similitudes, the findings confirmed significant scale effects in term of several macros- 

and microscopic air-water flow properties. The findings implied that the geometric scaling of the 

air-water flows was impossible with both Froude and Reynolds similitudes. However, all air-water 

flow properties followed self-similar equations which allow an extrapolation to the prototype scale 

independent of channel slope and step height.  

A comparative analyses was conducted for two stepped spillways with same channel slope (θ = 

26.6º) and step heights (h = 10 cm), but different channel width and inflow conditions. The compar-

ison showed small differences in air-water flow properties. However larger differences existed in 

the air-water flow patterns upstream of the inception point including three-dimensional tornado ed-

dies and instabilities on the stepped spillway with longer broad-crested weir. Further inflow effects 

were caused by a net installed upstream of the broad-crested weir.  

The intermediate flow region appeared to play a major role for the energy dissipation and a unique 

characterisation of the air-water flows with air concentration of 50% was conducted focusing upon 

the microscopic characteristics. The results showed a comparatively larger number of smaller air 
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bubbles and a larger number of water droplets with chord times of 2-6 ms. Little differences were 

observed in terms of the inter-particle arrival times of bubbles and droplets, but for a chord time 

class of 3-5 ms. FFT analyses of the instantaneous void fraction highlighted a characteristic fre-

quency of 10 Hz, which was similar to the free-surface time scales. The finding implied that the air-

water flows in the intermediate flow region were affected by free-surface motions.  

 

8.2.2 Research results: Stepped spillways with flat non-uniform steps 

Several non-uniform stepped spillway configurations were investigated and compared to the corre-

sponding flat uniform stepped spillways with θ = 26.6º. The non-uniform stepped configurations 

comprised regular alternations of step heights with 5 and 10 cm, two small steps among 10 cm high 

steps and a large drop of h = 10 cm on a stepped spillway with h = 5 cm. The flow patterns showed 

small instabilities and larger droplet splashing for the non-uniform configurations. In particular the 

configuration with one large drop showed flow bulking and differences in terms of the flow regime 

changes. The flow regime changes for the other non-uniform step configurations were in good 

agreement with the corresponding flat stepped spillways.  

Detailed air-water flow experiments were conducted with a double-tip conductivity probe and with 

an array of two single-tip conductivity probes. The air-water flow properties on the non-uniform 

stepped configurations with regular alternation of steps and with the two smaller steps among h = 

10 cm showed small differences compared to the corresponding uniform stepped spillway (h = 10 

cm) in terms of macros- and microscopic air-water flow properties. However, the non-uniform con-

figuration with large drop showed significant differences to the corresponding flat stepped spillway 

(h = 5 cm) for small flow rates (dc/h < 1.70) downstream of the large drop.  

The longitudinal distributions of characteristic air-water flow properties were compared for the non-

uniform and uniform stepped spillways including the mean air concentration, the characteristic air-

water flow depth, the characteristic interfacial velocity and the maximum bubble count rate. Rela-

tively close agreement was achieved between the non-uniform step configurations with regular al-

ternation of step height and two small steps among larger steps and the uniform stepped spillway 

with h = 10 cm for all properties despite some scatter of the data for step edges with change in step 

heights. A strong deviation of the longitudinal air-water flow data was observed for the non-

uniform steps with large step exhibiting large aeration downstream of the large drop.  

For the non-uniform stepped spillway with regular alteration of small and large steps, a non-

intrusive measurement technique was tested. Several acoustic displacement meters were installed 

perpendicular to the free-surface in both non-aerated and aerated flow regions and the free-surface 
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profiles, the free-surface fluctuations and the free-surface celerity were recorded. In the non-aerated 

flow region, the free-surface profiles were close to a theoretical prediction of the free-surface. In the 

aerated flow region, the acoustic displacement data showed a large scatter and the surface profile 

measurements agreed with conductivity probe data. Despite large free-surface fluctuations in the 

aerated flow region, the experiments highlighted the successful use of acoustic displacement meters 

for the recording of the free-surface in non-aerated and aerated flow regions.  

 

8.2.3 Research results: Pooled stepped spillways 

Several pooled stepped spillway configurations were tested in great detail including uniform pooled 

steps with same ratio of pool weir height to step cavity length for chute slopes of 8.9º and 26.6º. 

Further pooled configurations comprised a stepped spillway with combination of flat and pooled 

steps (θ = 8.9º) and two unique porous pooled configurations with porosities of Po = 5% and Po = 

31% (θ = 26.6º). For all pooled configurations, the air-water flow patterns were observed for a wide 

range of discharges in nappe, transition and skimming flow regimes. The changes in flow regimes 

showed a relatively good agreement between the pooled, porous pooled (Po = 5%) and correspond-

ing flat uniform steps with θ = 26.6º. Earlier changes in flow regime appeared for the porous pooled 

steps with Po = 31% due to a flow contribution through the pores and a reduced momentum ex-

change between cavity and mainstream flows. The flow regimes for the flat and pooled configura-

tions on the stepped chute with θ = 8.9º were close, but no skimming flows existed for the com-

bined flat and pooled stepped spillway for the investigated discharges.  

Strong self-induced instationarities were observed on the pooled step configurations with θ = 8.9º 

including jump waves propagating downstream for 1.08 < dc/h < 1.76. For larger flow rates, the 

flow appeared more stable, but irregular cavity recirculation and ejection processes were observed 

for all flow rates exhibiting characteristic frequencies of 0.5-2 Hz. Smaller instabilities were found 

on the pooled stepped spillway with θ = 26.6º for a nappe flow rate 0.3 < dc/h < 0.45. Pulsating 

flows were observed in the first pooled step cavity which caused minor disturbances of the nappe 

flows. With introduction of porosity, the pulsating flows disappeared and the flow patterns on the 

porous pooled stepped configurations were relatively stable and comparable to flow patterns on the 

corresponding flat stepped spillway. With increasing porosity, the amount of entrained air into the 

cavity and the recirculation motion decreased. 

All air-water flow properties were recorded for all pooled stepped spillways downstream of the in-

ception point of free-surface aeration using double-tip conductivity probes. For the 26.6° slope 

spillway configurations, the results showed a good agreement between air-water flow properties for 
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the pooled steps, the porous pooled steps and the corresponding flat steps. However, the interfacial 

velocities on the pooled and porous pooled stepped spillways were larger compared to the flat steps. 

A larger velocity on the (porous) pooled stepped spillways indicated a smaller energy dissipation 

rate for the pooled configurations.  

Large differences in air-water flow properties were observed between pooled and flat step configu-

rations on the flatter chute (θ = 8.9º). While the distributions of void fractions and chord sizes were 

similar, the pooled stepped spillways showed smaller distributions of bubble count rate and interfa-

cial velocity and much larger values of turbulence intensities and correlation time scales. The find-

ing of smaller velocity for the pooled steps was caused by the larger roughness on the pooled steps. 

The large turbulence levels were linked with the instationary air-water flows on the pooled stepped 

spillways and the superposition of slow and fast velocity fluctuations.  

 

8.2.4 Triple decomposition technique of instationary air-water flows 

A novel triple decomposition technique was developed for instationary air-water flows to quantify 

the contributions of the fast and slow fluctuating velocity components to the overall flow turbu-

lence. The triple decomposition was applied to the raw square wave voltage signals of a double-tip 

conductivity probe based upon characteristic cut-off frequencies identified in visual observations of 

the flow patterns and in FFT analyses of the raw signals. The raw voltage signal was decomposed 

linearly into three non-overlapping segments using a lower cut-off frequency of 0.33 Hz and an up-

per cut-off frequency of 10 Hz. The decomposition was conducted using low pass, band pass and 

high pass filtering. The low pass filtered component did not contribute to the air-water flow proper-

ties, but the void fraction. For the band pass and high pass filtered raw signal components, auto- and 

cross-correlation analyses were conducted and the interfacial velocity, the correlation time scales 

and the turbulence intensities were calculated for the slow and fast fluctuating components. The 

band pass filtering was a linear processes and it was shown that no information was lost during the 

decomposition processes. The triple decomposition technique highlighted that the gross turbulent 

kinetic energy was mostly encompassed in the slow fluctuating signal component. The turbulence 

intensities of the fast fluctuating signal component were similar to the turbulence levels on the cor-

responding flat uniform stepped spillway with steady air-water flows.  

The present results demonstrated the successful application of the new decomposition technique to 

instationary air-water flows with high void fractions on a pooled stepped spillway. A further appli-

cation to hydraulic jumps was also successfully tested and it is believed that there are further poten-

tial applications to pseudo-periodic and instationary air-water flows.  
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8.2.5 Research results: Step cavity flows 

Unique air-water flow experiments were conducted along a step cavity for the flat stepped spillways 

with θ = 8.9º (h = 5 cm) and θ = 26.6º (h = 10 cm), for the pooled stepped spillway with θ = 8.9º 

and for the pooled and porous pooled (Po = 31%) stepped spillways with θ = 26.6º. The experi-

ments were performed with a double-tip conductivity probe for a similar skimming flow discharge 

at several positions along the step cavity and within the step niche. For the flat stepped spillway 

with θ = 26.6º, additional experiments were conducted with an array of two single-tip conductivity 

probes. For all step cavity experiments, self-similarities were observed between air-water flow 

properties above the shear layer along the cavity and at the step edge.  

Within the shear layer, the air-water flow properties highlighted local maxima in void fraction and 

bubble count rates within the region of large shear stress between cavity recirculation and main-

stream flows. The local maxima were largest for the flat step configurations and for the steeper 

channel slope. Much larger turbulence levels were recorded in the shear layer of the pooled steps 

with θ = 8.9º caused by the irregular cavity recirculations and ejections. For all step configurations, 

the interfacial velocity distributions highlighted the development of the shear layer behind the step 

edge and self-similarity with the theoretical solutions for turbulent free shear layers.  

Differences between the cavity flows were observed within the cavity recirculation zone exhibiting 

much smaller air concentration and bubble count rates for the pooled step cavities. The porous 

pooled cavity flows reduced the air entrainment into the step niche further and the uniform velocity 

and air concentration distributions behind the porous pooled weir showed the flow through the 

pores. The integral turbulent scales showed the recirculation motions within the step cavity for the 

flat step cavity with θ = 26.6º. For all cavity configurations, the microscopic air-water flow proper-

ties showed differences in chord times between the cavity recirculation region, shear layer and 

mainstream flow. Within the step niche, the air bubbles were comparatively larger highlighting the 

different nature of the cavity recirculation zone. Larger cluster properties were recorded in the shear 

layer highlighting the strong interaction between air-water interfaces. 

 

8.2.6 Comparison of stepped spillway performances and design implications 

All present stepped configurations were compared in terms of energy dissipation performance, re-

sidual energy and flow resistance. The comparison showed the best energy dissipation rate for the 

pooled stepped spillway with θ = 8.9º while the smallest energy dissipation was archived for the po-

rous pooled steps. Little differences were observed between the flat uniform and non-uniform step 

configurations and the data were in agreement with previous studies. However, strong instabilities 



Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

 8 Conclusion 263

for the pooled stepped spillways might result in an unsafe operation of the spillway system and the 

preferred design in terms of energy dissipation performance and flow stability was the flat step de-

sign. In situations where a more complex design is needed, the findings provided some new guide-

line, but physical modelling is required before implementation at a prototype scale.  

The present experimental data were compared with previous air-water flow experiments on flat 

stepped spillways with similar slopes between 3.4º ≤ θ ≤ 26.6º in terms of aeration and air-water 

mass transfer. The aeration was quantified by the mean air concentration and the maximum bubble 

count rate at the downstream end of the stepped spillways. The comparative analyses highlighted 

that the mean air concentration for the stepped spillways exceeded the equilibrium air concentration 

for 3.4º ≤ θ ≤ 21.8º while the air concentration for the stepped spillway with θ = 26.6º were below 

the equilibrium air concentration. A channel slope of θ = 21.8º appeared the optimum slope for air 

entrainment and the number of entrained air bubbles was maximal. The air-water mass transfer was 

calculated based upon the air-water flow measurements. The aeration efficiency of the conductivity 

probe data compared well with dissolved oxygen measurements. A dimensionless monotonic rela-

tionship was observed between aeration efficiency and rate of energy dissipation. The findings indi-

cated that a large proportion of the flow energy was dissipated in the intermediate flow region with 

largest air-water interfaces. 

 

8.3 Future work 

The present experiments comprised a range of stepped spillway designs and a comparison showed 

the advantages and disadvantages of more complex step designs. An optimum design for aeration 

and energy dissipation might be still unknown and further stepped spillway configuration should be 

investigated. Some of these configurations could comprise stepped spillways with positively or 

negatively inclined steps, with limited step cavity size, with varying chute slope, with varying 

channel width, without channel sidewalls or with rounded step edges. 

Detailed investigations were conducted for several pooled stepped configurations comprising two 

different channel slopes and same ratio of pool weir height to step length. However, the ratio of 

pool weir height to step height was different and further effects of the pool weir heights upon the 

air-water flow patterns and the flow properties could be interesting. Differences between the pooled 

stepped spillways with different slopes were observed in particular in terms of strength and flow 

rates of the self-induced instabilities and in terms of the differences in energy dissipation perfor-

mances. The introduction of porosity resulted in a stable flow pattern on the pooled steps with θ = 
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26.6º. It would be interesting to investigate the effects of porosity upon the flows on the pooled 

stepped spillway with θ = 8.9º which was characterised by very strong instationarities. 

A limitation of the present air-water flow experiments was the limited length of the stepped chute 

with θ = 26.6º which did not allow uniform equilibrium flow conditions at the downstream end. Ex-

periments on a longer stepped chute could provide further information about the development of the 

air-water flow properties and answer the question whether equilibrium flow conditions exist on 

stepped chutes. The comparison of air-water flow properties exhibited significant scale effects 

which do not allow a scaling of several air-water flow properties to prototype scale. Self-similar 

equations enable the mathematical prediction of all air-water flow properties. It would be challeng-

ing to conduct air-water flow experiments on a prototype embankment dam stepped spillway to 

record the full range of air-water flow properties with conductivity probes to prove the validity of 

the self-similar equations and to investigate scale effects.  

The present study yielded further insights into the air-water flow structure and the interplay of the 

different flow regions on macros- and microscopic scale. However, further experiments are required 

to get information about the three-dimensional flow structure. The self-designed data acquisition 

program allows the simultaneous sampling of up to eight conductivity probe sensors with high fre-

quency and long sampling duration. The simultaneous use of several double-tip conductivity probes 

positioned by known transverse, vertical and/or longitudinal distance could provide novel infor-

mation about the complex flow structure, i.e. the interaction between cavity recirculation and large 

scale eddies, the air-water flow in the bulk of the flow and the free-surface aeration. The use of the 

new data acquisition system is not limited to stepped spillway research and could also enhance the 

understanding of air-water flows in hydraulic jumps. 

Several acoustic displacement sensors were used to record the free-surface profiles and fluctuations 

in the aerated and non-aerated flow regions. The present experiments showed the suitability of the 

displacement meters for both flow regions. It is believed that there is further potential for the use of 

acoustic displacement meters. In particular the simultaneous sampling of acoustic displacement 

sensor and conductivity probe in the aerated flow region could provide further details about the 

characteristic frequencies of the air-water flows and about the interaction between free-surface aera-

tion and air-water interfaces. 

A novel triple decomposition technique for instationary air-water flow square wave signals was de-

veloped and successfully applied to unsteady air-water flows on a pooled stepped spillway and to 

(pseudo-)periodic air-water flows in a hydraulic jump. The triple decomposition technique is still in 

its infancy and there is great potential to apply the technique to further instationary air-water flows.  
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A Self-designed data acquisition and data analysis software 

A.1 Introduction 

Air-water flow measurements are commonly conducted with phase-detection intrusive probes 

which allow a recording of the air-water flow properties in the highly turbulent white waters. There 

exist two types of phase-detection intrusive probes, i.e. the conductivity probe and the optical fibre 

probe. In many experimental air-water flow studies on stepped spillways, hydraulic jumps, plunging 

jets, etc., the conductivity probe design proved to be a reliable instrumentation to investigate the air-

water flow properties. In the Ph.D. project, two different double-tip conductivity probes were used 

comprising a probe with probe tip sizes of Ø = 0.25 mm on stepped spillways I & II with θ = 26.6° 

and a probe with sensor sizes of Ø = 0.13 mm on the stepped spillway III with θ = 8.9°. Further-

more an array of two single-tip conductivity probes (Ø = 0.35 mm) was used for further experi-

ments on the stepped spillways I & II (θ = 26.6°) (Table A-1). For all conductivity probes, the data 

were acquired for 45 s and with 20 kHz which were suitable for the recording of the air-water flow 

properties as shown in a sensitivity analysis (Appendix B).  

For the three stepped spillway facilities, different acquisition systems were used and details are pro-

vided in Table A-1 and section A.2. For all experiments in the present study, the acquired raw Volt-

age signals were analysed with self-designed data analysis software comprising the full range of air-

water flow properties (section A.3). Furthermore, for instationary air-water flow experiments in a 

pooled stepped spillway and in a hydraulic jump, an advanced triple decomposition analyses pro-

gram was self-written to allow the identification of the turbulent energy contribution of the slow 

and fast fluctuating velocity components (section A.4). 

 

Table A-1: Summary of the data acquistion systems in the present study 

Stepped 
spillway 

Slope 
[°] 

Data acquisi-
tion hardware 

Data acquisi-
tion software 

Design /      
Reference 

Conductivity probes 

I 26.6 Burr-Brown 
(20098C-2C) 

Borland Turbo 
Pascal  

TOOMBES 
(2002) 

Double-tip (Ø = 0.25 mm)              
Array of 2 single-tip (Ø = 0.35 mm)

II 26.6 National       
Instruments         
(USB 6251) 

LabVIEWTM FELDER 

(2013) 
Double-tip (Ø = 0.25 mm)              
Array of 2 single-tip (Ø = 0.35 mm)

III 8.9 National         
Instruments         
(PCI 6251) 

LabVIEWTM THORWARTH 
(2008) 

Double-tip (Ø = 0.13 mm) 
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A.2 Data acquisition software 

In the present study, three different data acquisition systems were used (Table A-1). In stepped 

spillway I (θ = 26.6°), the data acquisition system was designed by TOOMBES (2002) and consisted 

of a Burr-Brown acquisition card and a data acquisition software written in Borland Turbo Pascal. 

TOOMBES' (2002) acquisition system has been successfully used in several experimental studies on 

stepped spillways (e.g. CHANSON & TOOMBES 2002a; GONZALEZ 2005; CAROSI & CHANSON 2006; 

FELDER & CHANSON 2009a,b,2011a,b) and in hydraulic jumps (e.g. MURZYN et al. 2007; CHANSON 

2007b; CHACHEREAU & CHANSON 2011a). The acquisition system was designed for Windows 3.1 

and the sampling capacity was limited. The data acquisition system was used for the present exper-

iments on stepped spillway I with an array of two single-tip or one double-tip probe for a sampling 

duration of 45 s and sampling rate of 20 kHz. The acquired data were stored in a binary format on a 

personal computer with Windows 3.1. The raw data were then transferred to a modern computer us-

ing Iomega ZIP drives which was very time intensive. Afterwards the data were processed with the 

self-designed data analysis software (section A.3). 

The second data acquisition system was used for the air-water flow experiments on stepped spill-

way III (θ = 8.9°). It was designed by THORWARTH (2008) at the Institute of Hydraulic Engineering 

and Water Resources Management (IWW) at RWTH Aachen University in Germany. The acquisi-

tion software has been previously used in several stepped spillway experiments (THORWARTH & 

KÖNGETER 2006; THORWARTH 2008; BUNG 2009,2011a). The acquisition system consisted of a Na-

tional Instruments acquisition card and LabVIEWTM acquisition software. Within the data acquisi-

tion software, a data processing tool was embedded which allowed calculation of void fraction, 

bubble count rate and interfacial velocity. In the present experiments, the online analysis tool was 

not used to allow a faster recording of the data. All data were recorded for 45 s and with 20 kHz and 

stored in ASCII format on a personal computer. The pre-processing was conducted with the self-

designed data analysis tool (section A3). 

For the experiments on stepped spillway II (θ = 26.6°), a new data acquisition software was self-

designed to allow a more efficient and state-of-the-art data acquisition. The software was pro-

grammed in LabVIEWTM and a screenshot of the graphical user interface (GUI) is illustrated in 

Figure A-1. The software embedded a basic data analysis tool developed in Fortran which calculat-

ed the PDF distribution function of the raw voltage signals, the value of the threshold in the single 

threshold technique, the void fraction, the bubble count rate and the PDF of the air bubble and water 

droplet chord sizes of the leading tip probe in channel centreline. The embedded Fortran routine 

used functions of the data analysis software explained in detail in section A.3. The data acquisition 
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software worked in combination with portable data acquisition hardware (National Instruments, 

USB 6251) which allowed the simultaneous recording of up to eight conductivity probe signals 

with a total frequency of up to 1.25 MHz. The data acquisition software was designed to comple-

ment the hardware and allowed the simultaneous recording of up to eight sensors and the online 

analyses of their basic air-water flow properties. The online analysis of the recorded data was time 

efficient and all data were recorded in binary format for pre-processing. The data acquisition system 

was successfully used on the (porous pooled) stepped spillway II (FELDER et al. 2012b; GUENTHER 

et al. 2013) and in a hydraulic jump (ZHANG et al. 2012,2013). So far the data acquisition system 

was only used with an array of two single-tip conductivity probes or one double-tip conductivity 

probe. In test runs, the functionality of the simultaneous recording of up to eight signals was tested. 

In the future, the system could be used to record the data of an array of several double-tip conduc-

tivity probes to get further information about the three-dimensional nature of the air-water flows.  

In addition to the data acquisition program, a data showing tool was developed in LabVIEWTM to 

enable the illustration and basic analyses of the acquired raw voltage data at a later time. The GUI 

of the data showing tool is not illustrated, but the GUI looked similar to the GUI of the data acquisi-

tion software in Figure A-1.  

 
Figure A-1: Screenshot of the GUI of the self-designed data acquisition software in LabVIEWTM 
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A.3 Data analysis software for single-tip and double-tip conductivity probes 

For all air-water flow experiments in the thesis, self-designed data analysis software in Fortran was 

used for the pre-processing of the raw Voltage signals. The source code of the Fortran code is doc-

umented in the Digital Appendix (attached DVD) in ASCII format. The data analyses software al-

lowed the automated and time-efficient calculation of the full range of air-water flow properties 

(Table A-2) in Windows XP & 7. Table A-2 lists the air-water flow properties and the signal pro-

cessing technique for the conductivity probe data which were developed and used in previous stud-

ies at the University of Queensland (e.g. CHANSON & TOOMBES 2002a; TOOMBES 2002; CHANSON 

& CAROSI 2007a; FELDER & CHANSON 2009a).  

 

Table A-2: Summary of the signal processing techniques of the air-water flow properties 

Parameter Nota-
tion 

Unit Signal processing Basic instrumentation 

Void fraction C - Single threshold Single-tip probe 
Bubble count rate F Hz Single threshold Single-tip probe 
Interfacial velocity V m/s Statistical analysis Double-tip probe 
Turbulence intensity Tu - Statistical analysis Double-tip probe 
Bubble/droplet chord time tch s Single threshold Single-tip probe 
Bubble/droplet chord length ch m Single threshold Double-tip probe 
Auto-correlation function Rxx - Statistical analysis Single-tip probe 
Cross-correlation function Rxy - Statistical analysis Double-tip probe 
Maximum cross-correlation coefficient (Rxy)max - Statistical analysis Double-tip probe 
Cross-correlation function Rxz - Statistical analysis Array of 2 single-tip 

probes 
Auto-correlation time scale Txx s Statistical analysis Single-tip probe 
Cross-correlation time scale Txy s Statistical analysis Double-tip probe 
Cross-correlation time scale Txz s Statistical analysis Array of 2 single-tip 

probes 
Integral turbulent time scale Tint s Statistical analysis Array of 2 single-tip 

probes 
Integral turbulent length scale Lxz m Statistical analysis Array of 2 single-tip 

probes 
Advection turbulent length scale Lxx m Statistical analysis Double-tip probe 
Cluster analysis based upon near-
wake, constant and percentage criteria 

- - Single threshold Single-tip probe 

Inter-particle arrival time - s Single threshold Single-tip probe 
 

The Fortran data analysis program automated the calculation of the air-water flow properties (Table 

A-2) and the output included ASCII files with results of void fraction, bubble count rate, interfacial 

velocity, turbulence intensity, chord times and lengths, auto- and cross-correlation functions, auto- 

and cross-correlation time scales, integral turbulent time and length scales, inter-particle arrival 

times and the full range of cluster properties for three different cluster criteria. More details about 
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the calculation of the air-water flow properties were provided in section 2.5. The new code enabled 

a much faster and efficient signal processing and it was successfully used in air-water flow studies 

on stepped spillways and hydraulic jumps (FELDER & CHANSON 2011a,b,2012a; CHACHEREAU & 

CHANSON 2011a; ZHANG et al. 2012,2013; FELDER et al. 2012a,b,2013a; CHANSON & CHACHEREAU 

2013; GUENTHER et al. 2013).  

The data analysis software consisted of a Fortran routine which was adjusted depending on the data 

format of the acquired signal (i.e. binary format or ASCII format) and on the type of conductivity 

probe (i.e. array of two single-tip or one double-tip conductivity probe). All versions of the data ac-

quisition program were designed as execution file with command window interaction (Figure A-2).  

Figure A-2 shows a screenshot of the command window for the data analyses software for a double-

tip conductivity probe signal. The program asked at the beginning for the filenames of three ASCII 

files with lists of characteristic calculation parameters, of the raw voltage input data files and of the 

measurement positions. These three files were adjusted prior to the execution of the data analysis 

software and were in the same folder as the executable file. Afterwards, the data analyses software 

analysed the data fully automatically giving feedback about the calculation position and progress. 

The data analyses time for all voltage raw data in a cross-section (≈ 30–35 data points, sampling du-

ration 45 s, sampling rate 20 kHz) took about 25 minutes. All air-water flow properties were calcu-

lated for each measurement position and the output consisted of several ASCII files including files 

of auto- and cross-correlation functions, PDF functions of the raw voltage signal and the air-water 

interfaces for each position and summary files of the basic air-water flow properties, the turbulence 

and velocity data, the chord times and chord length, the inter-particle arrival times and the cluster 

properties for three calculation criteria. The ASCII format of the result files enabled a simple plot-

ting of the calculation results. More details about the output data format, the naming of the result 

files and the calculated parameters and properties are provided in the Digital Appendix on DVD in-

clusive all experimental results of the thesis in ASCII format. Furthermore, the Digital Appendix 

includes the Fortran source code in ASCII format and an example of the input files. 
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Figure A-2: Screenshot of the command window of the self-designed data analysis software in Fortran 

 

A.4 Triple decomposition analysis software for instationary air-water flows 

Instationary air-water flows were observed on the pooled stepped spillway with θ = 8.9° consisting 

of jump waves propagating downstream and irregular cavity recirculation and ejection processes. 

These (pseudo-)periodic flows lead to unrealistically large turbulence levels. A new triple decom-

position approach was developed to identify the 'true' turbulent contribution of the fast fluctuating 

velocity (section 2.7). The calculation was very extensive and the Fortran data analyses software 

was expanded to include also the triple decomposition technique. The triple decomposition software 

comprised the filtering of the raw voltage signals of a double-tip conductivity probe into the high 

pass, band pass and low pass filtered signal components using a common FFT approach (PRESS et 

al. 2007). For each of the filtered components, auto-correlation and cross-correlation analyses were 

performed and a range of air-water flow properties was calculated (Table A-3). Furthermore, cross-

correlation analyses were performed between the different filtered components and factors of pro-

portionality were calculated. Please find more details about the calculated parameters with the triple 

decomposition software in section 2.7 and Appendix D. The triple decomposition source code can 

be found in ASCII format in the Digital Appendix on DVD. 
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Table A-3: Summary of some investigated parameters in the triple decomposition analysis software 

Parameter Signal components 
Raw 
data 

Band pass 
filtered data 
(0.33-10 Hz) 

High pass 
filtered data 

(10-10000 Hz) 

Calculated data of sum of 
correlation 

functions of band and high 
pass filtered components 

Auto-correlation function [-] Rxx Rxx'= ϑ × Rx'x' Rxx''= ς × Rx''x'' Rxx
(1) = ϑ × Rx'x' + ς × Rx''x'' 

Cross-correlation function [-] Rxy Rxy'= A × Rx'y' Rxy''= B × Rx''y'' Rxy
(1) = A × Rx'y' + B × Rx''y'' 

Maximum cross-correlation [-] (Rxy)max (Rxy)'max (Rxy)''max (Rxy)
(1)

max 
Cross-correlation time scale [s] Txy Txy' Txy'' Txy

(1) 
Auto-correlation time scale [s] Txx Txx' Txx'' Txx

(1) 
Interfacial velocity [m/s] V V' V'' V(1) 
Turbulence intensity [-] Tu Tu' Tu'' Tu(1) 
 

The calculations were very extensive and the implementation of the triple decomposition technique 

would be impossible without the Fortran triple decomposition analyses software. The calculation 

time with the Fortran program on a personal computer with Intel Core i7 processor (4 GB RAM) 

took about 10-12 hours for a single cross-section with 30-35 data points (sampling duration 45 s, 

sampling rate 20 kHz). The execution of the triple decomposition analyses software was similar to 

the data analyses software (section A.3) and comprised an executable file, a command window in-

teraction and three input ASCII files with information about the parameters, the raw data files and 

the measurement positions. A screenshot of a typical command window during the triple decompo-

sition analyses is illustrated in Figure A-3. The command structure of the triple decomposition 

analyses software was similar to the data analyses software (Figure A-2), but included further calcu-

lation parameters in the parameter input file. For the raw signal and each filtered signal component, 

several output files in ASCII format were calculated including the filtered data and the auto- and 

cross-correlation functions for each measurement position as well as summary files of the air-water 

flow properties. The triple decomposition analyses software was successfully applied to the insta-

tionary air-water flows on the pooled stepped spillway (section 5.5) and to (quasi-)periodic flows in 

a hydraulic jump (Appendix E). Further information can be found in FELDER & CHANSON (2012a). 
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Figure A-3: Screenshot of the command window of the self-designed triple decomposition analysis software in Fortran 
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B Air-water flow measurements: Sensitivity analysis of key two-phase flow parameters 

B.1 Introduction 

High-velocity flows on stepped spillways are characterised by a large amount of air entrainment 

downstream of the inception point of free-surface aeration for both skimming and transition flow 

regimes. In this two-phase flow, it is more difficult to obtain information about the flow characteris-

tics compared to mono-phase flows. However measurements of the air-water  flow properties on 

stepped spillways have been successfully conducted in numerous studies with phase-detection in-

trusive probes (e.g. TOOMBES 2002; CHANSON & TOOMBES 2002a; GONZALEZ 2005; CHANSON & 

CAROSI 2007b) and with optical fibre probes (e.g. BOES 2000a; ANDRÉ 2004). While most studies 

focused on the flow properties of air concentration and interfacial time-averaged velocity, advanced 

data analysis techniques have been developed at the University of Queensland (CHANSON 2002a; 

CHANSON & CAROSI 2007a). 

More general the measurements of the air-water flow properties are similar in various phenomena 

of air-entrained flows and the development of the measurement techniques is not just based upon 

experiences in stepped spillway flows. Table B-1 lists important studies in the research area of air 

entrainment processes in hydraulic engineering applications. These studies contributed to the pro-

gress in air-water flow measurements and comprise vertical pipe flows, smooth and stepped spill-

way flows, plunging breaking waves, hydraulic jumps and jets. 

In Table B-1, the sampling frequencies and sampling durations of a number of studies are summa-

rised, showing differences in frequencies and durations. This might be related to the characteristics 

of different two-phase flow situations. However, the selection of the sampling time and frequency is 

crucial for the detection of the air bubbles and water droplets in the air-water flow mixture. Most 

studies chose the values of sampling duration and frequency for the void fraction measurements. 

TOOMBES (2002) tested the effects of the sampling period on both the air concentration and the 

bubble frequency on a stepped spillway; he set the sampling time according to a compromise be-

tween data collecting/processing time and accuracy of the flow properties. ANDRÉ et al. (2005) 

measured the interfacial velocity and the maximum cross-correlation coefficient for various sam-

pling durations and showed that there might be an optimum sampling time of 60 s for measure-

ments on a stepped spillway in skimming flows with optical fibre probes. CHANSON (2007a) 

showed that measurements with a single-tip probe yielded sufficient results of both air concentra-

tion and bubble frequency in a hydraulic jump with a sampling duration of 45 s and a frequency of 

20 kHz. BUNG (2009) based his choice of sampling frequency and duration upon the observations 

of void fraction profiles for different discharges on a stepped spillway.  
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Table B-1: Summary of sampling frequency and duration in air-water flow studies 

Reference Probe type Sensor-size 
Ø [mm] 

Flow type Sampling 
frequency 

[kHz] 

Sampling    
duration [s] 

SERIZAWA et al.  
(1975) 

2-tip resistiv-
ity probe 

0.2 Vertical Pipe flow 1 60-180 

CAIN (1978); 
CAIN & WOOD 
(1981) 

2-tip conduc-
tivity probe  

0.25  Smooth spillway    
(θ = 45°) 

10 15-60 

CHANSON (1988) 2-tip conduc-
tivity probe 

0.2 Smooth spillway    
(θ = 51.3°) 

10 1.2 

LIU & BANKOFF 
(1993) 

2-tip resistiv-
ity probe 

0.005~0.008 Vertical pipe flow 10 10-30 

CUMMINGS (1996) 2-tip conduc-
tivity probe 

0.025 Plunging breaking 
waves 

20 & 40 2-10 

CHANSON & 
CUMMINGS (1996) 

2-tip conduc-
tivity probe 

0.025 Smooth channel     
(θ = 4°) 

40 5.12 

CHANSON & 
BRATTBERG (1997) 

2-tip conduc-
tivity probe 

0.025 Hydraulic jump, 
plunging jet, free-
falling jet 

10-20, 40 1-10 

BOES (2000a) 2-tip optical 
fibre probe  

0.1  Stepped spillway    
(θ = 30° & 50°) 

800 30-60 (or 
1000 bubbles) 

TOOMBES (2002) 2-tip conduc-
tivity probe 

0.025 Stepped spillway    
(θ = 3.4°) single step 

40 10 

CHANSON & 
TOOMBES (2002b) 

2-tip conduc-
tivity probe 

0.025 Stepped spillway    
(θ = 22°) 

20 20, 40 

ANDRÉ (2004) 2-tip optical 
fibre probe 

0.08 Stepped spillway 
(θ = 18.5° & 30°) 

 60  

GONZALEZ (2005) 2-tip conduc-
tivity probe 

0.025 Stepped spillway    
(θ = 15.9°& 22°) 

20 20 

MURZYN et al. 
(2005) 

2-tip optical 
probe 

0.01 Hydraulic jump 1000 120 

CHANSON (2007b) Array of 2 x 
1-tip conduc-
tivity probes 

0.35 Hydraulic jump 20 45 

CHANSON & 
CAROSI (2007b); 
FELDER & 
CHANSON (2009b) 

2-tip conduc-
tivity probe 
Array of 2 x 
1-tip conduc-
tivity probes 

0.25   
                      
0.35 

Stepped spillway    
(θ = 21.8°) 

20 45 

Present study – 
sensitivity analyses 

2-tip conduc-
tivity probe 

0.25   
 

Stepped spillway Ia 
(θ = 26.6°, h = 10 
cm) 

1-40 1-180 

Present study 2-tip conduc-
tivity probe 
Array of 2 x 
1-tip conduc-
tivity probes 

0.25 & 0.13 
                      
0.35 

Stepped spillways I, 
II & III                   
(θ = 8.9° & 26.6°) 

20 45 
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So far no study investigated systematically the effects of the sampling duration and frequency on 

the turbulence properties in air-water flows. In this section, the effects of the air-water threshold, of 

the sampling duration, of the sampling frequency and of the sub-sampling duration on the air-water 

flow properties were systematically tested. It is shown that the correct choice of these parameters is 

important for accurate measurements of the air-water flow characteristics. Furthermore the effects 

of the bin size of the PDF of the raw voltage signals and the cut-off effects of the air voltage signals 

on the air-water flow properties were investigated. 

 

B.2 Data processing and air-water flow properties in high-velocity two-phase flows 

The measurements of the air-water flow properties in two-phase flows are based upon measure-

ments with conductivity probes. The working principle is based upon the different resistivity of air 

and water; the resistivity of air is 1000 times larger compared to that of water. In the sensitivity 

study, a double-tip conductivity probe with a sensor diameter of 0.25 mm was used. The leading tip 

was positioned in channel centreline and the trailing tip was offset 7.2 mm in longitudinal direction 

with a transverse separation of 1.5 mm. Every time an air bubble gets pierced by the probe tips, the 

voltage signal drops immediately (Figure B-1A). The signal is not completely rectangular because 

of the small size of the probe tips, the wetting and drying time of the tip and the response time of 

the instrumentation and the data acquisition system (CHANSON 2002a). 

Statistical analyses of the raw signals may yield information about the air-water flow properties. 

The data processing may be categorised in two types of analyses: firstly the detection of the air-

water interfaces may be based upon threshold techniques and secondly the calculation of advanced 

flow properties may be performed by auto- and cross-correlation analyses of the raw voltage sig-

nals. Table B-2 summarises the signal processing techniques for the air-water flow properties in the 

sensitivity analyses. 

 

Table B-2: Summary of the signal processing techniques of the air-water flow properties  

Parameter Notation Unit Signal processing Basic instrumentation 
Void fraction C - Single threshold Single-tip probe 
Bubble count rate F Hz Single threshold Single-tip probe 
Interfacial velocity V m/s Statistical analysis Double-tip probe 
Turbulence intensity Tu - Statistical analysis Double-tip probe 
Auto-correlation function Rxx - Statistical analysis Single-tip probe 
Cross-correlation function Rxy - Statistical analysis Double-tip probe 
Auto-correlation time scale Txx s Statistical analysis Single-tip probe 
Cross-correlation time scale Txy s Statistical analysis Double-tip probe 
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B.2.1 Threshold techniques for data processing of the raw voltage signal  

The measurement of the air-water interfaces is the Eulerian observation of air bubbles and water 

droplets at a fixed location within the air-water flows over a specific sampling duration. At this lo-

cation, the air bubbles and water droplets travel along the tip line and might impact the probe tips of 

the conductivity probe. This results in a voltage signal as illustrated in Figure B-1A. In Figure B-

1A, a typical raw signal of a double-tip conductivity probe is illustrated; a voltage signal of about 4 

indicates the probe tip in water and a voltage of 0.5 is equivalent to an air voltage. The raw signal is 

not squared and therefore a signal processing technique must be used to identify the affinity of the 

voltages in the intermediate range between the air and water voltages. Figure B-1B illustrates a typ-

ical PDF of the raw voltage signals with bin sizes of 0.1 voltage for a location in the intermediate 

flow region in a skimming flow regime. In this region, the amount of air and water is almost identi-

cal and two distinctive voltage peaks are visible which indicate typical air and water voltages. 

However, the voltages between these peaks might be interpreted as either water or air. 

(A) Raw signals of the leading and trailing tips of a double-tip con-
ductivity probe  

(B) PDF of the raw voltage signals of the lead-
ing tip 

Figure B-1: Voltage signals of a double-tip conductivity probe in skimming flows: dc/h = 1.38, qw = 0.161, Re = 
6.4×105; y = 60 mm (intermediate flow region) 

 

In previous studies, different types of processing techniques have been used to identify the air-water 

phases. Good overviews are given by CARTELLIER & ACHARD (1991) and TOOMBES (2002). Two 

classes of processing techniques are commonly used. One is based upon threshold criteria of the 

PDF of the raw voltage signals and another identifies air and water according to a change in slope 

of the differentiated raw voltage signal.  
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B.2.1.1 Manual observation technique 

This technique is a manual technique to identify the changes of slopes in the raw signals. A falling 

slope of the signals indicates the start of an air bubble and a rising point the start of a water phase. 

The identification of these tangents points is conducted manually and this method is therefore not 

suitable for large data sets.   

B.2.1.2 Single threshold technique 

The single threshold technique is based upon the definition of a threshold between the two air and 

water voltage peaks in the PDF of the voltage signals. If a voltage is below the threshold the signal 

is identified as air and otherwise as water. Therefore bubbles and droplets smaller than the probe di-

ameter cannot be detected with this technique. The single threshold technique is simple to imple-

ment and it can be automated with computer programs. Theoretically the value of the threshold can 

be between 0 and 100 % of the gap between the two voltage peaks, but in air-water flows on a 

stepped spillway, it is commonly set to 45 to 55 % to enable an accurate measurement of the flow 

properties in different flow regions (e.g. TOOMBES 2002). In plunging jets it was found that a better 

single threshold is about 30% (CHANSON et al. 2002).  

B.2.1.3 Dual threshold technique 

In the dual threshold technique, two distinctive threshold levels are set for the rising and for the fall-

ing transient. This method might be invalid as stated by CARTELLIER & ACHARD (1991). 

B.2.1.4 Dual threshold technique with differentiation 

The dual threshold technique is based both on the definition of an upper water threshold and a lower 

air threshold and upon the observation of changes in slope in the range between the two thresholds. 

This technique was developed for hot film wires for the study of turbulence in uniform air-water 

flows by LANCE & BATAILLE (1991). The technique can be applied in programming code and is 

suitable for high-velocity air-water flows on stepped spillways as shown by THORWARTH (2008) 

and BUNG (2009). The identification of air bubbles and water droplets by the tangent points has the 

advantage of eliminating the wetting and drying effect of the probe tip. However if the thresholds 

are set closer to the air and water voltages, electrical noise might cause spurious bubble and droplet 

detections. 

 

B.2.2 Single threshold technique for calculation of basic air-water flow properties 

In the present study, a simple (single) threshold technique was used to analyse the raw voltage sig-

nals and to calculate the basic air-water flow properties. The single threshold technique is simple 

and at the same time robust. It is best suitable to cover the wide range of air-water flow characteris-
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tics in the different flow regions within transition and skimming flows on a stepped spillway. Fur-

thermore it is easy to implement in computer code and this technique has been successfully used in 

previous studies at The University of Queensland. In section B.3.1, a sensitivity analysis of the sin-

gle threshold technique is performed to identify the best threshold value. A comparative analysis of 

air-water flow properties calculated with single threshold technique and differentiation method was 

performed by FELDER et al. (2012a). Small differences in bubble count rate were observed. The re-

sults are not presented in the thesis. 

The single threshold technique was used to identify the time that the probe tip was in air and in wa-

ter. Every time the voltage value was below the threshold the instantaneous void fraction c = 1; if 

the voltage lied above the threshold c = 0. The instantaneous void fraction may be used to calculate 

the time-averaged void fraction, the bubble frequency, the air/water chord times, the bubble/droplet 

chord lengths and the streamwise particle grouping. In the sensitivity analyses, the instantaneous 

void fraction was used to quantify the time the probe tip was in air and to calculate the time-

averaged air concentration or void fraction: 

n

c

C

n

1i

  (B-1) 

where n is the number of samples defined as sampling frequency times sampling duration. The cal-

culation of the bubble count rate was based upon the counting of the changes of instantaneous void 

fraction values. Every time c changed from 0 to 1 or vice versa an air-water interface existed. The 

number of water droplets and air bubbles were therefore identical. The bubble frequency was simp-

ly the bubble count rate per second. 

The single threshold technique can be used for further calculations of the basic air-water flow prop-

erties, but these characteristics were not investigated in the sensitivity analysis.  

 

B.2.3 Correlation analyses for interfacial velocity and turbulence characteristics 

The calculation of further air-water flow properties is based upon statistical analyses of the raw sig-

nals of a double-tip conductivity probe. A cross-correlation of the simultaneously sampled raw sig-

nals of the two probe tips yields the maximum cross-correlation (Rxy)max (Figure B-2) (HERRINGE & 

DAVIS 1976; CHANSON 1997a; CROWE et al.1998). In Figure B-2, typical auto- and cross-

correlation functions for a skimming flow signal are shown and characteristic parameters are 

sketched. The ratio of the sensor separation ∆x to the transit time T of the maximum cross-

correlation gives information about the local time-averaged interfacial velocity: 
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T
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  (B-2) 

The broadening of the cross-correlation function compared to the auto-correlation function may 

provide some information about the turbulence intensities in an air-water flow (KIPPHAN 1977; 

CHANSON 2002a). CHANSON & TOOMBES (2001a) derived an equation for a dimensionless expres-

sion of the turbulence velocity fluctuations: 
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where τ0.5 is the time scale for which the cross-correlation function is half of its maximum value 

such as: Rxy(T+τ0.5) = 0.5×Rxy(T), and T0.5 is the characteristic time for which the normalised auto-

correlation function equals: Rxx(T0.5) = 0.5 (Figure B-2). 

The integration of the auto- and cross-correlation functions from the maximum correlation till the 

first zero-crossing of the correlation curve yields the integral time scales Txx and Txy (Figure B-2): 
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Txx is the auto-correlation integral time scale which characterises the longitudinal air-water flow 

structure (CHANSON & CAROSI 2007b), i.e. it represents a rough measure of the longest longitudinal 

connection (CHANSON 2007b). The cross-correlation integral time scale Txy characterises the vorti-

ces advecting the air-water flow structure and is a function of the probe separation distance. 

 

Figure B-2: Definition sketch of the auto- and cross-correlation functions for a double-tip conductivity probe signal 
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B.3 Sensitivity analyses on a stepped spillway in skimming and transition flows  

New data analysis software was developed in Fortran to automate the analyses of the air-water flow 

raw data (Appendix A). This program was used for a sensitivity analysis and the effects of several 

crucial parameters on the two-phase flow properties were tested systematically. The quality control 

test did not just include the effects of sampling duration and frequency, but also sensitivity analyses 

of further important parameters which are summarised in Table B-3. In the sensitivity study, the ef-

fects on the void fraction C, the bubble count rate F, the interfacial velocity V, the turbulence inten-

sities Tu, the maximum cross-correlation value (Rxy)max, the auto- and cross-correlation time scales 

Txx and Txy were investigated.  

The sensitivity analyses were conducted on a stepped spillway for a double-tip conductivity probe 

with a probe tip diameter Ø = 0.25 mm in both skimming and transition flow s at several character-

istic locations within a cross-section. Table B-4 summarises the locations and flow regions. 

 

Table B-3: Parameters for sensitivity analyses and effects on the air-water flow properties 

Parameter Parameter range Effect on air-water flow properties Section 
Air-water threshold  15 to 85% C, F B.3.1 
Sampling frequency 1 to 40 kHz C, F, V, Tu, (Rxy)max, Txx, Txy B.3.2 
Sampling duration 5.625 to 180 s C, F, V, Tu, (Rxy)max, Txx, Txy B.3.3 
Sub-sample duration 0.05 to 45 s V, Tu, (Rxy)max, Txx, Txy  B.3.4 
PDF-bin size 0.01 to 0.1 Voltage (bin size) C, F B.3.5 
Cut-off effect - V, Tu, (Rxy)max, Txx, Txy B.3.6 

 

Table B-4: Characteristic locations for sensitivity analyses at step edge 10 for skimming flows and at step edge 7 for 
transition flows; θ = 26.6º; h = 0.1 m 

Flow regime Discharge Vertical distance to 
step edge y 

Flow region 

Skimming flow dc/h = 1.38 
qw = 0.161 m2/s 
Re = 6.4 × 105 

7 mm Bubbly flow region (0 < C < 0.3) 
37 mm Bubbly flow region (0 < C < 0.3) 
50 mm Intermediate flow region (0.3 < C < 0.7) 
60 mm Intermediate flow region (0.3 < C < 0.7) 
72 mm Spray region (0.7 < C < 0.95) 
90 mm Spray region (0.7 < C < 0.95) 

Transition flow dc/h = 0.69 
qw = 0.056 m2/s 
Re = 2.2 × 105 

4 mm Bubbly flow region (0 < C < 0.3) * 
14 mm Bubbly flow region (0 < C < 0.3) * 
22 mm Intermediate flow region (0.3 < C < 0.7) * 
32 mm Spray region (0.7 < C < 0.95) * 
56 mm Spray region (0.7 < C < 0.95) * 

Note: * the definition of the flow regions in the transition flow regime may be less strict because of 

small flow instabilities 
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B.3.1 Effects of air-water threshold for the single threshold technique 

For the analyses of the air-water interfaces and the calculation of the void fraction and bubble count 

rate, the single air-water threshold is the crucial parameter. The PDF distribution of the raw voltage 

signals of a conductivity probe tip is characterised by two distinctive peaks corresponding to volt-

ages of air and water respectively since the electrical resistivity of air is significantly larger com-

pared to water. The air-water threshold is then defined as the characteristic threshold in per cent be-

tween the air-water voltage span between these two voltage peaks.  

Previous investigations of the single air-water threshold identified an air-water threshold of 45% to 

55% as sufficient for the calculation of the air concentration. TOOMBES (2002) tested the effects of 

thresholds between 40% and 60% of the voltage range and confirmed the findings of HERRINGE & 

DAVIS (1974) for air-water thresholds between 20% and 70%.  

In the present sensitivity analysis, the effect of the air-water threshold on the air concentration and 

the bubble count rate was tested for thresholds between 15% and 85%. The sensitivity analyses 

were conducted at characteristic locations in both skimming and transition flow regimes and the re-

sults are illustrated in Figure B-3. For both flow regimes, the results for the threshold of 15% were 

suspicious and the reasons for the sharp decreases and increases respectively remained unclear. 

However, the results showed small differences between skimming (Figure B-3A) and transition 

flows (Figure B-3B).  

(A) Skimming flow data (B) Transition flow data 

Figure B-3: Effect of the air-water threshold on the time-averaged void fraction C and bubble count rate F; sampling 
rate 20 kHz per sensor, sampling duration 45 s 
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In skimming flows, both the void fraction and bubble count rate increased with increasing air-water 

threshold values in the bubbly flow region, e.g. the bubble count rate increased from almost 30 Hz 

for 25% threshold to about 90 bubbles per s for a threshold of 85%. In the intermediate flow region, 

the values of the air-water properties remained almost constant for different thresholds between 

25% and 85%. In the spray region, the void fraction was not affected by the threshold and the bub-

ble count rate showed a decreasing trend with increasing threshold. In transition flows, the air con-

centration increased with increasing air-water threshold consistently for different flow regions, but a 

larger increase was visible for lower void fractions. With increasing threshold, the bubble count rate 

distributions showed an increasing trend for C < 50% and a decreasing trend for C > 50%.  

The sensitivity analyses of the air-water threshold showed the significance of this parameter on the 

air-water flow properties. Depending on the threshold, the values of both air concentration and bub-

ble frequency differed strongly especially in regions with small air concentration. The choice of the 

air-water threshold affected the experimental results strongly and it was therefore essential to 

choose a threshold that gave most accurate results in all flow regions and for all flow situations. A 

choice of a threshold between 45% and 55% seemed to fulfil this requirement most likely. Further-

more the choice of such an air-water threshold was consistent with previous studies at the Universi-

ty of Queensland and a consistency is required for comparative analyses of the basic air-water flow 

properties. In the Ph.D. project, all experiments were conducted with a threshold of 50% independ-

ent of experimental configuration and flow region. 

 

B.3.2 Effect of sampling frequency 

A crucial parameter for experiments in high-velocity air-water flows is the sampling frequency. 

CHANSON (2007a) showed for a hydraulic jump that the bubble count rate was underestimated for 

sampling rates below 5 to 8 kHz while the void fraction remained almost constant for low sampling 

frequencies. 

In the sensitivity analysis, the effects of the sampling frequency on the air-water flow properties 

were tested for a data set recorded for 40 kHz for duration of 45 s at two characteristic step edges in 

transition and skimming flows. Based upon this data set the effects of the sampling frequencies be-

tween 1 and 40 kHz on void fraction, bubble count rate, interfacial velocity, turbulence intensity, 

maximum cross-correlation and auto- and cross-correlation integral time scales were tested with a 

constant sub-sample duration of 3 s.  

The results are illustrated in Figures B-4 to B-6 showing characteristic results that were typical for 

the present data. Figure B-4 illustrates characteristic results of void fraction and bubble count rate at 
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different locations within the flow. The void fraction remained unchanged for different sampling 

frequencies, but the bubble count rate decreased significantly with increasing sampling frequency. 

The results confirmed the findings of CHANSON (2007a) and showed that the number of bubbles 

was clearly underestimated for sampling frequencies smaller than 10 kHz.  

(A) Effect on the time-averaged void fraction C (B) Effect on the bubble count rate F 

Figure B-4: Sensitivity analysis on the effect of sampling frequency; sampling duration 45 s 

 

The effects of the sampling frequency on the interfacial velocity are illustrated in Figure B-5A. For 
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sampling frequencies smaller 5 kHz. In Figure B-5B, the turbulence intensity confirmed this trend 

and large scatter of the data could be seen for small frequencies. Also for larger sampling rates, dis-

crepancies in the turbulence data were observed suggesting a high sampling frequency of 20 to 40 
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(A) Effect on the interfacial velocity V (B) Effect on the turbulence intensity Tu 

Figure B-5: Sensitivity analysis on the effect of sampling frequency; sampling duration 45 s 

 

Typical results for the auto- and cross-correlation time scales and the maximum cross-correlation 

are illustrated in Figure B-6 for skimming flows (Figure B-6A) and transition flows (Figure B-6B). 

For all flow properties, large scatter was visible for sampling rates smaller 5 kHz. The most con-

sistent results were visible for 20 and 40 kHz. However the differences in the time scales and max-

imum cross-correlation coefficients were small and the effect of the sampling frequency was negli-

gible compared to the effect on bubble count rate, interfacial velocity and turbulence intensity.  

(A) Skimming flow data (B) Transition flow data 

Figure B-6: Sensitivity analysis on the effect of sampling frequency on the correlation time scales and maximum cross-
correlation values; sampling duration 45 s 
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The sensitivity analysis of the sampling rate showed the effects of the sampling frequency upon the 

accuracy of the results. The present observations showed that the best results were achieved for fre-

quencies larger than 10-20 kHz. A larger sampling rate of 40 kHz would yield almost identical re-

sults, but the amount of data would be doubled. 

 

B.3.3 Effect of sampling duration analysis 

Another fundamental parameter is the sampling duration. Based upon experiments with a sampling 

frequency of 40 kHz, TOOMBES (2002) showed that the sampling period has significant effects on 

the air concentration and bubble count rate and identified a sampling time of at least 10 s as suffi-

cient for his experiments on a stepped spillway. CHANSON (2007a) confirmed the findings and iden-

tified a sampling period longer than 30-40 s as adequate for air-water flows in hydraulic jumps for 

experiments with a sampling frequency of 20 kHz. However no information is available about the 

effects of sampling duration on the turbulence properties. 

In the present sensitivity study, an extensive analysis was conducted for sampling durations be-

tween 1 and 180 s, for a sampling frequency of 20 kHz and for a constant sub-sample duration of 1 

s in both skimming and transition flows. The effects of the sampling period on the void fraction, the 

bubble count rate, the interfacial velocity, the turbulence intensity, the maximum cross-correlation 

and the auto- and cross-correlation time scales were tested and typical findings are illustrated in 

Figures B-7 to B-9. In Figure B-7, characteristic observations of void fraction and bubble frequency 

are shown and in Figure B-7A, it is visible that the scatter of the properties increased with decreas-

ing sampling duration. The range of the scatter defined as the maximum value minus the minimum 

value is illustrated in Figure B-7B and exhibited an exponential relationship between sampling du-

ration and range of flow properties. Figure B-7 confirmed the finding of CHANSON (2007a) that the 

sampling rate had little effect on void fraction and bubble frequency for sampling periods larger 45 

s. 

Further tests of the effects of sampling duration on further air-water properties showed similar re-

sults. In Figure B-8, it is visible that the sampling duration had significant influence on the interfa-

cial velocity and the turbulence intensity. Figure B-9 illustrates even stronger scatter in terms of the 

maximum cross-correlation and the auto- and cross-correlation time scales for smaller sampling du-

rations. 

The sampling duration had a large effect on the auto- and cross-correlation analyses of the raw sig-

nals. With decreasing sampling duration, the amount of raw data points became too small for accu-
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rate observations. Therefore a sampling rate of at least 45 s is required for a sampling frequency of 

20 kHz. For higher sampling frequencies, the sampling duration might be smaller. 

(A) Void fraction and bubble count rate (B) Range of void fractions and bubble count rate 

Figure B-7: Sensitivity analysis on the effect of sampling duration; Sampling frequency 20 kHz 

 

(A) Interfacial velocity and turbulence intensity (B) Range of interfacial velocity and turbulence 

Figure B-8: Sensitivity analysis on the effect of sampling duration; Sampling frequency 20 kHz 
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(A) Auto- and cross-correlation time scales and maximum 
cross-correlations 

(B) Range of auto- and cross-correlation time scales and 
maximum cross-correlations 

Figure B-9: Sensitivity analysis on the effect of sampling duration; sampling frequency 20 kHz 
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B-10A), for other locations, the values of Txx, Txy and Tu were nearly constant and decreased for 

sub-sample durations smaller than 1 s (Figure B-10B). These observations were typical for all ex-

periments. Figure B-11 confirms these findings and illustrates typical auto- and cross-correlation 

functions for skimming and transition flows. It is visible that the shapes of the correlation functions 

agreed reasonably well for sub-sample durations larger than 1 s and showed distinctive differences 

for sub-sample duration smaller 1 s. 

(A) Skimming flow data: y = 90mm (B) Transition flow data: y = 14 mm 

Figure B-10: Sensitivity analysis on the effect of sub-sample duration on the auto- and cross-correlation time scales, 
the maximum cross-correlation values and the turbulence intensity; sampling duration 45 s, sampling fre-
quency 20 kHz 

 

(A) Cross-correlation functions in skimming flows: y = 7 
mm 

(B) Auto-correlation functions in transition flows: y = 32 
mm 

Figure B-11: Sensitivity analysis on the effect of sub-sample duration on the correlation functions; sampling duration 
45 s, sampling frequency 20 kHz 

Sub-sample duration [s]

T
xx

, T
xz

 [
s]

(R
xz

) m
ax

, T
u 

[-
]

0.05 0.1 0.2 0.3 0.50.7 1 2 3 4 5 6 78 10 20 30 50
0.001 0.55

0.0015 0.6

0.002 0.65

0.0025 0.7

0.003 0.75

0.0035 0.8

Txx
Txy
(Rxy)max
Tu

Sub-sample duration [s]

T
xx

, T
xy

 [
s]

(R
xy

) m
ax

, T
u 

[-
]

0.05 0.1 0.2 0.3 0.5 0.7 1 2 3 4 5 6 78 10 20 30 50
0.0005 0.3

0.001 0.45

0.0015 0.6

0.002 0.75

0.0025 0.9

0.003 1.05

0.0035 1.2

0.004 1.35

Txx
Txy
(Rxy)max
Tu

Time [s]

R
xy

 [
-]

-0.01 0 0.01 0.02 0.03 0.04
-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

-0.01 0 0.01 0.02 0.03 0.04
-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

sub sample duration: 45s
sub sample duration: 22.5s
sub sample duration: 5s
sub sample duration: 3s
sub sample duration: 1s
sub sample duration: 0.3s
sub sample duration: 0.05s

Time [s]

R
xx

 [
-]

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

sub sample duration: 45s
sub sample duration: 22.5s
sub sample duration: 5s
sub sample duration: 3s
sub sample duration: 1s
sub sample duration: 0.3s
sub sample duration: 0.05s



 Appendix B – Air-water flow measurements: Sensitivity analysis of key two-phase flow parameters 309 

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

The results of the sub-sample duration sensitivity analysis suggest that a sub-sample duration must 

be larger than 1 s. Considering that the correlation of large data sets might be biased, the largest 

sub-sample durations might yield a slight overestimation of the characteristic air-water flow proper-

ties. Therefore it seems best to use a sub-sample duration of 1 to 5 s (i.e. a number of 45 to 9 seg-

ments) for the analyses of the experimental data. This recommendation is valid for data sets with 

sampling frequency of 20 kHz and sampling duration of 45 s. For the analyses of the turbulence 

properties, the sub-sample duration parameter throughout the Ph.D. project was chosen 3 s to be 

consistent with previous stepped spillway studies. 

 

B.3.5 Effect of PDF bin size 

For the calculation of the air-water threshold, the two characteristic peaks in the PDF of the raw 

voltage signals must be identified. A characteristic variable for a PDF is the bin size of the analysis 

parameter. A smaller bin size results in a larger amount of bins and the accuracy of the identifica-

tion of the bin with the largest probability might be improved. This is especially important for the 

PDF in the present study, because the maximum peaks were used for the calculation of the air-water 

threshold. Therefore the effect of three different bin sizes between 0.01 and 0.1 Voltage on the air-

water flow properties was tested for a complete cross-section in skimming flows. 

The results of the sensitivity test are illustrated in Figure B-12 and Table B-5. In Figure B-12, the 

distributions of void fraction and bubble count rate are shown for the different bin sizes and in Ta-

ble B-5, characteristic air-water flow properties are listed for the test of the bin sizes. The results 

showed clearly that there was an excellent agreement for all three bin sizes and that there was no ef-

fect of the bin sizes between 0.01 and 0.1 Voltage upon the air-water flow properties.  

In the thesis, the experiments were consistently conducted with bin sizes of 0.1 Voltage, because 

smaller bin sizes required slightly larger calculation times. 

 

Table B-5: Bin size effects of the PDF distributions of the raw voltage signal on the characteristic flow parameter in 
skimming flows; θ = 26.6º; h = 0.1 m 

Bin size d [m] Y90 [m] Fmax [Hz] YFmax [m] CFmax [-] Cmean [-] Uw [m/s] 
0.01 Voltage 0.0571 0.0902 162.09 0.0540 0.4125 0.3669 2.9151 
0.05 Voltage 0.0571 0.0902 161.67 0.0540 0.4119 0.3668 2.9145 
0.1 Voltage 0.0571 0.0902 162.09 0.0540 0.4124 0.3668 2.9154 
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(A) Effect on the void fraction  (B) Effect on the bubble count rate 

Figure B-12: Sensitivity analysis on the effect of the bin size of the PDF distributions of the raw voltage signal; Sam-
pling frequency 20 kHz, sampling duration 45 s 
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(A) Effect upon the cross-correlation functions (B) Effect upon the auto-correlation functions  

Figure B-13: Sensitivity analysis on the effect of lower cut-off of 0.5 Voltage upon the correlation functions; sampling 
duration 45 s, sampling frequency 20 kHz 

 

Furthermore the results of the air-water flow properties are listed in Table B-6. The comparison 

showed that there were no differences in the interfacial velocities and small differences in the max-

imum cross-correlation values. For the turbulence intensity and the auto- and cross-correlation time 

scales, the differences were larger with differences of up to 15% in the spray region. The deviations 

between the air-water flow properties of the two data sets increased with increasing void fraction.  

 

Table B-6: Effects of the lower cut-off of 0.5 Voltage on some air-water flow properties in skimming flows 

 Cut-off V [m/s] Tu [-] Txx [s] Txy [s] (Rxy)max [-] 
y = 90 mm  No 3.7436 0.7546 0.0033 0.0032 0.6880 
y = 90 mm Yes 3.7436 0.6947 0.0028 0.0027 0.6719 
y = 72 mm No 3.7436 1.0243 0.0038 0.0038 0.7108 
y = 72 mm Yes 3.7436 0.9664 0.0035 0.0034 0.7016 
y = 60 mm No 3.8421 1.3110 0.0045 0.0045 0.7153 
y = 60 mm Yes 3.8421 1.2633 0.0043 0.0044 0.7103 
  

B.4 Summary 

An extensive sensitivity analysis was conducted for a large number of air-water flow properties in 

both skimming and transition flows. The effects of several key parameters were tested upon the air-

water flow properties. The investigated parameters and the outcome of the sensitivity analysis are 

summarised in Table B-7. It was shown, that the best air-water threshold was in the range of 45% to 

55% and the threshold was set to 50% in all present experiments. The analyses of sampling fre-
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quency and duration identified a most accurate sampling rate of about 20 kHz and a sampling dura-

tion of at least 45 s. The sensitivity analysis of the sub-sample duration yielded a suitable duration 

of 3 s. No effects were found of the voltage bin sizes and the bin size was set to 0.1 Voltage. The 

test of a cut-off of the lower signals of 0.5 Voltage showed some significant effects upon the turbu-

lence intensity and the correlation time scales and it is recommended to use the full Voltage signal 

for the correlation analyses. 

Even though the present sensitivity analyses investigated the effects of key two-phase flow parame-

ters on a range of air-water flow properties, the sensitivity analysis was not complete, because it did 

not test the cluster properties, the inter-particle arrival times and the integral turbulent time and 

length scales. 

 

Table B-7: Summary of the results of the sensitivity analyses of key parameters 

Effect of Constant parameters Effects on Outcome 
Air-water threshold:    
15 to 85% 

 C, F Flow region differences  
→ 50% Threshold 

Sampling frequency:   
1 to 40 kHz 

sampling duration: 45 s C, F, V, Tu, 
(Rxy)max, Txx, Txy 

Effects on a few properties  
→ Sampling frequency: 20-40 kHz 

Sampling duration: 
1 to 180 s 

sampling rate: 20 kHz C, F, V, Tu, 
(Rxy)max, Txx, Txy 

No effects for 45-180 s  
→ Sampling duration 45 s 

Sub-sample duration:   
0.05 to 45 s 

sampling duration: 45 s, 
sampling rate: 20 kHz 

V, Tu, Rxx, Rxy, 
(Rxy)max, Txx, Txy 

No effects for 1-45 s  
→ Sub-sample duration: 3 s 

PDF-bin size:   
0.05 to 0.1 Voltage 

sampling duration: 45 s, 
sampling rate: 20 kHz 

C, F No effects for 0.05-0.1 Voltage  
→ PDF bin size: 0.1 Voltage 

Cut-off effect: Lower 
cut-off 0.5 Voltage 

sampling duration: 45 s, 
sampling rate: 20 kHz 

V, Tu, Rxx, Rxy, 
(Rxy)max, Txx, Txy 

Large effects on Tu, Txx, Txy (up to 
15%) 
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C Broad-crested weir: Free-surface profiles, velocity and pressure distributions 

C.1 Introduction 

For all experiments, the flow rate was controlled with a broad-crested weir at the upstream end of 

the stepped chutes. For the newly constructed stepped spillway II, the discharge was not calibrated. 

Herein some detailed discharge calibration experiments were conducted. Furthermore, the experi-

ments allowed a characterisation of the broad-crested weir flows including the free-surface profiles 

as well as the velocity and pressure distributions. Some results of the broad-crested weir experi-

ments were presented by FELDER & CHANSON (2012b). Furthermore, details about free-surface 

fluctuations on the broad-crested weir are presented in Appendix F. 

On the stepped spillway II, the broad-crested weir was a large flat-crested structure with a length 

Lcrest = 1.01 m and a width W = 0.52 m (Figure C-1). The broad-crested weir had a relatively long 

and flat crest for the streamlines to be parallel to the crest profile and the pressure distribution was 

hydrostatic (BOS 1976; MONTES 1998). The discharge above the weir may be estimated as: 

WH
3

2
gCQ

3

1Dw 





    (C-1) 

where Qw was the flow rate, W the channel width, g the gravity acceleration constant, H1 the up-

stream total head above crest (Figure C-1), and CD the dimensionless discharge coefficient 

(HENDERSON 1966; CHANSON 2004). Some detailed studies of the hydraulics of broad-crested weirs 

were conducted during the 19th and 20th centuries. BÉLANGER (1841) analysed theoretically the 

overflow and he derived Equation (C-1) for the ideal case (CD = 1). Successful physical studies in-

cluded BAZIN (1896), WOODBURN (1932), TISON (1950), SERRE (1953) and RAMAMURTHY et al. 

(1988). Recently GONZALEZ & CHANSON (2007a) studied the flow above the broad-crested weir on 

stepped spillway I highlighting the impact of large vortical structures immediately upstream of the 

weir. 

In this section, the results of the broad-crested weir experiments are presented including the free-

surface profiles and some details about the pressure and velocity distributions. Furthermore, the da-

ta provided information about the boundary layer development along the broad-crested weir and in 

the region just upstream of the first step drop.  
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C.2 Experimental facility and instrumentation 

The experimental facility II had a size of 7 m × 3 m and consisted of a 7 m long, 0.52 m wide test 

section with a slope of 26.6°. The channel sides were made of Perspex to allow a good visualisation 

of the flows. Constant flow rates were supplied by a large upstream intake basin with a size of 2.9 

m × 2.2 m and a depth of 1.5 m. Smooth inflow was supplied by a sidewall convergent with a 

4.23:1 contraction ratio to enable a smooth waveless inflow into the test section. At the upstream 

end of the test section, the flow was controlled by a broad-crested weir with height of zcrest = 1 m, 

width W = 0.52 m and length Lcrest = 1.01 m and an upstream rounded corner (rcrest = 0.08 m). The 

crest was made of smooth painted marine ply. Figure C-1 sketches the broad-crested weir upstream 

of the stepped spillway section. Some further details about the broad-crested weir are illustrated in 

Figure C-2 highlighting the upstream rounded corner (Figure C-2A) the crest length Lcrest (Figure 

C-2B) and the sharp corner at the first step edge (Figure C-2C).  

 
Figure C-1: Definition sketch of the broad-crested weir on stepped spillway II (θ = 26.6°) 

 

Clear water flow depths were measured on the channel centreline with several pointer gauges along 

the whole broad-crested weir (Figure C-2). In the downstream half of the broad-crested weir, the 

free-surface profiles were also recorded with a Canon EOS 450D digital SLR camera through the 

Perspex sidewalls. The photos were pre-processed with the software PTLensTM v. 8.7.8 to correct 

the lens distortion. The point gauge and photographic data yielded identical results within 0.5 mm. 

Pressure and velocity measurements were performed with a Prandtl-Pitot tube with Ø = 3.0 mm 

(Figure C-3). The tube was connected to an inclined manometer which gave both total and piezo-

metric heads. For all experiments on the broad-crested weir, the Pitot tube was positioned parallel to 

the weir facing the mainstream flow direction. For some discharges, the probe was installed at the 

first step drop at the downstream end of the broad-crest parallel to the pseudo-bottom formed by the 
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step edges with θ = 26.6° (Figure C-3). For all experiments, the Prandtl-Pitot tube was translated in 

vertical direction with a fine adjustment travelling mechanism. The error on the vertical position of 

the probe was less than 0.25 mm. The accuracy on the longitudinal position was estimated as x < 

± 1 mm while the error on the probe transverse position was less than 1 mm.  

The experiments were conducted for a range of flow configurations which were defined by the up-

stream total head H1. The range of total upstream heads comprised 21 mm ≤ H1 ≤ 297 mm or in di-

mensionless terms 0.021 ≤ H1/Lcrest ≤ 0.294. With the Prandtl-Pitot tube and the dSLR camera, the 

free-surface profiles were measured for all flow rates in channel centreline along the broad-crested 

weir as well as upstream of the upstream rounded corner. The velocity and pressure measurements 

were conducted at up to 15 positions encompassing some detailed experiments in the downstream 

region of the broad-crested weir to specify the boundary layer development upstream of the stepped 

chute. Table C-1 summarises the experimental flow conditions for the experiments with the Prandtl-

Pitot tube. 

 

Table C-1: Experimental flow conditions for the measurements with the Prandtl-Pitot tube (Ø = 3.0 mm) on the broad-
crested weir  

H1 
[mm] 

H1/Lcrest 
[-] 

Qw 
[m3/s] 

dc 
[m] 

Re  
[-] 

Measurement positions: x/Lcrest  
[-] 

21 0.021 0.002 0.013 1.90×104 0.554 
40 0.040 0.007 0.025 5.02×104 0.554 
60 0.059 0.012 0.038 9.24×104 -0.064; 0.109; 0.228; 0.342; 0.446; 0.554; 0.777; 1.0 
80 0.079 0.019 0.051 1.43×105 0.554 
100 0.099 0.026 0.064 2.00×105 -0.064; 0.109; 0.228; 0.342; 0.446; 0.554; 0.777; 1.0 
121 0.120 0.035 0.077 2.67×105 0.554 
140 0.139 0.044 0.090 3.34×105 -0.064; 0.109; 0.228; 0.342; 0.446; 0.554; 0.777; 1.0 
161 0.159 0.054 0.103 4.13×105 0.554 
180 0.178 0.064 0.116 4.90×105 -0.064; 0.109; 0.228; 0.342; 0.446; 0.554; 0.777; 0.804; 

0.832; 0.861; 0.891; 0.918; 0.946; 0.973; 1.0; 1.0 (θ = 26.6°) 
200 0.198 0.075 0.129 5.75×105 0.554 
220 0.218 0.087 0.142 6.66×105 -0.064; 0.109; 0.228; 0.342; 0.446; 0.554; 0.777; 0.804; 

0.832; 0.861; 0.891; 0.918; 0.946; 0.973; 1.0; 1.0 (θ = 26.6°) 
240 0.238 0.100 0.155 7.61×105 0.554 
260 0.258 0.113 0.169 8.61×105 -0.064; 0.109; 0.228; 0.342; 0.446; 0.554; 0.777; 0.804; 

0.832; 0.861; 0.891; 0.918; 0.946; 0.973; 1.0; 1.0 (θ = 26.6°) 
280 0.278 0.126 0.182 9.65×105 0.554 
297 0.294 0.138 0.193 1.06×106 0.554 

 

 



316 Appendix C – Broad-crested weir: Free-surface profiles, velocity and pressure distributions   

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

(A) Pointer gauges in centreline; View in upstream direc-
tion of upstream rounded corner; H1/Lcrest = 0.04 

(C) Smooth flows on the broad-crested weir; flow from top 
to bottom; H1/Lcrest = 0.04 

(B) Free-surface profile at the downstream end of the 
broad-crested weir; H1/Lcrest = 0.198 

Figure C-2: Photos of broad-crested weir in stepped spillway facility II (W = 0.52 m; Lcrest = 1.01 m; rcrest = 0.08 m) 

 

 

 

Figure C-3: Prandtl-Pitot tube (Ø = 3 mm) at the end of the broad-crested weir x/Lcrest = 1.0 (θ = 26.6); installed 
perpendicular to the pseudo-bottom; H1/Lcrest = 0.218 

 

C.3 Free-surface profiles and flow patterns 

The inflow conditions were quiescent for all investigated flow discharges (0.0025 < Qw < 0.142 

m3/s). The free-surface upstream of and above the crest was very smooth. Immediately upstream of 
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the weir crest, the flow accelerated, was critical above the crest and became supercritical on the 

downstream steep slope (Figures C-1 & C-2). Next to the upstream end of the crest, the flow was 

rapidly varied and characterised by free-surface curvature (Figures C-3 & C-4) and rapid change in 

pressure and velocity distributions. Figure C-4 presents typical free-surface profiles recorded above 

the crest. The data highlighted that the free-surface profile above the weir crest was not horizontal 

as previously reported (WOODBURN 1932). For some flow conditions, a wavy profile was observed 

above the crest: for example, for H1/Lcrest = 0.059 and 0.099 in Figure C-4. These might be linked 

with the interactions of the developing boundary layer with the main flow as discussed by ISAACS 

(1981). 

 

Figure C-4: Dimensionless free-surface profiles above a broad-crested weir - Both point gauge (small circles & dashed 
line) and photographic (small crosses) data are presented, and the weir profile is shown in black - Note the 
distorted scale 

 

Above the broad crest, the specific energy was minimal and critical flow conditions took place. Alt-

hough the water surface was not horizontal, the depth-averaged specific energy was basically con-

stant above the entire crest (Figure C-5). Figure C-5 illustrates the dimensionless depth-averaged 

specific energy Hcrest/H1 for all measured positions on the broad-crested weir. 

The depth-averaged specific energy above the crest Hcrest is commonly expressed following 

LIGGETT (1993) and CHANSON (2006b) as: 
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where dcrest is the flow depth, P is the pressure, Vcrest is the depth-averaged velocity, y is the vertical 

elevation above the crest, β is the momentum correction coefficient or Boussinesq coefficient, and 

Λ is the pressure correction coefficient defined as: 
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For a uniform flow above a flat broad crest with the streamlines parallel to the crest, the velocity 

distribution is uniform (β = 1), the pressure is hydrostatic (Λ = 1), and Equation (C-2) equals the 

classical result: 
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  (C-4) 

In practice, however, the velocity distributions were not uniform along the crest because of the bed 

friction above the crest and a turbulent boundary layer developed. Further the streamlines and free-

surface were not parallel to the crest everywhere (Figure C-4). When the specific energy is minimal, 

the flow depth above the crest is critical (BAKHMETEFF 1932; HENDERSON 1966) and must satisfy 

one of the four physical solutions (CHANSON 2006b): 
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and the discriminant  equals: 

 
 1C
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C4 22
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22
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  (C-10) 

Equations (C-5) to (C-8) express the flow depth at critical flow conditions in the general case when 

β > 1 and Λ ≠ 1. The present experimental data were tested against Equations (C-5) to (C-8). Typi-

cal results are presented in Figure C-6 in terms of the dimensionless water depth dcrest×Λ/H1 as a 

function of β ×CD
2×Λ2, where β, CD and Λ were calculated based upon the pressure and velocity 

distribution data. CD was estimated using Equation (C-1) in which the discharge per unit width was 

deduced from the equation of conservation of mass: 
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Figure C-5: Dimensionless depth-averaged specific energy Hcrest/H1 along the broad-crested weir; Please note the scal-

ing of the y-axis 

 

In Figure C-6, each data set regrouped the flow depth measurements for 0.1 < x/Lcrest < 1. The pre-

sent results showed overall a reasonable agreement between data and theory, in particular the solu-

tions S1 and S3 ( < 0), along the entire weir crest (Figure C-6). The agreement between Equations 

(C-7) & (C-8) and data highlighted that the assumption of critical flow conditions was achieved 

along the crest (0.1 < x/Lcrest < 1) despite the boundary layer development and the non-horizontal 
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free-surface. Note that the flow depth above the crest differed from the classical expression 

Qw
2/(g×W2)

3
 because of the non-uniform velocity and non-hydrostatic pressure distributions. 

 
Figure C-6: Dimensionless flow depth above the weir crest dcrest×Λ/H1 as a function of β×CD

2×Λ2 - Comparison be-
tween broad-crested weir data (0.1 < x/Lcrest < 1) and analytical solutions (Equations (C-5) to (C-8)) 

 

C.4 Pressure and velocity distributions 

The vertical distributions of velocity and pressure were measured along the crest for a range of flow 

conditions (0.021 < H1/Lcrest < 0.294). For three flow rates, more detailed Prandtl-Pitot tube experi-

ments were performed in a region at the downstream end of the broad-crested weir to identify the 

boundary layer development before the sharp drop of the first step.  

 

C.4.1 Pressure distributions 

The experimental data showed systematically the redistributions of pressure at the upstream and 

downstream ends of the broad-crested weir (Figure C-7). Figure C-7 shows the dimensionless pres-

sure distributions for several flow rates and the solid line (slope 1:1) was the hydrostatic pressure 

distribution. For x/Lcrest < 0.2, the pressure gradient showed typically small differences to a hydro-

static profile (Figure C-7A). At the downstream end of the broad-crested weir (x/Lcrest ≥ 0.777), the 

pressure profiles became less hydrostatic with closeness to the brink. Close to the drop, the pressure 

profiles were similar to those observed at a free overfall (HENDERSON 1966) (Figure C-7). In Figure 

C-7B, non-hydrostatic pressure distributions at the downstream end of the broad-crested weir were 
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compared with an inviscid solution of the Boussinesq equation (MONTES & CHANSON 1998) which 

was calculated based upon the measured free-surface slope and curvature:  
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where φ was the channel slope angle (herein φ = 0°), N the exponent of power law in velocity dis-

tributions (herein N = 0.05), Kc the exponent in streamline radius of curvature (herein Kc = 1), η = 

y/dcrest and χ0 was the curvature parameter of the free-surface (MONTES & CHANSON 1998):  
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where R was the local radius of the curvature of the streamline, α was the inclination angle of the 

streamline with the channel (herein α = 0°) and the differentiation of the free-surface profiles was 

denoted with the primes. The parameters in Equation (C-13) were calculated from the free-surface 

curvature in channel centreline observed with the pointer gauge and dSLR camera.  

The distributions of the Boussinesq solution (Equation (C-13)) showed a good agreement with the 

pressure profiles for x/Lcrest ≤ 0.918. In the region closer to the drop, the pressure data differed 

clearly from the theoretical solution (Figure C-7B). In the Boussinesq solution, the effect of bound-

ary friction upon the pressure could be included (CASTRO-ORGUAZ & CHANSON 2011). However it 

was believed that the observed non-hydrostatic pressure distribution resulted primarily from an in-

viscid velocity redistribution rather than from boundary friction effects. 

(A) Pressure distribution for H1/Lcrest = 0.178 (B) Pressure distribution for H1/Lcrest = 0.218 

Figure C-7: Dimensionless distributions of pressure along the broad-crested weir; Comparison with hydrostatic pres-
sure and a Boussinesq equation solution (Equation (C-12)) 
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C.4.2 Velocity distributions 

Differences in the velocity profiles were also observed which were consistent with the pressure dis-

tributions at the downstream end of the broad-crested weir (Figure C-8). Figure C-8 presents char-

acteristic dimensionless velocity profiles along the broad-crest for two dimensionless heads above 

crest; for completeness, the free-surface profiles are added. The velocity data at x/Lcrest = -0.065 up-

stream of the crest were the longitudinal velocity component data only. For x/Lcrest < 0.2, the veloci-

ty profile had a shape close to that predicted by ideal-fluid flow theory and flow net considerations. 

At the downstream end, the free-surface curvature became pronounced as the flow accelerated near 

the brink (Figure C-8). At the brink, the velocity distributions showed similarity with velocity pro-

files of free overfalls (HENDERSON 1966) (Figure C-8).  

The velocity distributions were compared with a theoretical solution by Boussinesq for all meas-

urement positions. While a good agreement was achieved at the upstream end of the broad-crested 

weir, differences of measured data and theory were observed in the downstream region (Figure C-

9). Figure C-9 illustrates the dimensionless velocity profiles V/V0 as a function of a dimensionless 

flow depth y/dcrest in the area close to the brink (x/Lcrest > 0.777) for one flow rate, where V0 is the 

free-stream velocity at each location. The experimental data were compared with a modified Bous-

sinesq equation for the longitudinal velocity by MONTES & CHANSON (1998): 
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where χ1 was the slope parameter of the free-surface: 
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The theoretical solution differed from the experimental data in particular in the region closest to the 

first step edge (Figure C-9). 
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(A) Velocity distributions for H1/Lcrest = 0.139 

(B) Velocity distributions for H1/Lcrest = 0.258 

Figure C-8: Dimensionless distributions of velocity and corresponding free-surface profiles on the broad-crested weir 
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Figure C-9: Dimensionless distributions of velocity V/V0 at the downstream end of the broad-crested weir; H1/Lcrest = 

0.218; Comparison with a Boussinesq equation solution (Equation (C-14)) 

 

C.4.3 Boundary layer development 

The rapid flow redistribution at the upstream end of the weir crest was associated with the devel-

opment of a turbulent boundary layer. At the upstream end of the broad-crested weir, the flow was 

essentially irrotational, but the no-slip condition at the crest invert (y = 0) induced a boundary layer 

growth. The boundary layer development was estimated from the measured velocity profiles. Re-

sults are presented in Figure C-10A where they are compared with the boundary layer growth above 

a smooth flat plate in absence of pressure gradient for two flow conditions. For the present data, the 

boundary layer thickness development was best correlated by: 
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where δ was the boundary layer thickness defined in terms of 99% of the free-stream velocity V0 

and ks" is the equivalent sand roughness height (herein ks" = 0.5 mm). The boundary layer growth 

was about δ~x0.87 compared to a smooth turbulent boundary layer growth of δ~x0.8 (SCHLICHTING 

1979; CHANSON 2009b). Note that the free-surface data implied indeed a slight favourable longitu-

dinal pressure gradient, and it must be acknowledged that the comparison with the zero pressure 

gradient boundary layer theory might have limitations. The boundary layer data showed further an 

apparent reduction in boundary layer thickness at the downstream end of the crest for the larger dis-
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charges: i.e., H1/Lcrest ≥ 0.18. This is highlighted in Figure C-10A (data symbols for: 

ρ×(g×H1)
0.5×x/μ > 106). It is believed to be caused by velocity redistributions induced by the free-

surface and streamline curvature of the flow. A similar flow redistribution at the crest downstream 

end was documented by VIERHOUT (1973) and MATOS (2011, Pers. Comm.). 

(A) Dimensionless boundary layer thickness δ/H1  

(B) Dimensionless displacement thickness δ1/H1 (C) Dimensionless momentum thickness δ2/H1 

Figure C-10: Summary of experimental data of boundary layer, displacement and momentum thickness - Comparison 
with smooth boundary layer theory for H1/Lcrest = 0.099 & 0.178 

 

For all experiments, further characteristic boundary layer parameters were calculated including the 

displacement thickness (CHANSON 2009b): 

(gH1)0.5 x/ [-]

/
H

1 
[-

]

0 2E+5 4E+5 6E+5 8E+5 1E+6 1.2E+6 1.4E+6 1.6E+6
0

0.025

0.05

0.075

0.1

0.125

0.15

0.175

0.2

0.225

0.25

H1/Lcrest = 0.059
H1/Lcrest = 0.099
H1/Lcrest = 0.139
H1/Lcrest = 0.178

H1/Lcrest = 0.218
H1/Lcrest = 0.257
Smooth BL; H1/Lcrest = 0.099
Smooth BL; H1/Lcrest = 0.178

(gH1)0.5 x/ [-]

 1
/H

1 
[-

]

0 2E+5 4E+5 6E+5 8E+5 1E+6 1.2E+6 1.4E+6 1.6E+6
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

H1/Lcrest = 0.059
H1/Lcrest = 0.099
H1/Lcrest = 0.139
H1/Lcrest = 0.178

H1/Lcrest = 0.218
H1/Lcrest = 0.257
Smooth BL; H1/Lcrest = 0.099
Smooth BL; H1/Lcrest = 0.178

(gH1)0.5 x/ [-]

 2
/H

1 
[-

]

0 2E+5 4E+5 6E+5 8E+5 1E+6 1.2E+6 1.4E+6 1.6E+6
0

0.003

0.006

0.009

0.012

0.015

0.018

0.021

0.024

H1/Lcrest = 0.059
H1/Lcrest = 0.099
H1/Lcrest = 0.139
H1/Lcrest = 0.178

H1/Lcrest = 0.218
H1/Lcrest = 0.257
Smooth BL; H1/Lcrest = 0.099
Smooth BL; H1/Lcrest = 0.178



326 Appendix C – Broad-crested weir: Free-surface profiles, velocity and pressure distributions   

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

dy
V

V
1

0 0

crest
1 








 



 (C-17) 

and the momentum thickness: 
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The distributions of displacement and momentum thickness are illustrated in Figure C-10B & C-

10C in dimensionless terms for a range of discharges. The data are compared with the displacement 

and momentum layer development along a smooth boundary in absence of pressure gradient. The 

observations of growth of displacement and momentum thickness were consistent with the findings 

of boundary layer development (Figure C-10A). In the region at the downstream end of the broad-

crested weir, the displacement and momentum thickness decreased for ρ×(g×H1)
0.5×x/μ > 106. Simi-

lar to the observations of the boundary layer development, the curvatures of the free-surface and of 

the streamlines redistributed the velocity.  

 

C.5 Discussion 

In a smooth turbulent boundary layer, the solution of Prandtl's mixing length yields the law of the 

wall characterising the velocity profile in the inner flow region: 
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where V* is the shear velocity (V*= τ0/ρ), μ is the dynamic viscosity and τ0 is the boundary shear 

stress (SCHLICHTING 1979; MONTES 1998). The boundary shear stress over the crest was estimated 

from the velocity measurements in the developing boundary layer by the best fit of the data with 

Equation (C-19) in the inner region. The results were compared with the boundary shear stress cal-

culated from the von Karman momentum integral equation: 
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where Ucrest is the free-stream velocity on the broad-crested weir: Ucrest = vx (y>δ), and δ1 and δ2 are 

respectively the displacement and momentum thicknesses (Equations (C-17) & (C-18)). The 

boundary shear stress data derived from Equations (C-19) & (C-20) are presented in Figure C-11A. 

Despite scatter, the data yielded a dimensionless boundary shear stress τ0/(ρ×g×H1) = 0.0015 and 

0.0025 on average using Equations (C-19) & (C-20) respectively. 
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The discharge per unit width was calculated from the integration of the measured velocity profiles 

(Equation (C-11)) in the middle of the crest (x/Lcrest = 0.554). The data are presented in Figure C-

11B in terms of the dimensionless discharge coefficient CD (Equation (C-1)). The present results 

showed a slight increase in discharge coefficient with increasing head above crest similar to previ-

ous studies. For large dimensionless heads above crest, the weir did no longer act as broad-crest, 

and the discharge coefficient would tend to values close to those observed on rounded weirs. Over-

all the dimensionless discharge coefficient data was best correlated by: 

crest

1
D L

H
153.092.0C   (C-21) 

for 0.02 < H1/Lcrest < 0.3. Equation (C-21) is shown in Figure C-11B. The present data trend dif-

fered from the data of GONZALEZ & CHANSON (2007a) who observed the occurrence of irregular 

corner eddies next to the sidewalls immediately upstream of the vertical upstream wall, associated 

with instabilities affecting the overflow motion. In the present study, the inflow conditions were 

very smooth and no irregular vortice generation was observed. Further details about the free-surface 

profiles and free-surface fluctuations on the broad-crested weir are presented in Appendix F. 

A detailed comparison of the present shear stress data and broad-crested weir discharge coefficients 

with further experimental studies is presented by FELDER & CHANSON (2012b).  

(A) Dimensionless shear stress (B) Discharge coefficient 

Figure C-11: Summary of discharge coefficient and dimensionless shear stress in the centre of the broad-crested weir 
x/Lcrest = 0.554 
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C.6 Summary 

New physical experiments were conducted on a large broad-crested weir with a rounded upstream 

corner. Both free-surface profiles and pressure and velocity distributions were recorded for a rela-

tively wide range of flow conditions (0.02 < H1/Lcrest < 0.3). 

The results highlighted the rapid redistributions of velocity and pressure fields at the upstream and 

downstream ends of the crest although the flow was critical along the crest. This was rarely docu-

mented in a large facility under controlled flow conditions. At the upstream end, the flow motion 

was irrotational and the pressure and velocity distributions were affected by the streamline and free-

surface curvature. At the downstream end of the crest, the flow properties were close to those ob-

served at the brink of an overfall. In this region, both pressure and velocity profiles differed from a 

theoretical solution of the Boussinesq equation which was linked with the acceleration of the flow 

and the free-surface shape. The velocity distributions measurements highlighted a developing 

boundary layer. While the data differed from the smooth turbulent boundary layer theory, the re-

sults were consistent with earlier studies. The dimensionless boundary stress was on average 

τ0/(ρ×g×H1) ~ 0.0015 to 0.0025 and the result was nearly independent of the measurement tech-

nique: namely using the best fit to the log-law and the momentum integral equation. A correlation 

was derived for the dimensionless discharge coefficient CD that was close to earlier results with 

rounded broad crests. Further details about the experiments and a comparison with further studies of 

broad-crested weirs can be found in FELDER & CHANSON (2012b). 
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D Triple decomposition technique of instationary air-water flows 

D.1 Presentation 

In the pooled stepped spillway IIb with θ = 8.9°, visual observations of the flow patterns indicated 

instabilities for a range of flow conditions encompassing transition and skimming flows. In the tran-

sition flows, the instabilities were clearly seen in the form of self-induced surface jump waves 

propagating downstream. Further instabilities were observed in transition and skimming flow re-

gimes, i.e. surface waves linked with unstable recirculation and cavity ejection processes. These 

pseudo-periodic instationary processes showed characteristic frequencies between 0.5 and 2 Hz. A 

novel triple decomposition approach of instationary air-water flow data was developed to split the 

raw signals into different velocity components to identify the fast velocity fluctuations accounting 

for the turbulent energetic dissipation (FELDER & CHANSON 2012a,2013b).  

In this Appendix, the triple decomposition approach is described including the introduction of the 

theoretical framework, the validation of the assumptions and the sensitivity analysis of the upper 

and lower cut-off frequencies. Experimental results of the triple decomposition technique on the 

pooled stepped spillway data are presented in section 5.5. The application of the triple-

decomposition approach to further instationary air-water flows such as hydraulic jumps is presented 

in Appendix E. Detailed description of the triple decomposition technique is presented in FELDER & 

CHANSON (2012a).  

 

D.2 Triple decomposition of unsteady air-water flows on a pooled stepped spillway 

D.2.1 Presentation 

When a turbulent flow motion is characterised by slow fluctuations, the turbulence characterisation 

may be based upon a triple decomposition of the instantaneous velocity signal (e.g. HUSSAIN & 

REYNOLDS 1972; LYN & RODI 1994; FOX et al. 2005; BROWN et al. 2011). The data is the instanta-

neous velocity signal u(t) recorded at a fixed location within the flow and it is decomposed into 

three components: 

)t("u)t('uU)t(u   (D-1) 

where U is a mean velocity component, u'(t) represents the slow fluctuating velocity and u''(t) the 

fast fluctuating velocity component which corresponds to the turbulent motion within the flow. The 

decomposition of the instantaneous velocity must be based upon characteristic frequencies which 

are identified in visual observations or the power spectra of the recorded signal. The decomposition 
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into the different velocity components is then performed by low pass, band pass and high pass fil-

filtering. 

In the present experimental study of unsteady air-water flows, no instantaneous velocity signal 

exists because the time-averaged interfacial velocity was calculated based upon the cross-

correlation technique (section 2.5). The triple decomposition method known from mono-phase 

flows (Equation (D-1)) was applied herein to the raw probe signals of the double-tip conductivity 

probe. The signals of both leading and trailing tips were split into three components reflecting the 

mean, slow fluctuation and fast fluctuation contributions. The approach was identical to the mono-

phase flow technique, but it was applied to the phase-detection probe signal rather than to the 

instantaneous velocity signal. The raw signal decomposition was performed using characteristic 

cut-off frequencies. The characteristic frequencies were identified using visual observations as well 

as power spectra analyses of raw signals. 

Table D-1 summarises the basic notations used in this Appendix. Further details on each parameter 

are presented in the following sections. 

 

Table D-1: Summary of investigated parameters in the decomposition of the pooled stepped spillway data  

Parameter Signal components 
Raw 
data 

Band pass 
filtered data 
(0.33-10 Hz) 

High pass 
filtered data 

(10-10000 Hz) 

Calculated data of sum of 
correlation 

functions of band and high 
pass filtered components 

Auto-correlation function [-] Rxx Rxx'= ϑ × Rx'x' Rxx''= ς × Rx''x'' Rxx
(1) = ϑ × Rx'x' + ς × Rx''x'' 

Cross-correlation function [-] Rxy Rxy'= A × Rx'y' Rxy''= B × Rx''y'' Rxy
(1) = A × Rx'y' + B × Rx''y'' 

Maximum cross-correlation [-] (Rxy)max (Rxy)'max (Rxy)''max (Rxy)
(1)

max 
Cross-correlation time scale [s] Txy Txy' Txy'' Txy

(1) 
Auto-correlation time scale [s] Txx Txx' Txx'' Txx

(1) 
Interfacial velocity [m/s] V V' V'' V(1) 
Turbulence intensity [-] Tu Tu' Tu'' Tu(1) 
 

D.2.2 Characteristic frequencies of raw signal 

The characteristic frequencies were identified by a combination of methods. These included visual 

observations of the air-water flow processes in the downstream step pools in skimming flows. 

Typical low frequencies were within the range of 0.5–2 Hz. The characteristic frequencies were 

also reflected in the FFT spectral analyses of the probe signals sampled at 20 kHz for 45 s (Figure 

D-1). Figure D-1 shows typical power spectra of the probe signal together with a smoothed curve 

highlighting peaks and troughs in the power spectrum density functions within 0.3 to 2 Hz. The 

visual observations and the peaks and troughs in the power spectra indicated consistently 
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characteristic peak in energies within the range of 0.5-2 Hz, likely linked with unsteady velocities in 

the pooled stepped spillway flow. 

(A) C = 0.812, F = 21.0 Hz, V = 1.55 m/s (B) C = 0.751, F = 54.5 Hz, V = 2.37 m/s 

Figure D-1: Spectral analysis of the fluctuations of raw phase detection probe signal of the leading tip of a double-tip 
conductivity probe in skimming flows on a pooled stepped spillway (θ = 8.9°) - Smoothed signal in red 

 

D.2.3 Characteristic frequencies of interfacial velocity signal 

Similar characteristic frequencies were also found in power spectra of interfacial velocity signals of 

the double-tip conductivity probe. That is, the raw signals of 45 s duration were split into 450 non-

overlapping intervals of 0.1 s. The period of each interval corresponded to a frequency of 10 Hz 

which was one order of magnitude larger than the previously identified characteristic frequencies of 

the raw signal power spectrum (Figure D-1). For all 450 intervals, a cross-correlation analysis was 

performed over the interval and the interfacial time-averaged velocity was calculated (Figure D-2). 

Typical results are presented in Figure D-2, showing the time variations of interfacial velocity in 

skimming flow. The interfacial velocity V and the turbulence intensity Tu data for the whole 45 s 

interval are added in the figure caption. 

Further velocity and turbulence data were calculated for the interfacial velocity signal in Figure D-2 

including the mean interfacial velocity Vmean and the turbulent velocity fluctuations v' = Tu/Vmean. 

The resulting data were also added to the caption in Figure D-2 showing differences to the calcula-

tion for the 45 s interval. The differences might be linked with the removal of a few meaningless 
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values (e.g. very large or negative velocities) caused by the small interval duration (2,000 data 

points) over which the correlation function was calculated. A different interval size of 0.2 s was al-

so tested. For this interval, the number of meaningless data decreased and Vmean was closer to the 

interfacial velocity V of the 45 s interval.  

It is acknowledged that the manual removal of meaningless data might bias the results, although the 

analysed data were located in the shear region typically characterised by positive time-averaged ve-

locities.  

 
Figure D-2: Interfacial velocity signal of a double-tip conductivity probe calculated for a series of non-overlapping   

0.1 s intervals - Flow conditions: dc/h = 2.66, step 21, y = 78mm, C =0.365, F = 69.9 Hz, V = 2.43 m/s, Tu 
= 5.75; Vmean = 2.08 m/s; v' = 0.42 

 

The resulting velocity signal was analysed using a fast Fourier transform (FFT) and typical power 

spectra for data with intervals of 0.1 s are illustrated in Figure D-3. The graphs showed typical 

troughs for frequencies of about 0.3 to 0.5 Hz, which was consistent with the FFT analyses of the 

raw Voltage signal (Figure D-1). Data for the lager interval of 0.2 s were also tested and the charac-

teristic frequencies were similar. The results tended to support the visual observations as well as the 

FFT spectral analyses of the raw probe signals which identified characteristic frequencies of about 

0.3 to 2 Hz. 
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(A) C = 0.365, F = 69.9 Hz, V = 2.43 m/s s (B) C = 0.622, F = 57.7 Hz, V = 2.83 m/s 

Figure D-3: Spectral analyses of the fluctuations of the interfacial velocity signal of a double-tip conductivity probe 
(0.1 s intervals) - Smoothed signal in red 

 

D.2.4 Decomposition of the raw signal using filtering 

Pseudo-periodic instationarities were observed on the pooled stepped spillway with characteristic 

frequencies of about 0.5 to 2 Hz. The same characteristic frequencies were also visible in the power 

spectra of the raw probe signal, showing peaks and troughs at about 0.3 to 2 Hz. Characteristic fre-

quencies of about 0.3 to 0.5 Hz were also observed in the power spectrum of interfacial velocities 

with element sizes of 0.1 s (10 Hz). A sensitivity analysis was performed in terms of suitable cut-off 

frequencies and the results are presented in section D.3. The sensitivity analysis confirmed the 

choice of a lower cut-off frequency of 0.33 Hz and an upper cut-off frequency of 10 Hz (section 

D.3). Based upon these thresholds, the low pass, band pass and high pass filtering of the raw signals 

were performed upon a common FFT approach (PRESS et al. 2007). Figure D-4 illustrates a typical 

raw probe signal (Figure D-4A) and the resulting components after filtering (Figures D-4B to D-

4D). Please note the different time axis range for the low pass filtered signal in Figure D-4D. The 

first and last three seconds of the filtered records were removed to avoid any end affects induced by 

the filtering (see Figure D-4D). 

Each decomposed data set was based upon a complete time series of 39 s at 20 kHz, i.e. 780,000 da-

ta points. A 13 s sub-sample was optimum and allowed a sufficiently large data sub-set yielding a 
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proper smoothing of the results. The triple decomposition technique calculations were complex and 

automated with a Fortran program to calculate the decomposed air-water flow properties. 

 
(A) Raw signal 

 
(B) High pass filtered raw signal (10 - 10000 Hz) 

 
(C) Band pass filtered raw signal (0.33 - 10 Hz) 

 
(D) Low pass filtered raw signal (0 - 0.33 Hz) 

Figure D-4: Raw and filtered signals for dc/h = 3.0, step 20, y = 92 mm, C =0.445, F = 70.1 Hz, V = 2.55 m/s - Note 
the longer time display for the low pass filtered signal in Figure D-4D 
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D.2.5 Basic air-water flow properties - Void fraction and bubble count rate 

The instantaneous void fraction of the raw signal may be expressed in terms of the decomposed fil-

tered components: 

"c'cc~c   (D-2) 

where c is the instantaneous void fraction, c~  is a mean or low pass filtered component, c' represents 

the slow fluctuating or band pass filtered contribution and c'' is the fast fluctuating or high pass fil-

tered component which was expected to be associated with the 'true' turbulent motion of the flow. 

Please note that the instantaneous void fraction c is defined as a linear function of the instantaneous 

probe voltage output between the air and water voltages with: 0 ≤ c ≤ 1. A slightly different defini-

tion is based upon the single-threshold processing technique yielding a non-linear function of probe 

signal output: c = 0 or 1. This method led to similar results in terms of the time-averaged air con-

centration and bubble count rates. 

The time-averaged void fraction C is defined as: 
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where n was the number of data samples. When the lower cut-off frequency (0.33 Hz herein) is sig-

nificantly smaller than the characteristic frequencies of the air-water flow fluctuations, it yields: 
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The bubble count rate F is defined as the number of air-to-water interfaces detected by the probe per 

unit time. The count rate is a non-linear function of the instantaneous void fraction derivative c/t. 

In a bubbly flow with tight bubble concentration where F is substantially larger than the upper cut-

off frequency, it might be expected that: 

1F
~   (D-7) 

F'F   (D-8) 

F"F   (D-9) 
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Please note, that F'' was calculated using the derivative of the instantaneous void fraction c'' of the 

high pass filtered signal to avoid any impacts of a strong fluctuating signal. Table D-2 lists charac-

teristic experimental results in terms of void fraction and bubble count rate for several positions in a 

cross-section and for several flow rates for the pooled stepped spillway. The data in Table D-2 con-

firm the assumptions underlying Equations (D-3) to (D-9). 

 

Table D-2: Comparison of void fraction and bubble count rates for raw signal and filtered components on a pooled 
stepped spillway (θ = 8.9°) 

dc/h 
[-] 

Step 
edge 

Elevation 
y [mm] 

C 
[-] 

C
~

 
[-] 

C' 
[-] 

C'' 
[-] 

F 
[Hz] 

F
~

 
[Hz] 

F' 
[Hz] 

F'' 
[Hz] 

1.7 21 58 0.398 0.399 0 0 47.29 0.23 4.36 46.54 
64 0.526 0.514 0.001 0 44.18 0.26 4.21 43.33 
76 0.749 0.744 0.002 0 31.22 0.28 4.33 30.21 

2.66 21 75 0.286 0.298 0.002 0 64.09 0.28 4.10 66.23 
82 0.450 0.455 0 0 73.24 0.33 4.72 74.64 
92 0.707 0.693 0 0 57.93 0.28 4.90 58.95 

3.55 21 95 0.228 0.227 0 0 62.62 0.23 4.85 62.82 
108 0.471 0.476 0.001 0 67.40 0.31 5.44 66.97 
118 0.722 0.714 0.001 0 53.20 0.36 5.41 53.69 

 

D.2.6 Basic air-water flow properties - Auto- and cross-correlation functions 

The calculations of time-averaged velocity, turbulence intensity and auto- and cross-correlation 

time scales are based upon analyses of the auto- and cross-correlation functions. The normalised au-

to-correlation function is defined as: 
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where c is the instantaneous void fraction of the leading tip and  is a time lag. The normalised 

cross-correlation function is defined as 
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where the subscripts 1 and 2 refer to the leading and trailing probe data respectively. Note that 

typically C1  C2, although the probe trailing tip signal might be affected by the leading tip wake 

depending upon the dual-tip probe design (SENE 1984; CHANSON 1988,2002a). 

Assuming that 1c~   2c~  C1  C2, the low pass filtered or mean velocity component cancels out and 

the cross-correlation function becomes: 
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It may be transformed as: 

)(RG)(RD)(RB)(RA)(R 'y"x"y'x"y"x'y'xxy   (D-13) 

where: 
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Basically Rx'y', Rx"y", Rx'y" and Rx"y' are respectively the normalised cross-correlation functions be-

tween the slow fluctuating or band pass filtered signals, between the fast fluctuating or high pass fil-

tered components, and between band pass filtered and high pass filtered signals. The factors A, B, 

D and G are independent of the time lag  provided that the sampling time is significantly larger 

than the time lag. The values of A and B added always up to a value of 1. In the intermediate region 

A and B were typically about 0.5. In the spray and bubbly regions, values of A were between 0.1 

and 0.4 while B was between 0.6 and 0.9. The values of D and G were about 0.5 for the bulk of the 

air-water column with smaller values in the bubbly and spray regions.  

Equation (D-13) illustrates that the cross-correlation function may be expressed as a linear function 

of the cross-correlation functions of the filtered signals Rx'y', Rx"y", Rx'y" and Rx"y' (Figure D-5). In 

Figure D-5A, typical cross-correlation functions of D×Rx'y" and G×Rx"y' are illustrated. Typical 

cross-correlation functions are shown for the same flow conditions in Figure D-5B including the 

function for the raw data Rxy, for the band pass filtered signal Rxy', for the high pass filtered signal 

Rxy'' and for the sum of the cross-correlations of band pass and high pass filtered components.  
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(A) Cross-correlation functions Rx'y" and Rx"y' 

 
(B) Cross-correlation functions for the raw signal and the filtered signal components 

Figure D-5: Cross-correlation functions on the pooled stepped spillway - Flow conditions: dc/h = 2.3, Qw = 61.0 l/s, Re 
= 4.85×105, Step edge 21, y = 74 mm, C = 0.512, F = 71.5 Hz 

 

The experimental data showed that Rx'y" ≈ Rx"y' ≈ 0 as illustrated in Figure D-5A. The result was ex-

pected since there is no overlap in frequency range between the band pass and high pass filtered 

signals. Since the cross-correlation functions in Figure D-5A show very small values (|R| < 10-3), 

Rx'y" and Rx"y' can be neglected and Equation (D-13) may be simplified into: 

)(R)("R)('R)(RB)(RA)(R )1(
xyxyxy"y"x'y'xxy   (D-14) 

Time [s]

R
xy

 [
-]

-0.01 0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17 0.19

-0.0006

-0.00045

-0.0003

-0.00015

0.00015

0.0003

0.00045

0.0006

-0.01 0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17 0.19

-0.0006

-0.00045

-0.0003

-0.00015

0.00015

0.0003

0.00045

0.0006

D  Rx'y''
G  Rx''y'

Time [s]

R
xy

 [
-]

-0.01 0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17 0.19
-0.1

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-0.01 0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17 0.19
-0.1

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Rxy (raw signal)
Rxy' = A  Rx'y'
Rxy'' = B  Rx''y''
Rxy

(1) = Rxy' + Rxy''



340 Appendix D – Triple decomposition technique of instationary air-water flows  

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

where Rxy' and Rxy'' are proportional respectively to the cross-correlation functions of band pass and 

high pass filtered signals and Rxy
(1) was the sum of the band and high pass filtered correlation func-

tions. The coefficients of proportionality are the factors A and B (Equation (D-14)). 

Figure D-5B shows the validity of the decomposition of the cross-correlation functions Rxy
(1). There 

are small differences between the cross-correlation functions Rxy and Rxy
(1) for all data sets in the 

present study which might be linked with the assumption within the theoretical validation process. 

Overall, the agreement of the physical data highlights the validity of Equation (D-14). 

A similar reasoning may be applied to the auto-correlation function. The results yield: 
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where: 
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In Figure D-6, typical auto-correlation functions are shown for a skimming flow. Figure D-6A illus-

trates that Rx'x'' and Rx''x' are negligible and Equation (D-15) can be approximated to: 

)(R)("R)('R)(R)(R)(R )1(
xxxxxx"x"x'x'xxx   (D-16) 

where Rxx' and Rxx'' are the auto-correlation functions of band pass and high pass filtered signals in-

cluding the factors ϑ and ς respectively and Rxx
(1) is the sum. Figure D-6B presents typical auto-

correlation functions of the raw signal Rxx, of the band pass filtered signal Rxx', of the high pass fil-

tered signal Rxx'' and of the sum of the correlation functions of band pass and high pass filtered sig-

nal components Rxx
(1). Figure D-6 illustrates the decomposition of the auto-correlation functions 

and the validity of Equation (D-16). 
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The auto- and cross-correlation functions of the raw signal are commonly used to calculate the 

time-averaged interfacial velocity V (section D.2.7), the auto- and cross-correlation time scales Txx 

and Txy (section D.2.8) and the turbulence intensity Tu (section D.2.9). The above findings showed 

that Equations (D-14) & (D-16) implied no contribution of the low pass filtered signal component 

on the decomposition of the correlation functions. Consequently, there was no contribution of the 

low pass filtered signal component to the air-water flow properties calculated based upon correla-

tion techniques. 

 
(A) Auto-correlation functions Rx'x" and Rx"x' 

 
(B) Auto-correlation functions for the raw signal and the filtered signal components 

Figure D-6: Auto-correlation functions on the pooled stepped spillway - Flow conditions: dc/h = 2.66, Q = 75.9 l/s, Re 
= 6.03×105, Step edge 21, y = 84 mm, C = 0.522, F = 61.8 Hz 
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D.2.7 Basic air-water flow properties - Interfacial velocity 

In a high-aerated free-surface flow, the time-averaged velocity V is calculated using a cross-

correlation technique: 

T

x
V


  (D-17) 

where T is the time lag for which the cross-correlation function between the probe tips of the dou-

ble-tip probe is maximum and x is the longitudinal distance between the tips. It is shown that the 

cross-correlation function can be decomposed linearly (Equation (D-14)), and the time-averaged in-

terfacial velocity corresponding to the band pass and high pass filtered signal is: 
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where T' and T" are the time lags for which Rx"y" and Rx'y' were maximum respectively. A further 

time-averaged interfacial velocity may be calculated based upon Equation (D-14): 

V
T

x
V

)1(
)1( 


  (D-20) 

where T(1) was the time for which Rxy
(1) is maximum: (Rxy)

(1)
max. Figures D-7 presents a typical in-

terfacial velocity distribution highlighting difference between the interfacial velocity data V' of the 

slow fluctuating velocity component, the raw data and the other decomposed signal components. It 

is believed that the difference between the band pass filtered interfacial velocity component V' from 

the interfacial velocity V was caused by the cut-off frequencies being larger than the average travel 

time of the interfaces between the probe sensors (Figure D-7). 
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Figure D-7: Interfacial velocity of the raw signal and the filtered signal components on the pooled stepped spillway - 

Flow conditions: dc/h = 2.66, Q = 75.9 l/s, Re = 6.03×105, Step edge 20 

 

D.2.8 Basic air-water flow properties - Auto- and cross-correlation time scales 

Since the correlation function is a linear function of the cross-correlation functions of the filtered 

signals (Equation (D-14)), the definition of the cross-correlation integral time scale becomes: 
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Equations (D-22) to (D-24) describe the cross-correlation integral time scales for the band pass fil-

tered signal, for the high pass filtered signal and for the sum of the cross-correlation functions of 

band and high pass filtered signals (Equation (D-14)).  
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Similarly the auto-correlation function may be rewritten: 

)1(
xxxxxx"x"x'x'xxx T''T'TTTT   (D-25) 

The validity of Equations (D-21) and (D-25) was tested against experimental data and typical re-

sults are shown in Figures D-8 and D-9 for the cross-correlation and auto-correlation time scales re-

spectively. The time scale data are illustrated for the raw data, for the band pass filtered and the low 

pass filtered components as well as for the sum of the cross-correlation functions of the band pass 

and high pass filtered signals. The sum of the band pass and high pass filtered correlation scales is 

also added. It is seen that the correlation time scales of the raw function is almost identical to the 

time scales Txy
(1) (and Txx

(1)) and Txy' + Txy'' (and Txx' + Txx''). Figures D-8 and D-9 illustrate the va-

lidity of Equations (D-22) to (D-24). 

Figure D-8: Cross-correlation time scales for the raw signal and the filtered signal components on the pooled stepped 
spillway - Flow conditions: dc/h = 1.7, Q = 39.0 l/s, Re = 3.1×105, Step edge 20 
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Figure D-9: Auto-correlation time scales for the raw signal and the filtered signal components on the pooled stepped 

spillway - Flow conditions: dc/h = 3.3, Q = 104.9 l/s, Re = 8.34×105, Step edge 18 

 

D.2.9 Basic air-water flow properties – Turbulence intensity 

Assuming that the successive detection of bubbles by the probe sensors was a true random process, 

the cross-correlation function is a Gaussian distribution (CHANSON & TOOMBES 2002a; CAROSI & 

CHANSON 2006). Within basic assumptions (CHANSON & TOOMBES 2002a), the turbulence intensity 

u'/V is equal to: 
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where σxy is the standard deviation of the cross-correlation function and σxx is the standard devia-

tion of the auto-correlation function (HARVEY 1993).  

Assuming that the cross-correlation function was a Gaussian distribution and defining 0.5 the time 

scale for which: Rxy(T+0.5)=Rxy(T)/2, the standard deviation of the cross-correlation function 

equalled: σxy = 0.5/1.175, while the standard deviation of the auto-correlation function equalled: σxx 

= T0.5/1.175 where T0.5 was the characteristic time for which the normalised auto-correlation func-

tion was 0.5. Equation (D-26) yields: 
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Equation (D-27) was introduced previously (section 2.5.2) and it was used in several air-water flow 

studies (CHANSON & TOOMBES 2002a; GONZALEZ & CHANSON 2004; FELDER & CHANSON 2009b; 

CHACHEREAU & CHANSON 2011a). Using Equation (D-27), the turbulence intensities for the band 

pass filtered, the high pass filtered signal and for the sum of the cross-correlation functions of band 

and high pass filtered signals (Equation (D-14)) are calculated as: 
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Note that it is not possible yet to justify theoretically the validity of Equations (D-28) to (D-30) as 

the decomposition of Equation (D-27) is highly non-linear. However, the experimental results for 

all data sets in the present study showed that the decomposition of the turbulence levels of the raw 

data was possible and the results yielded: 

)1(TuTu   (D-31) 

Typical turbulence intensity data are illustrated in Figure D-10 for pooled stepped spillway data. 

The results (Figure D-10) illustrates that the turbulence intensity of the band pass filtered compo-

nent Tu' are larger than the turbulence levels of the high pass filtered signal Tu'': Tu' > Tu". Basical-

ly, larger turbulence levels were contained in the slow fluctuating velocity components of the insta-

tionary air-water flows. Further the physical data showed the validity of Equation (D-31). A differ-

ent expression of the turbulence intensity in terms of the auto- and cross-correlation time scales was 

investigated by FELDER & CHANSON (2012a), but no meaningful results were found due to the non-

linearity.  
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Figure D-10: Turbulence intensity of the raw signal and the filtered signal components on the pooled stepped spillway - 

Flow conditions: dc/h = 2.3, Q = 61.0 l/s, Re = 4.85×105, Step edge 21 

 

D.2.10  Discussion 

A triple decomposition approach for a raw probe signal in an air-water flow was introduced above. 

The raw probe signals were band pass filtered and the resulting decomposed signal components 

may be analysed to identify the corresponding air-water flow properties. The calculations were 

based upon auto- and cross-correlation analyses of the decomposed probe signals.  

The theoretical validation of the approach was summarised above. Simply the auto- and cross-

correlations of the respective probe signal components are valid representation of the original signal 

since a linear decomposition was applied (Equations (D-14) & (D-16)). The calculations of the au-

to- and cross-correlation time scales and of the interfacial velocities are theoretically justifiable. Yet 

it was not possible to prove the theoretical validity of the turbulence intensity decomposition be-

cause of the non-linearity of the calculation methods (Equation (D-27)). It is shown in the results of 

the data analyses (e.g. Figure D-10; section 5.4.3) that the decomposition of the turbulence intensi-

ties based upon Equations (D-28) to (D-30) yielded meaningful results. The present triple decompo-

sition technique based upon the raw probe signals differs hence from the traditional triple decompo-

sition of velocity signals.  

A similar approach in terms of correlation analyses of filtered signals is commonly performed in 

acoustics where it is called interaural correlation (TRAHIOTIS et al. 2005; BOEMER et al. 2011) and 
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in speech recognition (STERN et al. 2007). In fluid mechanics, the correlation analysis of filtered 

signals is less common. The use of correlation techniques applied to filtered signals in turbulent 

flows is mentioned by FAVRE (1965), COMTE-BELLOT & CORRSIN (1971) and FRISCH (1995). These 

studies tended to support the selection of the signal decomposition technique and its application to 

the correlation of filtered signal components. 

 

D.3 Sensitivity analysis on the effects of upper and lower cut-off frequencies  

D.3.1 Presentation 

As shown in the previous sections, FFT analyses of the raw signal and interfacial velocity intervals 

of 10 Hz showed characteristic frequency peaks of about 0.3 to 2 Hz. Visual observations identified 

characteristic upper and lower cut-off frequencies of 0.33 and 10 Hz respectively. A detailed sensi-

tivity analysis on the effects of the cut-off frequencies onto the air-water flow properties confirmed 

the choice of the upper and lower cut-off frequencies. In this section, the results of the sensitivity 

analysis are presented for the instationary air-water flows on the pooled stepped spillway. The sen-

sitivity analysis was conducted for a typical skimming flow rate (dc/h = 2.66, Qw = 0.076 m3/s, Re = 

6.03 × 105) at five vertical measurement locations at the downstream end of the pooled stepped 

spillway. The effect of the upper and lower cut-off frequencies on the void fraction, the bubble 

count rate, the maximum cross-correlation values, the interfacial velocity, the auto- and cross-

correlation time scale and the turbulence intensity were investigated. The effects of the upper cut-

off frequencies were tested with frequencies between 1 and 100 Hz using a constant lower cut-off 

frequency of 0.33 Hz. For the test of the lower cut-off frequencies, the upper cut-off frequency was 

constant (10 Hz) and various lower cut-off frequencies between 0.03 and 3.3 Hz were investigated. 

For all air-water flow properties, the sensitivity analyses comprised the high pass and band pass fil-

tered air-water flow properties as well as the properties for the sum of the cross-correlation func-

tions of the band pass and high pass filtered signals. Results of the sensitivity analyses for data of 

the pooled stepped spillway and on a hydraulic jump are also reported by FELDER & CHANSON 

(2012a). 

 

D.3.2 Effect on void fraction and bubble count rate 

The void fraction and bubble count rate analyses were conducted manually for characteristic loca-

tions on the pooled stepped spillway. Please note that the fast fluctuating component of the bubble 

count rate F'' was calculated using the derivative of the instantaneous void fraction c'' of the high 

pass filtered signal to avoid any impacts of a strong fluctuating signal. The sensitivity analysis was 
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conducted for both constant upper and constant lower cut-off frequencies. The results for the sensi-

tivity analysis with constant upper cut-off frequency of 10 Hz are illustrated in Table D-3. Table D-

3 shows that there was almost no effect of lower cut-off frequency upon the void fraction compo-

nents and the choice of a lower cut-off frequency larger than 0.26 Hz seemed meaningful. Small ef-

fects of the lower cut-off frequency were observed on the bubble count rate with differences for the 

larger cut-off frequencies. A lower cut-off frequency smaller than 0.41 Hz yielded almost constant 

bubble count rates for the filtered components. 

 

Table D-3: Sensitivity analyses on the effect of lower cut-off frequency on void fraction and bubble count rate on pooled 
stepped spillway (θ = 8.9°); Constant upper cut-off frequency of 10 Hz 

Elevation y 
[mm] 

Lower cut-off frequency 
[Hz] 

C 
[-] 

C
~

 
[-] 

C' 
[-] 

F 
[Hz] 

F
~

 
[Hz] 

F' 
[Hz] 

75 0.03 0.286 0.257 0.022 64.09 0.03 3.9 
0.07 0.286 0.286 0.011 64.09 0.03 4.03 
0.13 0.286 0.294 0.006 64.09 0.10 4.03 
0.26 0.286 0.297 0.003 64.09 0.23 4.08 
0.33 0.286 0.298 0.002 64.09 0.28 4.1 
0.41 0.286 0.298 0.002 64.09 0.33 4.31 
0.83 0.286 0.299 0.001 64.09 0.69 4.69 
1.65 0.286 0.3 0 64.09 1.13 5.69 
3.3 0.286 0.3 0 64.09 1.85 7.1 

82 0.03 0.45 0.401 0.021 73.24 0.03 4.44 
0.07 0.45 0.443 0.006 73.24 0.08 4.46 
0.13 0.45 0.452 0.002 73.24 0.10 4.51 
0.26 0.45 0.455 0 73.24 0.31 4.62 
0.33 0.45 0.455 0 73.24 0.33 4.72 
0.41 0.45 0.455 0 73.24 0.39 4.9 
0.83 0.45 0.455 0 73.24 0.62 5.72 
1.65 0.45 0.455 0 73.24 1.10 6.59 
3.3 0.45 0.455 0 73.24 1.72 8.1 

92 0.03 0.707 0.623 0.03 57.93 0.03 4.36 
0.07 0.707 0.689 0.007 57.93 0.05 4.36 
0.13 0.707 0.704 0.002 57.93 0.15 4.46 
0.26 0.707 0.707 0.001 57.93 0.21 4.59 
0.33 0.707 0.708 0 57.93 0.28 4.79 
0.41 0.707 0.708 0 57.93 0.33 4.9 
0.83 0.707 0.708 0 57.93 0.64 5.41 
1.65 0.707 0.708 0 57.93 1.03 6.28 
3.3 0.707 0.708 0 57.93 1.79 7.41 

 

A sensitivity analysis of the upper cut-off frequency is illustrated in Table D-4 with constant lower 

cut-off frequency of 0.33 Hz. The results show that there was no effect of the upper cut-off frequen-

cy upon void fraction and bubble count rate of the high pass filtered signal component F''. However 

larger effects were seen upon the bubble count rate of the band pass filtered signal F' and the sensi-

tivity analyses did not provide a clear guide for the selection of the upper cut-off frequency. 
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Table D-4: Sensitivity analyses on the effect of upper cut-off frequency on void fraction and bubble count rate on 
pooled stepped spillway (θ = 8.9°); Constant lower cut-off frequency of 0.33 Hz 

Elevation y 
[mm] 

Upper cut-off frequency 
[Hz] 

C 
[-] 

C' 
[-] 

C'' 
[-] 

F 
[Hz] 

F' 
[Hz] 

F'' 
[Hz] 

75 1 0.286 0.002 0 64.09 1.15 66.23 
2 0.286 0.003 0 64.09 1.59 66.23 
4 0.286 0.003 0 64.09 2.31 66.23 
8 0.286 0.002 0 64.09 3.64 66.23 
10 0.286 0.002 0 64.09 4.1 66.23 
12.5 0.286 0.002 0 64.09 4.72 66.23 
25 0.286 0.002 0 64.09 7.77 66.23 
50 0.286 0.002 0 64.09 12.59 66.23 
100 0.286 0.002 0 64.09 20.46 66.23 

82 1 0.45 0 0 73.24 0.95 74.64 
2 0.45 0 0 73.24 1.41 74.64 
4 0.45 0 0 73.24 2.67 74.64 
8 0.45 0 0 73.24 4.05 74.64 
10 0.45 0 0 73.24 4.72 74.64 
12.5 0.45 0 0 73.24 5.62 74.64 
25 0.45 0 0 73.24 8.44 74.64 
50 0.45 0 0 73.24 13.62 74.64 
100 0.45 0 0 73.24 21.69 74.64 

92 1 0.707 0 0 57.93 1.08 58.95 
2 0.707 0 0 57.93 1.46 58.95 
4 0.707 0 0 57.93 2.38 58.95 
8 0.707 0 0 57.93 4.18 58.95 
10 0.707 0 0 57.93 4.79 58.95 
12.5 0.707 0 0 57.93 5.38 58.95 
25 0.707 0 0 57.93 8.1 58.95 
50 0.707 0 0 57.93 12.64 58.95 
100 0.707 0 0 57.93 18.49 58.95 

 

D.3.3 Effect on maximum cross-correlation coefficient and interfacial velocity 

The effect of the upper and lower cut-off frequencies upon the maximum cross-correlation values 

(Rxy)max is illustrated in Figure D-11. The results for the lower cut-off frequency show that the max-

imum cross-correlation values for the band pass filtered component (Rxy)'max and for the high pass 

filtered part (Rxy)"max are almost constant for a lower cut-off frequency smaller 0.41 Hz (Figure D-

11A). Similar results were observed for the weighted sum of correlation functions of band and high 

pass filtered signal components (Rxy)
(1)

max. The investigation of the effect of the upper cut-off fre-

quency upon the maximum cross-correlation values shows that no clear cut-off frequencies for the 

band pass and high pass filtered signals (Figure D-11B). Figure D-11B shows further, that the value 

of (Rxy)
(1)

max remained constant for all upper cut-off frequencies. 
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(A) Effect of lower cut-off frequency (B) Effect of upper cut-off frequency 

Figure D-11: Sensitivity analyses on the effect of cut-off frequency on the maximum cross-correlation coefficient for the 
raw signal and the filtered signal components on the pooled stepped spillway (θ = 8.9°) 

 

The effects of the upper and lower cut-off frequencies upon the interfacial velocity were also inves-

tigated and typical results are illustrated in Figure D-12. For the lower cut-off frequency, the obser-

vations showed about constant interfacial velocities of the band pass filtered signal component V' 

for frequencies smaller 0.83 Hz (Figure D-12A). The values for the interfacial velocity of the high 

pass filter signal V" and of the weighted sum of correlation functions of band and high pass filtered 

signal components V(1) showed no effect of lower cut-off frequency for the investigated frequencies 

(Figure D-12A). For the upper cut-off frequencies, the values of V(1) and of the high pass filtered 

component V'' remained constant for all frequencies (Figure D-12B). However, clear effects upon 

the band pass filtered component V' were seen and no clear cut-off frequency was found for this 

signal component (Figure D-12B). 

(A) Effect of lower cut-off frequency (B) Effect of upper cut-off frequency 

Figure D-12: Sensitivity analyses on the effect of cut-off frequency on the interfacial velocity for the raw signal and the 
filtered signal components on the pooled stepped spillway (θ = 8.9°) 
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D.3.4 Effect on auto- and cross-correlation integral time scales 

The effect upon the auto- and cross-correlation time scales were investigated and typical results are 

illustrated in Figures D-13 & D-14. The results for the auto-correlation time scales showed that the 

lower cut-off frequencies for the band pass filtered component Txx' and for the weighted sum of cor-

relation functions of band and high pass filtered signal components Txx
(1) were almost constant for 

lower cut-off frequencies smaller 0.33 Hz (Figure D-13A). For the upper cut-off frequency, the val-

ues of Txx
(1) did not change for the investigated frequencies (Figure D-13B). The band pass filtered 

auto-correlation time scales did not change for frequencies larger 8 Hz (Figure D-13B). For the high 

pass filtered auto-correlation component, a decrease of the values was observed with increasing up-

per cut-off frequency (Figure D-13B) and no clear cut-off frequency was identified. 

(A) Effect of lower cut-off frequency (B) Effect of upper cut-off frequency 

Figure D-13: Sensitivity analyses on the effect of cut-off frequency on the auto-correlation time scale for the raw signal 
and the filtered signal components on the pooled stepped spillway (θ = 8.9°) 

 

Similar results were found for the cross-correlation integral time scale sensitivity of lower and up-

per cut-off frequencies. For the lower cut-off frequency, meaningful values were seen for Txy
(1) and 

Txy' for lower cut-off frequencies smaller 0.33 Hz (Figure D-14A). In Figure D-14B, the effects of 

the upper cut-off frequency upon the cross-correlation time scales are illustrated. It is visible, that 

the values of Txy' did not change for investigated frequencies larger 10 Hz. The cross-correlation 

time scales for the weighted sum of correlation functions of band and high pass filtered signal com-

ponents Txy
(1) showed no effects with variation of upper cut-off frequencies. For the high pass fil-

tered signal component, no clear cut-off frequency could be identified for the high pass filtered sig-

nal component (Figure D-14B). 
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(A) Effect of lower cut-off frequency (B) Effect of upper cut-off frequency 

Figure D-14: Sensitivity analyses on the effect of cut-off frequency on the cross-correlation time scale for the raw sig-
nal and the filtered signal components on the pooled stepped spillway (θ = 8.9°) 

 

D.3.5 Effect on turbulence intensity 

The results of the sensitivity analyses on the effects of upper and lower cut-off frequencies onto the 

turbulence intensities are illustrated in Figure D-15. For the lower cut-off frequencies, the turbu-

lence intensities of the weighted sum of correlation functions of band and high pass filtered signal 

components Tu(1) showed constant values for lower cut-off frequencies smaller 0.33 Hz (Figure D-

15A). Similar results were seen for the band pass filtered component Tu' (Figure D-15A). The ef-

fects of the upper cut-off frequency upon the turbulence intensity are illustrated in Figure D-15B. 

For the high pass filtered signal component, no clear upper cut-off frequencies were found; Tu'' de-

creased with increasing upper cut-off frequency. For the band pass filtered signal component, Tu' 

remained about constant for upper cut-off frequencies larger 10 Hz. The values of Tu(1) remained 

constant for all investigated upper cut-off frequencies (Figure D-15B). 

(A) Effect of lower cut-off frequency (B) Effect of upper cut-off frequency 

Figure D-15: Sensitivity analyses on the effect of cut-off frequency on the turbulence intensity for the raw signal and the 
filtered signal components on the pooled stepped spillway (θ = 8.9°) 
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D.3.6 Discussion 

The sensitivity analyses highlighted the difficult identification of clear cut-off frequencies within 

the investigated frequency ranges. Table D-5 summarises the basic findings listing the characteristic 

frequency ranges with physically meaningful upper and lower cut-off frequencies for each air-water 

flow property. In Table D-5, the shaded outcomes correspond to inapplicable or meaningless re-

sults. 

In summary, the meaningful range of upper cut-off frequency was for frequencies larger 10 Hz. For 

the lower cut-off frequency, consistent results were found with meaningful lower cut-off frequen-

cies of about 0.33 Hz. However a large number of air-water flow properties were found with no 

clear cut-off frequency in particular for the high pass filtered signal component and to a smaller ex-

tend for the band pass filtered component. Overall the results of the present sensitivity analyses 

supported the selection of the upper and lower cut-off frequencies used in the present study; namely 

a lower cut-off frequency of 0.33 Hz and an upper cut-off frequency of 10 Hz.  

 

Table D-5: Summary of identified meaningful upper and lower cut-off frequencies for all air-water flow properties for 
the pooled stepped spillway (θ = 8.9°) 

Air-water flow property Meaningful upper cut-off frequency 
(Constant lower cut-off: 0.33 Hz) 

Meaningful lower cut-off frequency 
(Constant upper cut-off: 10 Hz) 

Void 
fraction 
 

C
~

 
N/A 0.26 – 3.3 Hz 

C' 1 – 100 Hz 0.26 – 3.3 Hz 
C'' 1 – 100 Hz N/A 

Bubble 
count rate 

F
~

 N/A 0.03 – 0.41 Hz 

F' No clear cut-off frequency found 0.03 – 0.41 Hz 
F'' 1 – 100 Hz N/A 

Maximum 
cross-
correlation 

(Rxy)'max No clear cut-off frequency found 0.03 – 0.41 Hz 
(Rxy)''max No clear cut-off frequency found N/A 
(Rxy)

(1)
max 1 – 100 Hz 0.03 – 0.41 Hz 

Interfacial 
velocity 

V' No clear cut-off frequency found 0.03 – 0.83 Hz 
V'' 1 – 100 Hz N/A 
V(1) 1 – 100 Hz 0.03 – 3.3 Hz 

Auto-
correlation 
time scale 

Txx' 8 – 100 Hz 0.03 – 0.33 Hz 
Txx'' No clear cut-off frequency found N/A 
Txx

(1) 1 – 100 Hz 0.03 – 0.33 Hz 
Cross-
correlation 
time scale 

Txy' 10 – 100 Hz 0.03 – 0.33 Hz 
Txy'' No clear cut-off frequency found N/A 
Txy

(1) 1 – 100 Hz 0.03 – 0.33 Hz 
Turbulence 
intensity 

Tu' 10 – 100 Hz 0.03 – 0.33 Hz 
Tu'' No clear cut-off frequency found N/A 
Tu(1) 1 – 100 Hz 0.03 – 0.33 Hz 
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E Triple decomposition approach in air-water flows in a hydraulic jump 

E.1 Presentation 

A new triple decomposition approach for instationary air-water flows was introduced (section 2.7; 

Appendix D) and applied to instationary air-water flows on pooled stepped spillways with θ = 8.9° 

(section 5.5). The instationarities on the pooled stepped spillway were characterised by jump waves 

appearing along the stepped spillway and propagating downstream. The flow randomness appeared 

chaotic, and a range of characteristic frequencies were observed between 0.5 to 2 Hz. The triple de-

composition technique was based upon the linear decomposition of the the square wave raw probe 

signals into high and band pass filtered components and the calculation of the turbulence contribu-

tions of the decomposed signals using correlation analyses. The decomposition technique highlight-

ed that the largest turbulent energy dissipation happened in the slow velocity fluctuations and the 

turbulence intensities of the high pass filtered component were similar to the turbulence levels on 

the corresponding flat stepped spillway with steady, stationary air-water flows.  

Another application of the triple decomposition approach was tested in the pseudo-periodic air-

water flow of a hydraulic jump (Figure E-1). The air-water flow experiments in the hydraulic jump 

were conducted in a large size open channel at the University of Queensland. The experimental 

channel was 3.2 m long and 0.5 m wide. Water was supplied from an upstream inflow tank which 

provided a constant and controlled inflow through a rounded sluice gate. The side walls of the 

channel were made of long glass panels and the channel bed consisted of PVC. Further details about 

the experimental facility were reported in ZHANG et al. (2012) and further information about the tri-

ple decomposition approach in the hydraulic jump flow was presented by FELDER & CHANSON 

(2012a). The experiments were conducted with a double-tip conductivity probe sampled with 20 

kHz and for 300 s. The flow conditions for the present experiments are summarised in Table E-1.  

 

Table E-1: Summary for the experimental configuration for the hydraulic jump experiment 

Qw 
[m3/s] 

d1 
[m] 

x1 
[m] 

x - x1 
[m] 

V1 
[m/s] 

Fr1 
[-] 

Re1     
[-] 

Conductivity probe Sampling 
frequency 

Sampling 
duration 

0.041 0.024 1 0.3 3.44 7.1 8.2×104 Double-tip (Ø = 0.25 mm) 20 kHz 300 s 
 

E.2 Air-water flow pattern and basic air-water flow properties in the hydraulic jump 

Visual observations of the hydraulic jump flow highlighted the air entrainment and the highly tur-

bulent three-dimensional processes (Figure E-1). Strong fluctuations of the hydraulic jump roller 

were observed. The jump toe was constantly moving around a mean position x1 in horizontal direc-

tion with a frequency of about 1 Hz. Free-surface fluctuations were seen exhibiting frequencies of 
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about 1 Hz. The observations were consistent with previous studies (e.g. LONG et al. 1991; 

CHACHEREAU & CHANSON 2011b). The jump toe and free-surface fluctuations had effects on the air 

entrainment process in the shear layer at the jump toe and the roller movements within the hydraulic 

jump. These instationary processes seemed to have a (pseudo-)periodic behaviour and the air-water 

flow properties may be affected. 

(A) Side view with flow from right to left - Qw = 0.0432 
m3/s, x1 = 1 m, d1 = 0.026 m, Fr1 = 6.6, Re1 = 8.6×104 

(B) Looking downstream at the jump toe - Qw = 0.0316 
m3/s, x1 = 1 m, d1 = 0.026 m, Fr1 = 4.9, Re1 = 6.3×104 

Figure E-1: Photos of the air-water flows in a hydraulic jump (Courtesy of Professor Hubert CHANSON) 

 

The basic air-water flow properties were calculated including the void fraction, the bubble count 

rate, the interfacial velocity and the turbulence levels. The distributions of void fraction, bubble 

count rate and interfacial velocity are illustrated in Figure E-2A in dimensionless terms as functions 

of y/d1 where d1 is the inflow depth. The air-water flow property distributions were in agreement 

with results reported in earlier studies (e.g. CHANSON & BRATTBERG 2000; MURZYN et al. 2007; 

CHANSON 2007b; CHACHEREAU & CHANSON 2011a). The void fraction and bubble count rate data 

highlighted two distinctive flow regions. These are the air-water shear layer and the upper free-

surface region. The developing shear layer was characterised by strong interactions between en-

trained air and turbulent structures, associated with a local maximum in void fraction Cmax and a 

marked maximum in bubble count rate Fmax. In the upper free-surface region above, the void frac-

tion increased monotonically with increasing distance from the invert towards C = 1 (air). The inter-

facial velocity data showed a self-similar profile close to wall jet results. That is, a flow region very 

close to the bed with a boundary layer like distribution in which the velocity increased from zero up 

to a maximum velocity Vmax, and an upper flow region with decreasing velocity with increasing 

vertical distance. Typical air-water flow data are illustrated in Figure E-2A. Please note that, in Fig-

ure E-2A, the negative velocities are not shown. 
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Another characteristic property was the turbulence intensity Tu, shown in Figure E-2B. The present 

observations were in agreement with turbulence velocity distributions in previous studies 

(CHANSON 2010; CHACHEREAU & CHANSON 2011a). In the turbulent shear layer, the turbulence 

levels increased with increasing distance from the channel invert. The maximum turbulence levels 

reached very large values of up to 500-900%. It was believed that the high turbulence intensities 

were linked with the instationary motion of the hydraulic jump roller and that the data were affected 

by the slow pseudo-periodic motions within the hydraulic jump. In Figure E-2B, the turbulence in-

tensity data were calculated with both positive and negative velocity data. A different symbol was 

used for clarity with blue square symbols for the negative velocity turbulence intensity data (Figure 

E-2B). 

(A) Void fraction, bubble count rate, interfacial velocity (B) Turbulence intensity 

Figure E-2: Basic air-water flow properties in the hydraulic jump - Qw = 0.041 m3/s, x1 = 1 m, d1 = 0.024 m, Fr1 = 7.1, 
Re = 8.2×104 

 

E.3 Triple decomposition approach 

E.3.1 Presentation 

The large turbulence level data suggested that the turbulent velocity fluctuations encompassed dif-

ferent turbulent time scales as suggested by visual observations of jump toe and free-surface fluctu-

ations. The triple decomposition approach was applied to split the raw signal into the components 

representing the mean velocities, the slow fluctuating velocity component and the fast fluctuating 

velocity component. As shown in section 2.7 and Appendix D, the contribution of the low pass fil-

tered signal component might not have any contribution to the air-water flow properties associated 

with the auto- and cross-correlation analyses. 
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E.3.2 Characteristic frequencies in hydraulic jump flows 

Visual observations of jump toe and free-surface fluctuations indicated characteristic frequencies of 

about 1 Hz. These frequencies were consistent with a number of earlier findings (CHACHEREAU & 

CHANSON 2011b; ZHANG et al. 2013). A fast Fourier transform (FFT) analysis of the square wave 

raw signal of the probe leading tip was conducted and characteristic frequencies were found in all 

raw data sets (Figure E-3A). Figure E-3A shows typical power spectrum density functions of the 

raw signals. The results highlighted characteristic peaks in power density function for frequencies 

of about 0.7 to 1.2 Hz. 

(A) Fluctuations of square wave raw Voltage signal of the 
leading tip of a double-tip conductivity probe 

(B) Fluctuations of the interfacial velocity signal of a 
double-tip conductivity probe (0.1 s intervals) 

Figure E-3: Spectral analysis of characteristic signals in the hydraulic jump - Fr1 = 7.1, Re = 8.2×104 

 

For the present data, the raw signal was split into 0.1 s intervals, corresponding to a smoothing with 

a frequency of 10 Hz which was about one magnitude larger than the slow fluctuation frequency of 

about 1 Hz. The interval selection was small to remain unaffected by the large scale velocity fluctu-

ations (1 Hz) while it allowed a sufficiently large data size for the cross-correlation analyses. For 

each 0.1 s long interval, the interfacial velocity was calculated using a cross-correlation technique. 

Erroneous interfacial velocities were removed: i.e, negative velocities or velocities exceeding 5 m/s. 
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A FFT analysis of the resulting velocity data set was performed and the results are shown in Figure 

E-3B. Figure E-3B includes a typical power spectrum density function. While it was difficult to 

identify clearly a unique peak in frequencies, a range of troughs and peaks was observed for fre-

quencies between 0.1 to 1 Hz. The same approach was tested for 0.2 s interval data sets, and also no 

clear peak in frequency was found. 

Overall the FFT analyses of the raw Voltage signal (Figure E-3A) and of the interfacial velocity 

signal with 0.1 s intervals (Figure E-3B) confirmed the existence of characteristic frequencies in the 

range of about 1 Hz, implying that the triple decomposition technique may be suitable. 

 

E.3.3 Decomposition of raw signal 

The raw signal was decomposed in three components with cut-off frequencies of 0.33 Hz (cut-off 

period of 3 s) for the lower cut-off frequency and 10 Hz (cut-off period of 0.1 s) for the upper cut-

off. Although the identification of the cut-off frequencies was not quite definite as illustrated in 

Figure E-3, the dominant characteristic frequency of about 1 Hz was clearly identified. The selec-

tion cut-off frequencies appeared adequate to separate the slow fluctuating component from the 

mean and the fast fluctuating components respectively. 

A low pass (0-0.33 Hz), band pass (0.33-10 Hz) and high pass (10-10000 Hz) filtering was per-

formed for both leading and trailing tip signals for the data set. Typical filtered signals together with 

the raw signal are illustrated in Figure E-4. Please note the different horizontal axis scaling for the 

mean signal component, i.e. for the low pass filtered raw signal component (Figure E-4D). 

For all decomposed signals, 3 s probe signals were removed at both ends to avoid any bias induced 

by the filtering. That is, the decomposed signals had durations of 294 s. For the band pass and high 

pass filtered probe signals, both auto- and cross-correlation analyses were performed with three 

non-overlapping intervals and the correlation results were averaged. The correlation functions were 

calculated for time lags between 0 and 0.2 s (4,000 correlation steps). All correlation signals exhib-

ited smooth distributions, although differences in the shapes and in the location of the x-axis cross-

ing were observed. The weighted sum of the band pass and high pass filtered correlation functions 

was calculated yielding the functions Rxx
(1) and Rxy

(1). Both Rxx
(1) and Rxy

(1) were in agreement with 

the respective raw signal correlation functions, but the raw signal functions were consistently slight-

ly larger and the first crossing time lag was slightly larger. The auto- and cross-correlation functions 

are not shown in this section, but they were in close agreement with the findings for the pooled 

stepped spillway experiments (section 5.5; Appendix D).  
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(A) Raw signal 

 
(B) High pass filtered raw signal (10 - 10000 Hz) 

 
(C) Band pass filtered raw signal (0.33 - 10 Hz) 

 
(D) Low pass filtered raw signal (0 – 0.33 Hz) 

Figure E-4: Raw and filtered signals of the leading tip of a double tip conductivity probe in a hydraulic jump for Fr1 = 
7.1, Re1 = 8.2×104, y = 45 mm, C =0.231, F = 155.9 Hz, V = 2.22 m/s - Note the longer time display for 
the low pass filtered signal in Figure E-4D 

Time [s]

V
ol

ta
ge

11 11.1 11.2 11.3 11.4 11.5 11.6 11.7 11.8 11.9 12
-1

0

1

2

3

4

5

6
Raw signal (20 kHz, 300 seconds)

Time [s]

V
ol

ta
ge

11 11.1 11.2 11.3 11.4 11.5 11.6 11.7 11.8 11.9 12
-6

-4

-2

0

2

4

6
High pass filtered raw signal (10 - 10000 Hz)

Time [s]

V
ol

ta
ge

11 11.1 11.2 11.3 11.4 11.5 11.6 11.7 11.8 11.9 12
-6

-4

-2

0

2

4
Band pass filtered raw signal (0.33 - 10 Hz)

Time [s]

V
ol

ta
ge

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300
2.3

2.5

2.7

2.9

3.1

3.3

3.5

3.7

3.9
Low pass filtered raw signal (0 - 0.33 Hz)



 Appendix E – Triple decomposition approach in air-water flows in a hydraulic jump 361 

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

E.3.4 Air-water flow properties of decomposed raw signal components 

An analysis of the effect of the triple decomposition on the void fraction and bubble count rate out-

puts was performed at a number of selected locations. The air-water flow properties were calculated 

based upon a linear interpolation of the instantaneous void fraction raw signals (0 ≤ c ≤ 1). The void 

fraction and bubble count rates for the decomposed signal components were calculated based upon 

the filtering of the linearly interpolated raw signal. Please note, that the bubble frequency of the 

high pass filtered component was based upon a slope analysis of the derivative of the signal. The 

void fraction values of raw and band pass filtered signals were in good agreement (C ≈ C). The high 

and band pass filtered signal component were about C'' ≈ C' ≈ 0. The high pass filtered component 

of the bubble count rate F'', was nearly identical to that deduced from the raw signal analysis F: F" 

≈ F. For the band pass filtered component, a low bubble count rate was detected (F' << F) while the 

low pass filtered signal component F << F. The findings confirmed the theoretical derivation of the 

triple decomposition technique and were in good agreement with the findings of decomposed void 

fraction and bubble count rate properties on the pooled stepped spillways (Appendix D). 

The maximum cross-correlation values, auto- and cross-correlation time scales, interfacial velocity 

and turbulence levels were calculated for the hydraulic jump data. In the following figures, the re-

sults are shown comprising the raw signal data, the band pass and high pass filtered signal compo-

nents and the sum of the correlation functions of band pass and high pass filtered components (Ta-

ble E-2).  

 

Table E-2: Summary of investigated parameters in the decomposition of the hydraulic jump data  

Parameter Signal components 

Raw  data Band pass  
filtered data 
(0.33-10 Hz) 

High pass    
filtered data 

(10-10000 Hz) 

Calculation based upon the sum 
of correlation functions of band 

and high pass filtered components 

Maximum cross-correlation 
coefficient [-] 

(Rxy)max (Rxy)'max (Rxy)''max (Rxy)
(1)

max 

Cross-correlation time scale [s] Txy Txy' Txy'' Txy
(1) 

Auto-correlation time scale [s] Txx Txx' Txx'' Txx
(1) 

Interfacial velocity [m/s] V V' V'' V(1) 

Turbulence intensity [-] Tu Tu' Tu'' Tu(1) 
 

The distributions of maximum cross-correlation coefficient are shown in Figure E-5 as function of 

the dimensionless distance from the channel bed y/d1. Figure E-5 showed a good agreement be-

tween the raw signal data and the maximum cross-correlation values (Rxy)
(1)

max of the weighted sum 

of the correlation functions of band pass and high pass filtered components: (Rxy)
(1)

max ≈ (Rxy)max. 

The distributions showed maximum cross-correlation coefficient values of up to 0.6 to 0.7 in the 
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upper shear layer. The band pass filtered data (Rxy)
'
max yielded: (Rxy)

'
max ≈ (Rxy)max in the upper 

shear layer, but the maximum cross-correlation values decreased almost linearly to very small val-

ues close to the channel bed (Figure E-5). The high pass filtered data exhibited a very different 

shape with smaller cross-correlation coefficient maxima. In a region close to the channel invert, 

(Rxy)"max was about 0.2 to 0.3 and it decreased down to 0.05 above. 

 
Figure E-5: Maximum cross-correlation coefficient distributions for the raw signal and filtered signal components in 

the hydraulic jump 

 

The dimensionless auto- and cross-correlation time scale data are shown in Figures E-6 & E-7 re-

spectively as functions of y/d1. The profiles had relatively similar shapes for the raw data, the band 

pass filtered component and the weighted sum of correlation functions of band pass and high pass 

filtered components. Further, the sum of the auto- and cross-correlation time scales of the band pass 

and high pass filtered signals were in agreement with the raw signal data (Figures E-6 & E-7). 

These time scale distributions showed an increase with increasing distance from the bed. Slightly 

larger time scales were obtained for the raw signal. The shape of the high pass filtered component 

was different with maxima in the region of the shear layer. The values of Txx'' and Txy'' were about 

one magnitude smaller compared to the other auto- and cross-correlation time scale components.  

 

(Rxy)max [-]

y/
d 1

 [
-]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

(Rxy)max (raw signal)
(Rxy)'max
(Rxy)''max
(Rxy)(1)

max



 Appendix E – Triple decomposition approach in air-water flows in a hydraulic jump 363 

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

 
Figure E-6: Auto-correlation time scale distributions for the raw signal and filtered signal components in the hydraulic 

jump 

 

 
Figure E-7: Cross-correlation time scale distributions for the raw signal and filtered signal components in the hydrau-

lic jump 

 

The interfacial velocity data are presented in Figure E-8 in dimensionless terms as functions of y/d1. 

In Figure E-8, only positive velocity data are shown. The negative velocity data are not shown for 

simplicity. The raw signal, the high pass filtered velocity data and the data calculated based upon 

the weighted sum of the correlation functions of band pass and high pass filtered components were 

almost identical (V ≈ V(1) ≈ V") and agreed with typical interfacial velocity data in hydraulic jumps 
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(Figure E-2). The interfacial velocity distribution based upon the band pass filtered signal showed a 

similar shape, but with smaller velocity data close to the channel bed. It was believed, that the ve-

locity calculations for the band pass filtered signal were affected by the cut-off time scales which 

were larger than the interfacial travel time. 

 
Figure E-8: Interfacial velocity distributions for the raw signal and filtered signal components in the hydraulic jump 

 

Figures E-9 & E-10 present results in terms of the turbulence intensity Tu. In the flow region of 

positive longitudinal velocities (Figure E-9, filled symbols), all results showed increasing turbu-

lence levels with increasing distance from the channel bed with maximum values in the shear layer 

region. In the upper region where negative velocities were observed, the turbulence intensities were 

slightly lower (Figure E-9, hollow symbols). Figure E-9 shows a close agreement in turbulence lev-

els of the raw signal data Tu, the band pass filtered data Tu' and of the data set Tu(1) calculated 

based upon the weighted sum of correlation functions of band pass and high pass filtered compo-

nents. The high pass filtered data Tu" showed significantly smaller turbulence intensities with max-

ima of about 200% in the shear layer region compared to 600-1200% for the other components. The 

sum Tu'+Tu" of turbulence intensities of band pass and high pass filtered components is also shown 

in Figure E-9. The results showed a close agreement with the raw signal. 

Figure E-10 shows a comparison of the turbulence intensity Tu calculated based upon the raw probe 

signal to the turbulence levels calculated based upon the band and high pass filtered signals (Tu' & 

Tu" respectively). The results showed that the contribution of fast turbulence fluctuations was less 

significant than the slow fluctuation turbulence intensity, while the ratio Tu"/Tu' was 0.37 on aver-

age. Henceforth the slow fluctuating turbulence played a substantial role in the total turbulence in-
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tensity levels. Overall the findings supported the validity of the decomposition approach in terms of 

the turbulence intensity. The larger turbulence levels for the band pass filtered signal component in-

dicated a larger contribution of the slow velocity fluctuation to the overall turbulent kinetic energy.  

 
Figure E-9: Turbulence intensity distributions for the raw signal and filtered signal components in the hydraulic jump 

 

 
Figure E-10: Comparison of turbulence intensity (Tu) calculated based upon the raw probe signal to the turbulence 

levels (Tu', Tu") calculated based upon the band and high pass filtered signals respectively in the hydrau-
lic jump 
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E.3.5 Discussion 

The air-water flow instabilities in a hydraulic jump were observed with quasi-periodic pattern. They 

were linked with the longitudinal oscillations of the jump toe caused by the growth, advection, and 

pairing of large-scale vortices in the developing shear layer (LONG et al. 1991; HABIB et al. 1994). 

The air-water flows in the hydraulic jump tended to have a periodic behaviour and a single frequen-

cy close to 1 Hz was observed. The triple decomposition technique enabled the identification of the 

contributions of the various flow components into the turbulent energy. For both pooled stepped 

spillway and hydraulic jump, the slow fluctuating velocity component encompassed the largest 

share of the turbulent energy, while the velocity fluctuations in terms of fast fluctuating velocity 

component identified the 'true' turbulence properties within the instationary flow. 

The flow in the hydraulic jump flow was a periodic flow with a single characteristic frequency 

compared to the pooled stepped spillway which exhibited a more chaotic flow with a range of char-

acteristic frequencies. The present investigation proved that the triple decomposition approach was 

suitable for both instationary flows and it is believed that the triple decomposition technique is suit-

able for further unsteady air-water flows. These unsteady air-water flow applications could be surg-

es caused by dam breaks or wave breaking, often characterised by some intense unsteady air-

entrainment. For some flow conditions, some unsteady air-water flow might be observed in drop-

shafts and at plunging jets. A further use of the triple decomposition method could be in the roll 

waves down spillways, in tidal bores and surges in open channels. Some instationary air-water flow 

in pulsating jets might also constitute a suitable application of the triple decomposition approach. A 

different type of applications for the triple decomposition approach could be also the investigation 

of cavitation processes. 
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F Comparison of air-water flows on two stepped spillways with identical slope 

F.1 Presentation 

Experiments were conducted on two different stepped spillway models (I & II) with a slope of θ = 

26.6°. Both stepped spillway models consisted of 10 flat steps with equal step height h = 10 cm and 

were made of plywood. Figures F-1A & F-1B illustrate the two stepped spillway models. Differ-

ences existed between the two stepped spillway facilities. The stepped chutes had different channel 

widths W = 1 m for stepped spillway I and W = 0.52 m for stepped spillway II. Differences existed 

also in the lengths of the broad-crested weir Lcrest = 0.62 m (stepped spillway I) and Lcrest = 1.01 m 

(stepped spillway II) (Figure F-1C & F-1D).  

(A) Side view of stepped spillway I (W = 1 m) (B) Side view of stepped spillway II (W = 0.52 m) 

(C) Broad-crested weir and first step edge in  stepped 
spillway I (W = 1 m, Lcrest = 0.62 m) 

(D) Broad-crested weir and first step edge in  stepped 
spillway II (W = 0.52 m, Lcrest = 1.01 m) 

Figure F-1: Stepped spillway models (θ = 26.6°, h = 10 cm, 10 steps) 

 

For both stepped spillways, visual observations of the flow patterns and of the air entrainment pro-

cesses were conducted for a range of discharges (Table F-1). Table F-1 summarises the basic fea-

tures for the comparative analyses between the two stepped spillways including the channel geome-

tries, the broad-crested weir geometry (length: Lcrest and radius of the upstream rounded corner: 

rcrest), the upstream inflow sidewall contraction ratio and the experimental flow conditions. A fur-

ther difference was a net upstream of the broad-crested weir installed for stepped spillway I, to filter 
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any floating particles and to prevent the conductivity probes from any damage. CHANSON (2006a) 

pointed out the importance of the inflow conditions upon the boundary layer development and the 

free-surface aeration processes on the stepped chute. Therefore, the effects of the inflow conditions 

and the broad-crested weir geometries are discussed in section F.2 for the two stepped spillways. In 

section F.2, visual observations of the three-dimensional flow patterns upstream of the inception 

point of air entrainment are presented. Furthermore, acoustic displacement meters were used to 

measure the free-surface fluctuations on the broad-crested weirs for both stepped spillways (section 

F.2). 

 

Table F-1: Basic features and experimental flow conditions for the two stepped spillways 

Spill-
way 

θ 
[°] 

h 
[m] 

W 
[m] 

Lcrest 
[m] 

rcrest 
[m] 

Inflow con-
traction ratio 

qw          
[m2/s] 

dc/h       
[-] 

Re             
[-] 

Ia  26.6 0.1 1 0.62 0.057 4.8:1  0.009-0.241 0.20-1.81 3.5×104 - 9.6×105 
IIa  26.6 0.1 0.52 1.01 0.08 4.23:1  0.008-0.262 0.18-1.91 3.1×104 - 1.0×106 
 

For a range of discharges (Table F-1), the air-water flow patterns were investigated. Characteristic 

air-water flow patterns were observed for all flow regimes and air-water flow features for the two 

stepped spillways are presented in section F.3 for the transition and skimming flows. Furthermore, 

the locations of the inception points of air entrainment are compared in section F.3. 

For both stepped spillways, experiments with a double-tip conductivity probe (Ø = 0.25 mm) and 

with an array of two single-tip probes (Ø = 0.35 mm) were conducted for several flow rates in tran-

sition and skimming flows. All measurements were conducted for 45 s and with a sampling fre-

quency of 20 kHz per probe sensor. For all experiments, the air-water flow properties were calcu-

lated and a comparative analysis for the two stepped spillways is shown in section F.4. Further-

more, several characteristic air-water flow parameters are compared. 

 

F.2 Flow patterns and free-surface fluctuations on broad-crested weirs 

The geometries upstream of the stepped spillway test section differed for the two stepped spillways 

(Figure F-1). Both the sidewall contraction ratio and the rounded corner upstream of the broad-

crested weir were slightly different (Table F-1). Significant differences existed in terms of the 

broad-crested weir width (identical to channel widths W) and of the broad-crested weir length Lcrest. 

Stepped spillway I had a channel widths W = 1 m, while stepped spillway II was 0.52 m wide. For 

stepped spillway I, the crest had a length of Lcrest = 0.62 m and Lcrest = 1.01 m for stepped spillway 

II. Furthermore, stepped spillway I was equipped with a net upstream of the broad-crested weir for 
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the present investigations, in particular for larger flow rates, the tornado eddies caused significant 

flow disturbances. The tornado eddies propagated downstream and caused strong free-surface fluc-

tuations in the clear water flow region. The flow pattern on the stepped spillway II was different 

and the flow showed a very uniform and smooth behaviour on the broad-crested weir for all flow 

rates. Photos of the flow patterns on the broad-crested weirs and in the clear water flow region of 

the stepped spillways are illustrated in Figure F-3 for comparable flow rates.  

 
(A) Spillway I: Broad-crested weir (Lcrest = 0.62 m) – dc/h 

= 1.38; qw = 0.161 m2/s, Re = 6.4 × 105 

 
(B) Spillway II: Broad-crested weir (Lcrest = 1.01 m) – dc/h 

= 1.44; qw = 0.170 m2/s, Re = 6.8 × 105 

 
(C) Spillway I: Free-surface fluctuations(W = 1.0 m) – dc/h 

= 1.74; qw = 0.227 m2/s, Re = 9.0 × 105 

 
(D) Spillway II: Free-surface fluctuations(W = 0.52 m) – 

dc/h = 1.91; qw = 0.262 m2/s, Re = 1.0 × 106 

Figure F-3: Broad-crested weir flows and free-surface fluctuations in the clear water flows on the stepped spillways (θ 
= 26.6°, h = 10 cm, 10 steps) 
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For the broad-crested weir in stepped spillway I, instabilities were visible in the corners just before 

the broad-crested weir and the tornado eddies continued downstream (Figure F-3A). In comparison, 

the flow on the broad-crested weir for stepped spillway II was very smooth (Figure F-3B). Strong 

free-surface instabilities and fluctuations are visible in Figure F-3C for stepped spillway I for large 

flow rates. In Figure F-3C, large three-dimensional eddies are visible and the free-surface appeared 

very bulky and uneven. For stepped spillway II, large scale turbulence structures were also ob-

served, but with a smaller degree of free-surface fluctuations (Figure F-3D). 

 

F.2.1.2 Effect of the net upstream of the broad-crested weir on the flow patterns 

It seems that the inflow conditions played a major role on the differences in terms of flow patterns 

between the two stepped spillways. Herein the effect of the net upstream of the broad-crested weir 

in stepped spillway I was tested. For some experiments, the net upstream of stepped spillway I was 

removed and the flow patterns were visually observed. In Figure F-4, the flow patterns on the 

broad-crested weir of stepped spillway I with and without net are compared for identical flow rates.  

(A) Broad-crested weir flow without net (Lcrest = 0.62 m) – 
dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 × 105 

(B) Broad-crested weir flow with net: (Lcrest = 0.62 m) – 
dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 × 105 

(C) Broad-crested weir flow without net (Lcrest = 0.62 m) – 
dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4 × 105 

(D) Broad-crested weir flow with net (Lcrest = 0.62 m) – 
dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4 × 105 

Figure F-4: Comparison of flow patterns on stepped spillway I with and without net upstream of the broad-crested weir 
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Figure F-4 highlights the effect of the net on the flow patterns. For the configuration without net, 

the flow appeared very smooth for all flow rates and large scale three-dimensional tornado eddies 

were seen in the area close to the sidewall of the broad-crested weir. These eddies might be linked 

with the roughness of the wall. For stepped spillway I with net installed upstream of the broad-

crested weir, the flow was three-dimensional and strong instabilities of the free-surface were ob-

served. 

For all experimental configurations, the instabilities were strongest for the largest flow rates (Figure 

F-5). In Figure F-5, the clear water flows on the broad-crested weirs are illustrated for stepped 

spillway I with and without net upstream of the broad-crested weir and for stepped spillway II.  

(A) Stepped spillway I with net (Lcrest = 0.62 m) – dc/h = 
1.74; qw = 0.227 m2/s, Re = 9.0 × 105 

 

(C) Stepped spillway II (Lcrest = 1.01 m) – dc/h = 1.91; qw 
= 0.262 m2/s, Re = 1.0 × 106 

(B) Stepped spillway I without net (Lcrest = 0.62 m) – dc/h = 
1.74; qw = 0.227 m2/s, Re = 9.0 × 105 

Figure F-5: Comparison of flow patterns on stepped spillway I with and without net and on stepped spillway II (θ = 
26.6°, h = 10 cm, 10 steps) 

 

The comparison of the flow patterns for similar flow rates  showed the strongest free-surface insta-

bilities and the largest three-dimensional structures for stepped spillway I with installed net (Figure 

F-5A). The flow for stepped spillway I without net showed the smoothest flow with three-

dimensional tornado eddies in the side wall area of the channel (Figure F-5B). The flow pattern on 

stepped spillway II exhibited instabilities and free-surface fluctuations larger than on stepped spill-
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way I without net (Figure F-5C). It must be noted however, that the flow rate for stepped spillway II 

was largest in the comparison of the three configurations. Furthermore, stepped spillway II showed 

very smooth and stable flow conditions for smaller flow rates and the flow patterns were compara-

ble to stepped spillway I without net installation.  

 

F.2.2 Free-surface fluctuations on the broad-crested weirs 

Detailed measurements of the free-surface fluctuations on the broad-crested weirs were performed 

for the two stepped spillways to identify any differences and potential effects on the flow patterns 

on the stepped spillways. As shown in the previous section, the net installed upstream of the broad-

crested weir on stepped spillway I had some effects on the flow patterns and the measurements of 

the free-surface fluctuations were therefore performed for stepped spillway I with and without net. 

 

F.2.2.1 Experimental flow conditions 

Figure F-6 shows photos of the positioning of four acoustic displacement meters on the broad-

crested weirs for both stepped spillways. The displacement meters were used for the recording of 

the free-surface fluctuations. They were simultaneously sampled with 100 Hz for 300 s at four dif-

ferent positions on the broad-crested weirs of the stepped spillways (Figure F-6). More details about 

the acoustic displacement meters can be found in section 2.4.2. Figure F-7 sketches the exact loca-

tions of the acoustic displacement meters on the broad-crested weirs and Table F-2 specifies the x 

and z coordinates of the probes relative to the upstream end of the broad-crested weirs as indicated 

in Figure F-7. Table F-2 lists also the dimensionless positioning of the acoustic displacement meters 

in flow direction x/Lcrest and in transverse direction z/W. For both broad-crested weirs, the probes 

were located at the same dimensionless positions to allow a better comparison of the free-surface 

fluctuations. Most experiments were conducted in channel centreline, but one sensor was positioned 

close to the channel side wall with enough distance to allow an accurate functioning of the acoustic 

beam. The experiments were conducted for a range of flow rates and Table F-3 lists the experi-

mental flow conditions for the experiments on the broad-crested weirs.  
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(A) Acoustic displacement meters on the broad-crested weir on stepped spillway I (Lcrest = 0.62 m, W = 1 m) 

 
(B) Acoustic displacement meters on the broad-crested weir on stepped spillway II (Lcrest = 1.01 m, W = 0.52 m) 

Figure F-6: Photos of the acoustic displacement meters on the broad-crested weirs of the stepped spillways (θ = 26.6°, 
h = 10 cm, 10 steps) 

 

 
Figure F-7: Sketch of the positioning of the acoustic displacement meters on the broad-crested weirs for the two 

stepped spillways 
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Table F-2: Positions for the measurements with the acoustic displacement meters on the broad-crested weirs 

Sensor  Stepped spillway 
Position I (with net) 

Lcrest = 0.62, W = 1 m
I (without net) 

Lcrest = 0.62, W = 1 m
II 

Lcrest = 1.01, W = 0.52 m 
Sensor 1 (S1) x [m]  0.592 0.592 0.969 

x/Lcrest [-]  0.959 0.959 0.959 
z [m] 0.500 0.500 0.260 
z/W [-] 0.500 0.500 0.500 

Sensor 2 (S2) x [m]  0.232 0.232 0.380 
x/Lcrest [-]  0.376 0.376 0.376 
z [m] 0.500 0.500 0.260 
z/W [-] 0.500 0.500 0.500 

Sensor 3 (S3) x [m]  -0.068 -0.068 -0.111 
x/Lcrest [-]  -0.111 -0.111 -0.111 
z [m] 0.500 0.500 0.260 
z/W [-] 0.500 0.500 0.500 

Sensor 4 (S4) x [m]  -0.068 -0.068 -0.111 
x/Lcrest [-]  -0.111 -0.111 -0.111 
z [m] 0.045 0.045 0.030 
z/W [-] 0.045 0.045 0.058 

 

Table F-3: Experimental flow conditions for the measurements with the acoustic displacement meters on the broad-
crested weirs 

Stepped spillway Lcrest [m] W [m] H1 [m] qw [m2/s] dc/h [-] Re [-] 
I (with net)  0.62 1 0.105 - 0.2775 0.056-0.227 0.69-1.74 2.2×105 - 9.0×105 
I (without net)  0.62 1 0.105 - 0.2775 0.056-0.227 0.69-1.74 2.2×105 - 9.0×105 
II  1.01 0.52 0.06 - 0.28 0.023-0.243 0.38-1.82 9.2×104 - 9.7×105 

 

F.2.2.2 Experimental results 

The free-surface profiles were recorded with the acoustic displacement meters at four different posi-

tions for a range of discharges (Figure F-7). For stepped spillway I, two configurations were inves-

tigated with and without net positioned upstream of the broad-crested weir. The instantaneous sig-

nals of the acoustic displacement meters were processed and the average flow depth above the 

broad-crested weir dcrest and the standard deviation of the water elevation d'crest were calculated. 

Figure F-8 illustrates the dimensionless average free-surface profiles dcrest /dc as a function of the 

dimensionless discharge dc/h. For all experiments, the free-surface profile decreased from the area 

upstream of the broad-crested weir to the downstream end. A good agreement of dcrest was observed 

for the two configurations on the broad-crested weir of stepped spillway I with slightly smaller free-

surface profiles for the configuration without net. The free-surface profiles on stepped spillway I 

agreed also reasonably well with the recordings on stepped spillway II, but significantly smaller 

free-surface profiles were observed for sensor 2 (S2) in the middle of the broad-crested weir (x/Lcrest 
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= 0.376). It is believed that the different free-surface profiles were linked with the different length 

of the broad-crested weir. For the smallest flow rates, an undular free-surface profile existed on the 

broad-crested weir of stepped spillway II for flow depths close to the critical flow depths dc and 

larger flow depth was recorded in the centre of the broad-crested weir (Figure F-8). 

 
Figure F-8: Comparison of dimensionless free-surface profiles dcrest/dc on the broad-crested weirs; Positioning of sen-

sors S1-S4 in Figure F-7 and Table F-2 

 

The standard deviation of the water elevation d'crest representing the free-surface fluctuations on the 

broad-crested weirs was calculated for all experiments. The results of the dimensionless free-

surface fluctuations d'crest /dc are illustrated in Figure F-9 as a function of dc/h. For the configuration 

with net installation upstream of the broad-crested weir on stepped spillway I, the turbulent free-

surface fluctuations were significantly larger compared to the other experimental configurations. 

With increasing discharge, the values of d'crest/dc increased for stepped spillway I with net installa-

tion (Figure F-9). The free-surface fluctuations for the configuration without net on stepped spill-

way I and for stepped spillway II were in good agreement and did not change with discharge. This 

observation was consistent with the visual observations of flow patterns which showed strong free-

surface instabilities on stepped spillway I with net and relatively smooth flows for the other config-

urations.  

Stronger free-surface fluctuation for stepped spillway I with installation of net are also visible in 

Figure F-10 which shows a comparison of the dimensionless differences between 3rd and 1st quar-

tiles ((dcrest)75 - (dcrest)25)/dc and 90% and 10% percentiles ((dcrest)90 - (dcrest)10)/dc for the broad-
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crested weirs. The graphs in Figure F-10 were in close agreement with the observations of free-

surface fluctuations in Figure F-9.  

More detailed analyses of the free-surface fluctuations were conducted including the spectral anal-

yses of the free-surface signals. For all flow rates and for all broad-crest weir configurations, no 

characteristic frequencies were identified. The free-surface fluctuations exhibited a random pattern. 

Please note, that the sampling frequency was limited to 100 Hz experiments with larger sampling 

frequency could identify faster fluctuations of the free-surface. 

 
Figure F-9: Comparison of dimensionless free-surface fluctuations d'crest/dc on the broad-crested weirs; Positioning of 

sensors S1-S4 in Figure F-7 and Table F-2 

 

(A) 3rd and 1st quartiles ((dcrest)75 - (dcrest)25)/dc (B) 90% and 10% percentiles ((dcrest)90 - (dcrest)10)/dc 

Figure F-10: Comparison of dimensionless differences between 3rd and 1st quartiles and 90% and 10% percentiles on 
the broad-crested weirs; Positioning of sensors S1-S4 in Figure F-7 and Table F-2 
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F.2.3 Summary and discussion 

The investigations of the flow patterns on the broad-crested weir and in the clear water flow region 

upstream of the inception point highlighted differences for the stepped spillways. For stepped spill-

way I, experiments were conducted with a net upstream of the broad-crested weir and large three-

dimensional tornado eddies and strong instabilities were observed. The removal of the upstream net, 

yielded much smoother flow patterns and smaller three-dimensional eddies were observed just for 

the largest flow rates. For small flow rates, the clear water flows on stepped spillway II were similar 

to the flow on stepped spillway I without net, but for the largest flow rates free-surface fluctuations 

and large scale eddies were observed. 

Detailed measurements of the free-surface profiles and fluctuations on the broad-crested weirs 

showed the close agreement of the flow depths on the broad crested weirs. However, a smaller flow 

depth was recorded in the centre of the weir of stepped spillway II which seemed to indicate differ-

ent flow patterns on the longer broad-crested weir possibly linked with the boundary layer devel-

opment. Strong free-surface fluctuations were recorded for stepped spillway I with net installations 

which were significantly larger compared to the other configurations. 

The visual observations and the free-surface measurements highlighted differences between the in-

flows for stepped spillways I and II. The visual observations of the air-water flow patterns and the 

measurements of the air-water flow properties were conducted for stepped spillway I equipped with 

the upstream net. A comparison of the air-water flows of this configuration with stepped spillway II 

is performed in the following sections. It might be possible to explain any differences in air-water 

flows with the different inflow conditions. However, the effect of the channel width on the flow 

patterns was not investigated.  

 

F.3 Comparison of air-water flow patterns on the two stepped spillways 

The flow patterns were observed for a range of discharges (Table F-1). In this section, typical visual 

observations of the air-water flow patterns are presented including photos of transition and skim-

ming flows and the positioning of the inception points of free-surface aeration. The observations for 

stepped spillway I were conducted with net installed upstream of the broad-crested weir as were the 

air-water flow experiments (section F.4). 

Figure F-11 illustrates the transition flow regimes for the two stepped spillways for similar flow 

rates. For both stepped spillways, the transition flow exhibited similar flow patterns which were 

consistent with previous studies of the transition flow regime (CHANSON & TOOMBES 2001a,2004). 

Downstream of the inception point of free-surface aeration, the flow was highly aerated and small 
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instabilities were visible as well as strong droplet splashing (Figure F-11). A qualitative comparison 

of the transition flow patterns suggested stronger fluctuations of the free-surface in the non-aerated 

flow region on stepped spillway I with W = 1 m and a slightly earlier air entrainment (Figure F-

11A). For this stepped spillway, the air cavities in the step niches and the cavity flapping were more 

pronounced compared to stepped spillway II with W = 0.52 m. The observations of stronger fluc-

tuations were consistent with observations in section F.2. 

 
(A) Stepped spillway Ia (W = 1 m) – dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105 

 
(B) Stepped spillway IIa (W = 0.52 m) – dc/h = 0.84, qw = 0.076 m2/s, Re = 3.0 × 105 

Figure F-11: Transition flows on the stepped spillways (θ = 26.6°, h = 10 cm, 10 steps) 
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Typical skimming flows for the two stepped spillways are illustrated in Figure F-12 for a compara-

ble flow rate. The skimming flow patterns were similar and agreed with the observations of skim-

ming flows in many earlier studies (e.g. GONZALEZ 2005; CHANSON & CAROSI 2007b; FELDER & 

CHANSON 2009b). At the upstream end, the water was transparent for both stepped spillways, but 

stronger free-surface fluctuations were visible for stepped spillway I. Downstream of the inception 

point of air entrainment, the flow was highly aerated for both stepped spillways. The start of the air 

entrainment appeared slightly earlier on stepped spillway II.  

Overall, the visual observations for both transition and skimming flows were very close for the two 

stepped spillways with small differences in terms of free-surface fluctuations and position of the in-

ception point of air entrainment.  

 
(A) Stepped spillway Ia (W = 1 m) – dc/h = 1.61, qw = 0.202 m2/s, Re = 8.0 × 105 

 
(B) Stepped spillway IIa (W = 1 m) – dc/h = 1.64, qw = 0.208 m2/s, Re = 8.3 × 105 

Figure F-12: Skimming flows on the stepped spillways (θ = 26.6°, h = 10 cm, 10 steps) 
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The locations of the inception points were recorded for a range of discharges and they are illustrated 

in dimensionless terms LI/ks in Figure F-13 for both stepped spillways. LI was the distance from the 

first step edge to the inception point of free-surface aeration and ks was the step cavity height nor-

mal to the mainstream flow: ks = h×cosθ. In Figure F-13, the dimensionless inception points are il-

lustrated as a function of a Froude number F* expressed in terms of the step roughness: 

3
s

w

ksing

q
*F


  (F-1) 

The inception point data for all configurations in the present study were in good agreement and with 

increasing discharges, the position of the inception point moved further downstream (Figure F-13). 

However, small differences between the two stepped spillways were observed with a magnitude of 

about half a step lengths. For the smaller discharges, the inception point was reached earlier for 

stepped spillway I and for the largest discharges the air entrainment process started earlier on 

stepped spillway II. 

 

Figure F-13: Inception points of air entrainment for the stepped spillways (θ = 26.6°, h = 10 cm, 10 steps); comparison 
with empirical correlations (Equations (F-2) & (F-3)) 

 

The inception point observations of the present study were compared with two empirical correla-

tions for flat stepped spillways by CHANSON (1995a): 
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and by CAROSI & CHANSON (2006) for a flat stepped spillway with θ = 21.8°: 

*F11.505.1
cosh

LI 


 θ = 21.8°; 0.45 ≤ dc/h ≤ 1.6 (F-3) 

Both empirical equations are shown for θ = 26.6° in Figure F-13 and the results showed a fairly 

good agreement with Equation (F-2) and close agreement for the correlation by CAROSI & 

CHANSON (2006) (Equation (F-3)).  

 

F.4 Comparison of air-water flow properties on the two stepped spillways 

Air-water flow experiments were conducted with a double-tip and an array of two single-tip con-

ductivity probes for several discharges in transition and skimming flows (Table F-4). Table F-4 

summarises the experimental flow conditions for the experiments with the phase-detection intrusive 

probes including the flow rates, the flow regimes, the position of the inception point of air entrain-

ment, the measured step edges and the longitudinal Δx and transverse Δz distances between the 

probe tips of the conductivity probes. For the two stepped spillways, experiments were conducted 

for corresponding flow rates and at the same positions downstream of the inception points of air en-

trainment (Table F-4).In this section, several characteristic air-water flow properties are compared 

for the two stepped spillways including the air concentration C, the bubble count rate F, the interfa-

cial velocity V and the turbulence intensity Tu recorded with the double-tip probe. The results of 

the two single-tip probes comprised the integral turbulent length and time scales. Furthermore, 

characteristic air-water flow parameters are compared. 

 

Table F-4: Experimental flow conditions for conductivity probe measurements on the two stepped spillways (θ = 26.6°, 
h = 10 cm, 10 steps) 

Spillway dc/h 
[-] 

qw 
[m2/s]

Re     
[-] 

Flow 
regime 

Incep. 
point 

Conductivity 
probes 

Δx 
[mm] 

Δz   
[mm] 

Measured 
step edges

Ia  
θ = 26.6°  
W = 1 m  
h = 0.1 m 
 

0.83 0.075 3.0×105 TRA 4 Double-tip    
(Ø = 0.25 mm)   

7.2 2.1 4 - 10 

0.97 0.095 3.8×105 SK 5 7.4 2.1 5 - 10 

1.28 0.143 5.7×105 SK 6 to 7 7.3 2.1 6 - 10 

1.49 0.180 7.2×105 SK 8 7.2 2.1 8 - 10 

1.11 0.116 4.6×105 SK 6 Array of 2 single-
tip (Ø = 0.35 mm)  

0 3.3 - 80.5 10 

1.38 0.161 6.4×105 SK 7 to 8 0 3.5 - 80.5 10 

IIa 
θ = 26.6° 
W = 0.52 m 
h = 0.1 m 

0.82 0.073 2.9×105 TRA 4 to 5 Double-tip    
(Ø = 0.25 mm)   
 

7.15 2.1 4 - 10 

0.96 0.093 3.7×105 SK 5 7.15 2.1 5 - 10 

1.29 0.144 5.7×105 SK 6 to 7 7.15 2.1 6 - 10 

1.52 0.186 7.4×105 SK 7 to 8 7.15 2.1 8 - 10 

1.15 0.122 4.9×105 SK 5 to 6 Array of 2 single-
tip (Ø = 0.35 mm)  

0 3.5 - 81.3 10 

1.45 0.173 6.9×105 SK 7 0 3.5 - 80.5 10 
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F.4.1 Void fraction distributions 

Typical void fraction distributions are illustrated in Figure F-14 as a function of the dimensionless 

distance perpendicular to the pseudo-bottom formed by the step edges y/Y90. Y90 characterised the 

air-water flow depth where C = 90%. The void fraction distributions for both stepped spillways 

showed typical S-shapes. However small differences in the shapes of the C distributions were ob-

served (Figure F-14A). For both stepped spillways, the distributions of void fraction matched very 

well the advective diffusion equation by CHANSON & TOOMBES (2002a): 
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The differences between the void fraction distributions on the two stepped spillways decreased with 

increasing discharge (Figure F-14).  

(A) Spillway I: dc/h = 0.83, qw = 0.075 m2/s, Re=3.0×105; 
Spillway II: dc/h = 0.82, qw = 0.073 m2/s, Re=2.9×105 

(B) Spillway I: dc/h = 1.49, qw = 0.180 m2/s, Re=7.2×105; 
Spillway II: dc/h = 1.52, qw = 0.186 m2/s, Re=7.4×105 

Figure F-14: Comparison of void fraction distributions on the stepped spillways (θ = 26.6°, h = 10 cm, 10 steps); com-
parison with advective diffusion equation (Equation (F-4)) 

 

C [-]

y/
Y

90
 [

-]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

2.25

2.5

2.75

Step edge 7 - Spillway I
Step edge 8 - Spillway I
Step edge 9 - Spillway I
Step edge 10 - Spillway I
Theory: Step 10, Spillway I

Step edge 7 - Spillway II
Step edge 8 - Spillway II
Step edge 9 - Spillway II
Step edge 10 - Spillway II
Theory: Step 10, Spillway II

C [-]

y/
Y

90
 [

-]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Step edge 8 - Spillway I
Step edge 9 - Spillway I
Step edge 10 - Spillway I
Theory: Step 10, Spillway I

Step edge 8 - Spillway II
Step edge 9 - Spillway II
Step edge 10 - Spillway II
Theory: Step 10, Spillway II



384 Appendix F – Comparison of air-water flows on two stepped spillways with identical slope   

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

F.4.2 Bubble count rate distributions 

Typical distributions of dimensionless bubble count rates F×dc/Vc are illustrated as a function of 

y/Y90 in Figure F-15 for the two stepped spillways. The shapes of all bubble count rate distributions 

were typical for stepped spillway flows with large numbers of air-water interfaces detected in the 

intermediate flow region. However, differences between the two stepped spillways were visible in 

terms of the magnitude of the bubble count rates (Figure F-15). For a comparable flow rate and at 

respective step edges, some deviation in the maximum number of detected bubbles was observed. It 

appeared that a larger number of bubbles was detected for stepped spillway I for the smaller flow 

rates. For the larger flow rates, a larger number of bubbles was detected on stepped spillway II. The 

differences were small and they might be linked with the slightly different position of the inception 

point of air entrainment for the two stepped spillways.  

(A) Spillway I: dc/h = 0.97, qw = 0.095 m2/s, Re=3.8×105; 
Spillway II: dc/h = 0.96, qw = 0.093 m2/s, Re=3.7×105 

(B) Spillway I: dc/h = 1.49, qw = 0.180 m2/s, Re=7.2×105; 
Spillway II: dc/h = 1.52, qw = 0.186 m2/s, Re=7.4×105 

Figure F-15: Comparison of dimensionless bubble count rate distributions on the stepped spillways (θ = 26.6°, h = 10 
cm, 10 steps) 

 

F.4.3 Interfacial velocity distributions 

A further air-water flow property was the interfacial time-averaged local velocity V. Typical results 

for the stepped spillways are compared in Figure F-16 in dimensionless terms V/V90 as a function 

of y/Y90. V90 was the interfacial velocity with C = 90%.  

All data for the two stepped spillways were in good agreement for all flow rates. They compared al-

so very well with a power law with exponent of N = 10 (Figure F-16): 
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The exact value of N varied from one step edge to the next one for a given flow rate. For y/Y90 > 1, 

the velocity distributions had a uniform profile and were best correlated by: 

1
V

V

90

  1 > y/Y90 (F-8) 

The observations were consistent with previous studies on flat stepped spillways (e.g. GONZALEZ 

2005; CHANSON & CAROSI 2007b; FELDER & CHANSON 2009b).  

(A) Spillway I: dc/h = 0.97, qw = 0.095 m2/s, Re=3.8×105; 
Spillway II: dc/h = 0.96, qw = 0.093 m2/s, Re=3.7×105 

(B) Spillway I: dc/h = 1.28, qw = 0.143 m2/s, Re=5.7×105; 
Spillway II: dc/h = 1.29, qw = 0.144 m2/s, Re=5.7×105 

Figure F-16: Comparison of dimensionless interfacial velocity distributions (θ = 26.6°, h = 10 cm, 10 steps); Compari-
son with self-similar equations (Equations (F-7) & (F-8)) 

 

F.4.4 Turbulence intensity distributions 

The shape of the cross-correlation function of the double-tip conductivity probe provided infor-

mation about the turbulence levels in the two-phase flow. Following CHANSON & TOOMBES 

(2002a), the turbulence intensities could be calculated: 
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where τ0.5 is the time scale for which the cross-correlation function is half of its maximum value 

such as: Rxy(T+ τ0.5) = 0.5×Rxy(T), Rxy is the normalised cross-correlation function and T0.5 is the 

characteristic time for which the normalised auto-correlation function equals: Rxx(T0.5) = 0.5. Tu did 

not show the true turbulence intensity due to spatial-averaging, but was a measure of the turbulence 

levels within the air-water flows (CHANSON & TOOMBES 2002a). 

Typical turbulence intensity distributions of the present study are illustrated in Figure F-17 as func-

tions of y/Y90 for two flow rates. All distributions had maximum turbulence values in the interme-
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diate flow region which was consistent with previous observations of turbulence levels on stepped 

spillways (e.g. CHANSON & TOOMBES 2002a; GONZALEZ 2005; CHANSON & CAROSI 2007b; 

FELDER & CHANSON 2009b). However, the shapes of the turbulence intensity distributions differed 

slightly for some step edges and larger values of Tu were found for stepped spillway II (Figure F-

17A). Furthermore, for the larger flow rates, significant turbulence levels were found close to the 

step edge in the bubbly flow region for several step edges on stepped spillway II (Figure F-17B).  

(A) Spillway I: dc/h = 0.97, qw = 0.095 m2/s, Re=3.8×105; 
Spillway II: dc/h = 0.96, qw = 0.093 m2/s, Re=3.7×105 

(B) Spillway I: dc/h = 1.28, qw = 0.143 m2/s, Re=5.7×105; 
Spillway II: dc/h = 1.29, qw = 0.144 m2/s, Re=5.7×105 

Figure F-17: Comparison of turbulence intensity distributions on the stepped spillways (θ = 26.6°, h = 10 cm, 10 steps) 

 

F.4.5 Integral turbulent time and length scale distributions 

With an array of two single-tip conductivity probes, measurements were conducted for both stepped 

spillway models for two flow rates and at respectively the same step edges. The integral turbulent 

lengths and time scales were calculated herein based upon an integration of the maximum cross-

correlation values (Rxz)max between the raw data of the two single-tip probes with various spacing 

z. The integral turbulent length scale was (CHANSON & CAROSI 2007b):  
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The corresponding integral turbulent time scale was also calculated: 

  dzTR
L

1
T xz

)0)R((zz

0z
maxxz

xz
int

maxxz

 




 (F-11) 

where Txz is the cross-correlation integral time scale calculated in an integration from the maximum 

of the cross-correlation function until the first crossing of the x-axis.  
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The integral turbulent length and time scale results are presented in Figure F-18 for two flow rates 

and for both stepped spillways. The integral turbulent length scales are illustrated in dimensionless 

terms Lxz/Y90 in Figure F-18A as a function of y/Y90 and the corresponding dimensionless integral 

turbulent time scales 90int YgT  are shown in Figure F-18B. All distributions showed typical 

shapes with maxima in the intermediate flow region (Figure F-18). For the integral turbulent time 

scales, larger scales were also seen in the upper spray region (Figure F-18B) which indicated that 

the upper spray region did not interact with the rest of the flow. The observations of the present 

study were consistent with previous studies of transverse integral turbulent scales on stepped spill-

ways (CHANSON & CAROSI 2007b; FELDER & CHANSON 2009b). However, the comparison of the 

integral turbulent scales for the two spillways showed larger scales on stepped spillway II. For both 

the dimensionless integral turbulent time and length scales, the sizes of the large transverse eddies 

in the two-phase flows, were about 20–30% larger in the intermediate and spray regions on spillway 

II. In the bubbly flow region, the integral turbulent scales were slightly larger on stepped spillway I.  

(A) Dimensionless integral turbulent length scales (B) Dimensionless integral turbulent time scales 

Figure F-18: Comparison of dimensionless integral turbulent length and time scale distributions on the stepped spill-
ways (θ = 26.6°, h = 10 cm, 10 steps) 

 

F.4.6 Characteristic air-water flow parameters 

Characteristic air-water flow parameters were calculated for all measurements with the double-tip 

conductivity probe for both stepped spillways. The parameters comprised the mean void fraction 

Cmean, the maximum bubble count rate in a cross-section Fmax, the characteristic flow depth Y90, the 

mean flow velocity Uw, the characteristic interfacial velocity V90 and the maximum turbulence in-

tensity in a cross-section Tumax.  

A comparison of the longitudinal distributions of Cmean and V90 is illustrated in Figure F-19 as a 

function of the dimensionless distance from the inception point of free-surface aeration (x-LI)/dc. 
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The comparison of the mean air concentration showed slightly larger aeration levels for stepped 

spillway I in particular at step edges further downstream of the inception point and for larger flow 

rates (Figure F-19A). Figure F-19B shows a comparison of the characteristic interfacial velocity V90 

as a function of (x-LI)/dc. The values of V90 are consistently larger for stepped spillway I for all 

flow rates.  

 
(A) Mean air concentration Cmean 

 
(B) Characteristic interfacial velocity V90 

Figure F-19: Comparison of longitudinal distributions of characteristic air-water flow parameters for the two stepped 
spillways (θ = 26.6°, h = 10 cm, 10 steps) 

 

Further characteristic air-water flow parameters for all step edges downstream of the inception point 

of air entrainment are listed in Table F-5 for the two stepped spillways. The results in Table F-5 
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confirm the larger velocity on stepped spillway I while the other characteristic parameters are in 

relatively close agreement. The longitudinal distributions of all air-water flow parameters showed 

that the flow was gradually varied. Furthermore a characteristic seesaw pattern was observed for 

several air-water flow parameters as reported previously. 

 

Table F-5: Summary of characteristic air-water flow parameters for the two stepped spillways (θ = 26.6°, h = 10 cm, 
10 steps) 

  Spillway I: dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0×105; W = 1.0 m 
Spillway II: dc/h = 0.82, qw = 0.073 m2/s, Re = 2.9×105; W = 0.52 m 

Step  Cmean [-] Fmax [Hz] Y90 [m] Uw [m/s] V90 [m/s] Tumax [-] 
I II I II I II I II I II I II 

4 0.273 0.158 58.8 53.6 0.0448 0.0383 2.34 2.26 2.82 2.85 1.66 1.65 

5 0.368 0.360 139.2 117.4 0.0493 0.0535 2.45 2.13 2.77 2.78 1.27 1.35 

6 0.635 0.507 154.8 174.2 0.0869 0.0600 2.41 2.46 2.75 2.74 1.18 0.93 

7 0.412 0.369 222.0 186.6 0.0551 0.0497 2.35 2.32 3.13 2.92 1.36 1.70 

8 0.456 0.485 224.2 216.1 0.0607 0.0556 2.31 2.55 3.08 2.98 1.31 1.07 

9 0.498 0.349 244.6 252.6 0.0613 0.0507 2.48 2.21 3.06 3.11 1.21 1.85 

10 0.396 0.503 270.9 243.8 0.0507 0.0618 2.49 2.37 3.27 3.14 1.91 1.07 
 

  Spillway I: dc/h = 0.97, qw = 0.095 m2/s, Re = 3.8×105; W = 1.0 m 
Spillway II: dc/h = 0.96, qw = 0.093 m2/s, Re = 3.7×105; W = 0.52 m 

Step  Cmean [-] Fmax [Hz] Y90 [m] Uw [m/s] V90 [m/s] Tumax [-] 
I II I II I II I II I II I II 

5 0.231 0.284 94.2 74.6 0.0475 0.0575 2.65 2.27 3.23 2.86 1.52 1.95 

6 0.447 0.333 113.8 148.0 0.0706 0.0565 2.48 2.48 3.36 2.90 1.13 1.44 

7 0.416 0.409 187.0 151.9 0.0639 0.0716 2.60 2.21 3.44 2.86 1.13 1.24 

8 0.410 0.308 207.9 198.7 0.0639 0.0605 2.57 2.23 3.43 3.08 1.18 1.22 

9 0.368 0.323 238.3 197.8 0.0594 0.0629 2.58 2.19 3.52 3.12 1.43 1.69 

10 0.382 0.311 250.8 226.9 0.0583 0.0594 2.69 2.28 3.52 3.18 1.34 1.53 
 

  Spillway I: dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7×105; W = 1.0 m 
Spillway II: dc/h = 1.29, qw = 0.144 m2/s, Re = 5.7×105; W = 0.52 m 

Step  Cmean [-] Fmax [Hz] Y90 [m] Uw [m/s] V90 [m/s] Tumax [-] 
I II I II I II I II I II I II 

6 0.212 0.235 49.9 81.7 0.0700 0.0664 2.67 2.84 3.48 3.08 1.82 1.75 

7 0.238 0.308 92.0 101.3 0.0682 0.0812 2.84 2.57 3.56 3.25 2.06 1.89 

8 0.334 0.314 119.6 151.5 0.0788 0.0792 2.81 2.66 3.56 3.33 1.39 1.41 

9 0.365 0.303 165.2 144.9 0.0827 0.0820 2.81 2.52 3.71 3.29 1.43 1.53 

10 0.374 0.282 179.9 181.6 0.0854 0.0778 2.76 2.58 3.74 3.39 1.25 1.63 
 

  Spillway I: dc/h = 1.49, qw = 0.180 m2/s, Re = 7.2×105; W = 1.0 m 
Spillway II: dc/h = 1.52, qw = 0.186 m2/s, Re = 7.4×105; W = 0.52 m 

Step  Cmean [-] Fmax [Hz] Y90 [m] Uw [m/s] V90 [m/s] Tumax [-] 
I II I II I II I II I II I II 

8 0.237 0.284 73.6 114.3 0.0817 0.0858 3.00 3.03 3.79 3.55 1.68 1.48 

9 0.309 0.273 121.6 120.4 0.0887 0.0893 3.05 2.87 3.79 3.58 1.56 1.88 

10 0.336 0.269 140.7 149.2 0.0950 0.0897 2.96 2.84 3.79 3.67 1.30 1.70 
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F.4.7 Discussion 

The comparison of flow patterns and air-water flow properties for the two stepped spillways with 

same channel slope and step height exhibited small differences. These differences consisted of 

slightly different appearance of the air-water flow patterns with larger free-surface fluctuations in 

the clear water area for stepped spillway I. The inception points of air entrainment were in good 

agreement with minor differences of about half a step cavity length. The dimensionless air-water 

flow properties showed small differences in terms of void fraction, bubble count rate, interfacial ve-

locity and turbulence intensities and large differences in terms of the integral turbulent time and 

length scale distributions. Furthermore, differences of the mean air concentration and the character-

istic interfacial velocity showed slightly larger values for stepped spillway I.  

The differences in air-water flow properties might be caused by the net installed upstream of 

stepped spillway I (section F.2) which caused larger free-surface instabilities and fluctuations in the 

approach flow. However, the inception point of air entrainment positioning was in relatively good 

agreement and no significant effects on the boundary layer development were observed in the pre-

sent study. The small differences in bubble count rate and air concentration might be linked with the 

small differences in inception point positioning. It could not be ascertained wether the different 

broad-crested weir geometry had any effects upon the location of the inception point of free-surface 

aeration. 

Further reasons for the differences might be the different channel widths of the two stepped spill-

ways. It was not possible to test the effect of the channel width in detail during the present investi-

gation. The different width of the channel might influence the three-dimensional flow along the 

stepped spillway including the air entrainment processes, the cavity recirculation and the formation 

of the large scale turbulent eddies.  
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G Dynamic similarity and scale effects in air-water flows on a flat stepped spillway   

G.1 Presentation 

High-velocity turbulent skimming flows on stepped spillways are characterised by complex physi-

cal processes and momentum exchanges between different flow regions within the flow as well as 

by interactions between the flow and the free-surface. The physical modelling of the two-phase 

flows is complicated because of many relevant parameters (Equation (G-1)). Equation (G-1) shows 

the relationship between air-water flow properties and the fluid properties and physical constants 

for a Froude similitude after simplifications: 
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where C is the local void fraction, V is the local velocity, g is the gravity acceleration, dc is the crit-

ical flow depth, u' is a characteristic turbulent velocity, Tint is a turbulent time scale, Lxz is a turbu-

lent length scale, dab is a characteristic size of entrained bubbles, x and y are the coordinates in the 

flow direction and perpendicular to the flow measured from the step edges, h is the step height and 

Re is the Reynolds number defined in terms of the hydraulic diameter. The term dc/h is proportional 

to a Froude number defined in terms of the step height since: 
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  (G-2) 

Dynamic similarities, e.g. Froude or Reynolds similitudes are important tools to model prototype 

questions in a model with a smaller geometric scale (section 2.1). In such models, just one simili-

tude can be fulfilled if the same fluids are used in both model and prototype (Equation (G-1)). In 

air-water flows on stepped spillways, both viscous and gravity forces are important and hence scale 

effects between model and prototype might occur as shown by GONZALEZ & CHANSON (2005), 

CHANSON (2008b,2009a) and FELDER & CHANSON (2009b). 

Therefore a different type of dynamic similarity might be useful to mathematically describe the air-

water flow properties in geometrically scaled models and to allow an up-scaling to prototype size. 

This approach uses self-similarity and was introduced to stepped spillway flow by CHANSON & 

CAROSI (2007b). 

In this section, the dynamic similarity of the air-water flows on geometrically scaled stepped spill-

ways is tested for both transition and skimming flows using both Froude and Reynolds similitudes 
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(section G.2). Furthermore, the self-similarity of characteristic air-water flow properties is shown in 

section G.3. 

 

G.2 Scale effects in air-water flows with different step heights 

In this section, a systematic comparison of the air-water flow properties on a stepped spillway with 

a slope of 26.6° and two different step heights with a geometric scaling ratio Lr = 2 is performed. 

The experiments were conducted on stepped spillway model I with step heights h = 5 cm and h = 10 

cm respectively. The comparative study comprised both macro- and microscopic air-water flow 

properties including the void fraction, the bubble count rate, the auto- and cross-correlation func-

tions, the maximum cross-correlation value, the interfacial velocity, the turbulence levels, the auto- 

and cross-correlation time scales, the integral turbulent time and length scales and the particle chord 

sizes. In addition, a comparison of cluster properties and of the inter-particle arrival times was per-

formed. The comparative study comprised several flow rates based upon both Froude and Reynolds 

similitudes. 

 

G.2.1 Froude similitude 

In this section, the Froude similitude is tested for three different discharges in both transition and 

skimming flows (Table G-1). Table G-1 summarises the experimental flow conditions and the in-

vestigated step edges. The comparative study comprises both double-tip probe data as well as ex-

perimental results observed from experiments with an array of two single-tip conductivity probes. 

The comparison is conducted for step edges at least three step edges downstream of the inception 

flow to avoid any impacts from the rapidly varied flow just downstream of the inception point. 

 

Table G-1: Experimental flow conditions for Froude similitude analyses for conductivity probe measurements in 
stepped spillway I with flat steps (θ = 26.6°) 

 Step height: h = 10 cm (Ia) Step height: h = 5 cm (Ib) 
Instru-

mentation 
dc/h 
[-] 

qw 
[m2/s] 

Re      
[-] 

Flow 
regime 

Step 
edge 

Incep. 
point 

dc/h 
[-] 

qw 
[m2/s] 

Re       
[-] 

Flow 
regime 

Step 
edge 

Incep. 
point 

Double-
tip probe 

0.69 0.056 2.2×105 TRA1 4–10 3 to 4 0.7 0.020 8.1×104 TRA1 4–10 4 

Double-
tip probe 

1.11 0.116 4.6×105 SK 6–10 6 1.14 0.042 1.7×105 SK 6–10 6 to 7 

Double-
tip probe 

1.61 0.202 8.0×105 SK 9+10 9 to 10 1.66 0.075 3.0×105 SK 8–10 8 to 9 

Array of 
2 single-
tip probes 

1.11 0.116 4.6×105 SK 9+10 6 1.14 0.042 1.7×105 SK 10 6 to 7 
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G.2.1.1 Comparison of void fraction distributions 

A good agreement between the geometrically scaled stepped spillways was observed in terms of 

void fraction (Figure G-1). In Figure G-1 the agreement is visible for both transition and skimming 

flows for several consecutive step edges and the void fraction was properly scaled in a Froude si-

militude. The findings were consistent with observations of void fractions on geometrically scaled 

stepped spillways with slopes of 3.4° and 15.9° (GONZALEZ & CHANSON 2005) and on a stepped 

spillway with θ = 21.8° (FELDER & CHANSON 2009b). BOES (2000a,b) did not observe scale effects 

in void fraction distributions for slopes of 30° and 50° and for three different step heights. 

(A) TRA1: h = 10 cm, dc/h = 0.69, qw = 0.056 m2/s, Re = 
2.2 × 105; h = 5 cm, dc/h = 0.7, qw = 0.02 m2/s, Re = 
8.1 × 104 

(B) SK: h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 
× 105; h = 5 cm, dc/h = 1.14, qw = 0.042 m2/s, Re = 
1.7 × 105 

Figure G-1: Comparison of void fraction distributions on a flat stepped spillways (θ = 26.6°) in transition and skim-
ming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

G.2.1.2 Comparison of bubble count rate distributions 

The bubble count rate distributions showed significant differences (Figure G-2) for both transition 

and skimming flows. For the smallest step heights, the dimensionless bubble count rates were typi-

cally half the size of the complementing bubble frequencies for the larger step heights. The Froude 

similitude did not scale the number of entrained air bubbles accurately and the air-water mass trans-

fer might be affected (TOOMBES & CHANSON 2005). It seemed impossible to model this transfer 

properly with a Froude similitude. This finding was consistent with the observations by GONZALEZ 

& CHANSON (2005) and FELDER & CHANSON (2009b) in their stepped spillway experiments. 
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(A) TRA1: h = 10 cm, dc/h = 0.69, qw = 0.056 m2/s, Re = 
2.2 × 105; h = 5 cm, dc/h = 0.7, qw = 0.02 m2/s, Re = 
8.1 × 104 

(B) SK: h = 10 cm, dc/h = 1.61, qw = 0.202 m2/s, Re = 
8.0 × 105; h = 5 cm, dc/h = 1.66, qw = 0.075 m2/s, Re 
= 3.0 × 105 

Figure G-2: Comparison of bubble count rate distributions on a flat stepped spillway (θ = 26.6°) in transition and 
skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

G.2.1.3 Comparison of auto- and cross-correlation functions 

Typical auto- and cross-correlation functions of the two geometrically scaled stepped spillways are 

compared in Figure G-3 for several locations with similar void fractions. For both correlation func-

tions, slight differences were observed between the two stepped spillway configurations. It ap-

peared that the stepped spillway with 10 cm step height had larger auto- and cross-correlation val-

ues in the bubbly flow region. In the intermediate flow region, little difference between the curves 

existed, but in the spray region, the auto- and cross-correlation functions of the smaller step height 

appeared slightly larger. Please note that the maximum cross-correlation was at a different location 

T for the two stepped spillway configurations (Figure G-3B). 
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(B) Cross-correlation functions at several locations at step edge 9 

Figure G-3: Comparison of auto- and cross-correlation functions on a flat stepped spillway (θ = 26.6°) in skimming 
flows; scale effects between two spillways with geometric scaling ratio of 1:2; h = 10 cm, dc/h = 1.11, qw = 
0.116 m2/s, Re = 4.6 × 105; h = 5 cm, dc/h = 1.14, qw = 0.042 m2/s, Re = 1.7 × 105 

 

G.2.1.4 Comparison of interfacial velocity and maximum cross-correlation coefficients 

Figure G-4 illustrates typical dimensionless distributions of interfacial velocity V/Vc (Figure G-4A) 

and of maximum cross-correlation values (Rxy)max for several consecutive step edges in a skimming 

flow. The dimensionless interfacial velocity distributions showed little difference which was con-

sistent with previous studies by BOES (2000a,b), CHANSON & GONZALEZ (2005) and FELDER & 

CHANSON (2009b). Similarly the maximum cross-correlation values were in good agreement (Fig-

ure G-4B). Both interfacial velocity and maximum cross-correlation values were properly scaled 

with a Froude similitude. 

(A) SK: Interfacial velocity: h = 10 cm, dc/h = 1.11, qw = 
0.116 m2/s, Re = 4.6 × 105; h = 5 cm, dc/h = 1.14, qw 
= 0.042 m2/s, Re = 1.7 × 105 

(B) SK: Maximum cross-correlation coefficient: h = 10 
cm, dc/h = 1.61, qw = 0.202 m2/s, Re = 8.0 × 105; h = 
5 cm, dc/h = 1.66, qw = 0.075 m2/s, Re = 3.0 × 105 

Figure G-4: Comparison of interfacial velocity and maximum cross-correlation distributions on a flat stepped spillway 
(θ = 26.6°) in skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 
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G.2.1.5 Comparison of turbulence intensity distributions 

The comparison of turbulence intensities for the two models showed scale effects with consistently 

larger turbulence levels for the larger step heights (Figure G-5). The differences were about 20 to 

40% in both transition and skimming flows. The result was identical with the observations of 

CHANSON & GONZALEZ (2005) and FELDER & CHANSON (2009b). The observation was consistent 

with the lesser number of entrained air bubbles for the smallest step height (the relationship be-

tween bubble count rate and turbulence intensities was discussed in section 3.3.1.4). CHANSON & 

GONZALEZ (2005) stated that lesser turbulence intensities for smaller models must imply a lesser 

rate of energy dissipation.  

(A) TRA1: h = 10 cm, dc/h = 0.69, qw = 0.056 m2/s, Re = 
2.2 × 105; h = 5 cm, dc/h = 0.7, qw = 0.02 m2/s, Re = 
8.1 × 104 

(B) SK: h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 
4.6 × 105; h = 5 cm, dc/h = 1.14, qw = 0.042 m2/s, Re 
= 1.7 × 105 

Figure G-5: Comparison of turbulence intensity distributions on a flat stepped spillway (θ = 26.6°) in transition and 
skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

G.2.1.6 Comparison of auto- and cross-correlation time scale distributions 

The comparative analysis of dimensionless auto- and cross-correlation integral time scales showed 

slightly larger time scales for the smallest step height (Figure G-6). The differences were seen for 

the entire air-water flow column. Stronger scatter was observed for the transition flow data (Figure 

G-6A). The differences in auto- and cross-correlation time scale distributions were consistent with 

observations of the auto- and cross-correlation functions. It appeared that a scaling of the time 

scales to prototype scale was not possible using a Froude similitude. 
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(A) TRA1: Auto-correlation time scales: h = 10 cm, dc/h 
= 0.69, qw = 0.056 m2/s, Re = 2.2 × 105; h = 5 cm, 
dc/h = 0.7, qw = 0.02 m2/s, Re = 8.1 × 104 

(B) SK: Cross-correlation time scales: h = 10 cm, dc/h = 
1.11, qw = 0.116 m2/s, Re = 4.6 × 105; h = 5 cm, dc/h 
= 1.14, qw = 0.042 m2/s, Re = 1.7 × 105 

Figure G-6: Comparison of auto- and cross-correlation integral time scale distributions on a flat stepped spillway (θ = 
26.6°) in transition and skimming flows; scale effects between two spillways with geometric scaling ratio of 
1:2 

 

G.2.1.7 Comparison of integral turbulent time and length scale distributions 

A similar result was observed in terms of the dimensionless integral turbulent time and lengths 

scales and for the dimensionless advection turbulent length scale (Figure G-7). The distributions in 

Figure G-7 showed larger dimensionless time and lengths scales for the smaller step heights in a 

skimming flow regime. The results were consistent with the findings of FELDER & CHANSON 

(2009b) on a stepped spillway with θ = 21.8°. This finding implied scale effects in terms of the 

large turbulence flow structures. 

(A) Transverse integral turbulent length scales and ad-
vection turbulent length scale; Step edge 10 

(B) Transverse integral turbulent time scales; Step edge 
10 

Figure G-7: Comparison of integral turbulent time and length scale and advection turbulent length scale distributions 
on a flat stepped spillway (θ = 26.6°) in skimming flows; scale effects between two spillways with geomet-
ric scaling ratio of 1:2; h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 × 105; h = 5 cm, dc/h = 1.14, qw 
= 0.042 m2/s, Re = 1.7 × 105  
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G.2.1.8 Comparison of bubble and droplet chord sizes 

The comparative analyses of the two geometrically scaled models included also the investigation of 

scale effects in terms of microscopic air-water flow properties. In Figure G-8, the scale effects for 

the dimensionless air bubble chord sizes (Figure G-8A) and for the water droplet chord sizes (Fig-

ure G-8B) are illustrated. For both air bubble chords and water droplets chords, scale effects were 

observed.  

 
(A) Scale effects in air bubble chord size distributions: h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 × 105, step 

edge 10; h = 5 cm, dc/h = 1.14, qw = 0.042 m2/s, Re = 1.7 × 105, step edge 10 

 
(B) Scale effects in water droplet chord size distributions: h = 10 cm, dc/h = 1.61, qw = 0.202 m2/s, Re = 8.0 × 105, step 

edge 10; h = 5 cm, dc/h = 1.66, qw = 0.075 m2/s, Re = 3.0 × 105, step edge 9 

Figure G-8: Comparison of air bubble and water droplet chord sizes on a flat stepped spillway (θ = 26.6°) in skimming 
flows; scale effects between two spillways with geometric scaling ratio of 1:2 
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The comparison of the dimensionless chord distributions showed strong differences both in dimen-

sionless air bubble and water droplet chord sizes. Throughout the distributions of dimensionless 

chord sizes showed a greater number of smaller chord sizes for the largest step heights and a greater 

number of larger chord sizes for the smallest step heights. The Froude similitude did not scale the 

chord sizes properly. The observations were consistent with experimental results by CHANSON & 

GONZALEZ (2005) and FELDER & CHANSON (2009b). It was consistent with statements of KOBUS 

(1984) and CHANSON (1997a) who expressed that scaling of entrained air bubble sizes is nearly im-

possible. Experiments based on a Weber similitude might scale the bubble sizes better, but the grav-

ity and viscous forces are more important in physical modelling of stepped spillways. 

 

G.2.1.9 Comparison of cluster properties 

Further scale effects were also visible in several cluster properties. The comparative analyses high-

lighted a larger percentage of bubbles/droplets in clusters for the largest step height (Figure G-9A). 

In Figure G-9A, the percentage of bubbles/droplets in clusters is illustrated as a function of the di-

mensionless height above step edge. A comparison of the percentage of bubbles/droplets in clusters 

in terms of the void fraction showed a smaller difference between the two configurations with larger 

percentage for the largest step heights (Figure G-9B).  

(A) SK: h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 
× 105; h = 5 cm, dc/h = 1.14, qw = 0.042 m2/s, Re = 
1.7 × 105 

(B) TRA1: h = 10 cm, dc/h = 0.69, qw = 0.056 m2/s, Re = 
2.2 × 105; h = 5 cm, dc/h = 0.7, qw = 0.02 m2/s, Re = 
8.1 × 104 

Figure G-9: Comparison of percentage of particles in clusters on a flat stepped spillway (θ = 26.6°) in transition and 
skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

In Figure G-10, the numbers of bubbles/droplets per cluster are compared for the configurations 

with 5 and 10 cm step heights. Figure G-10 showed a larger number of bubbles/droplets per cluster 

for the largest step heights. A similar finding was also seen for the dimensionless number of clusters 

per second (Figure G-11). The dimensionless number of clusters per second for the largest step 
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height configuration was about double the number of the smaller step heights throughout the cross-

section.  

(A) TRA1: h = 10 cm, dc/h = 0.69, qw = 0.056 m2/s, Re = 
2.2 × 105; h = 5 cm, dc/h = 0.7, qw = 0.02 m2/s, Re = 
8.1 × 104 

(B) SK: h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 
4.6 × 105; h = 5 cm, dc/h = 1.14, qw = 0.042 m2/s, Re 
= 1.7 × 105 

Figure G-10: Comparison of number of particles per cluster on a flat stepped spillway (θ = 26.6°) in transition and 
skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

(A) SK: h = 10 cm, dc/h = 1.61, qw = 0.202 m2/s, Re = 8.0 
× 105; h = 5 cm, dc/h = 1.66, qw = 0.075 m2/s, Re = 
3.0 × 105 

(B) TRA1: h = 10 cm, dc/h = 0.69, qw = 0.056 m2/s, Re = 
2.2 × 105; h = 5 cm, dc/h = 0.7, qw = 0.02 m2/s, Re = 
8.1 × 104 

Figure G-11: Comparison of number of clusters per second on a flat stepped spillway (θ = 26.6°) in transition and 
skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

Differences between the two configurations were also seen in terms of the clustered bubble/droplet 

chord sizes. The dimensionless chord sizes for the smallest step height were larger compared to the 

largest step height (Figure G-12). This finding was consistent with the larger dimensionless chord 

sizes reported in the PDF distributions of air bubble and water droplet chord sizes (Figure G-8). The 

comparison in terms of ratio of average clustered chord sizes and average chord sizes (Figure G-13) 
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and in terms of ratio of the lead particle in a cluster and the average clustered chord size (Figure G-

14) showed little difference between the two configurations. 

Overall, the investigations of the cluster properties for the two stepped spillways with geometrically 

scaled step heights showed the existence of scale effects for several parameters. The findings indi-

cated that the air-water flow properties on a microscopic scale were not properly scaled by a Froude 

similitude. An extrapolation of the results to a prototype scale is not possible.  

 

(A) SK: h = 10 cm, dc/h = 1.61, qw = 0.202 m2/s, Re = 8.0 
× 105; h = 5 cm, dc/h = 1.66, qw = 0.075 m2/s, Re = 
3.0 × 105 

(B) SK: h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 
× 105; h = 5 cm, dc/h = 1.14, qw = 0.042 m2/s, Re = 
1.7 × 105 

Figure G-12: Comparison of average clustered chord sizes on a flat stepped spillway (θ = 26.6°) in transition and 
skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

(A) TRA1: h = 10 cm, dc/h = 0.69, qw = 0.056 m2/s, Re = 
2.2 × 105; h = 5 cm, dc/h = 0.7, qw = 0.02 m2/s, Re = 
8.1 × 104 

(B) SK: h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 
4.6 × 105; h = 5 cm, dc/h = 1.14, qw = 0.042 m2/s, Re 
= 1.7 × 105 

Figure G-13: Comparison of the ratio of average clustered chord size and average chord size on a flat stepped spillway 
(θ = 26.6°) in transition and skimming flows; scale effects between two spillways with geometric scaling 
ratio of 1:2 
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(A) SK: h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 
× 105; h = 5 cm, dc/h = 1.14, qw = 0.042 m2/s, Re = 
1.7 × 105 

(B) SK: h = 10 cm, dc/h = 1.61, qw = 0.202 m2/s, Re = 8.0 
× 105; h = 5 cm, dc/h = 1.66, qw = 0.075 m2/s, Re = 
3.0 × 105 

Figure G-14: Comparison of the ratio of lead particle size and the average clustered chord size on a flat stepped spill-
way (θ = 26.6°) in transition and skimming flows; scale effects between two spillways with geometric 
scaling ratio of 1:2 

 

G.2.1.10  Comparison of inter-particle arrival times 

The inter-particle arrival times for the configurations with 5 and 10 cm high steps were also com-

pared. Typical results are illustrated in dimensionless terms in Figure G-15 for different classes of 

air bubble chord sizes and in Figure G-16 for different water droplet chord size classes. For all ex-

periments, smaller dimensionless inter-particle arrival times were more likely for the larger step 

heights, while larger dimensionless inter-particle arrival times appeared more often for the configu-

ration with smaller step heights. The comparative analysis indicated further scale effects on the mi-

croscopic level showing that the inter-particle arrival times between air bubbles and water droplets 

cannot be scaled properly with a Froude similitude. 
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(A) Bubble chord class: 0 – 1 mm; Step edges 10 (B) Bubble chord class: 1 – 3 mm; Step edges 10 

(C) Bubble chord class: 3 – 6 mm; Step edges 10 (D) Bubble chord class: 6 – 10 mm; Step edges 10 

(E) Bubble chord class: > 10 mm; Step edges 10 

 

Figure G-15: Comparison of inter-particle arrival times for different air bubble chord classes on a flat stepped spillway 
(θ = 26.6°) in transition and skimming flows; scale effects between two spillways with geometric scaling 
ratio of 1:2 

 

 

 

 

Inter-particle arrival timedc/Vc [-]

PD
F 

[-
]

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005 0.0055 0.006
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0.055

0.06

0.065

0.07

0.075

0.08

0.085

0.09

0.095

0.1

Bubble chords: 0 - 1 mm

dc/h=0.69, h=10cm: y/dc = 0.174; C = 0.214; Fdc/Vc = 15.0
Poisson distribution; h = 10cm
dc/h=0.70, h=5cm: y/dc = 0.143; C = 0.221; Fdc/Vc = 6.2
Poisson distribution; h = 5cm

Inter-particle arrival timedc/Vc [-]

PD
F 

[-
]

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0.13

Bubble chords: 1 - 3 mm

dc/h=1.11, h=10cm: y/dc = 0.198; C = 0.122; Fdc/Vc = 17.1
dc/h=1.14, h=5cm: y/dc = 0.281; C = 0.119; Fdc/Vc = 7.0

Inter-particle arrival timedc/Vc [-]

P
D

F 
[-

]

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0.055

0.06

0.065

0.07

0.075

0.08

0.085

0.09

0.095

Bubble chords: 3 - 6 mm

dc/h=1.11, h=10cm: y/dc = 0.315; C = 0.253; Fdc/Vc = 21.6
dc/h=1.14, h=5cm: y/dc = 0.333; C = 0.240; Fdc/Vc = 9.5

Inter-particle arrival timedc/Vc [-]

P
D

F
 [

-]

0 0.0006 0.0012 0.0018 0.0024 0.003 0.0036 0.0042 0.0048 0.0054 0.006
0

0.0025

0.005

0.0075

0.01

0.0125

0.015

0.0175

0.02

0.0225

0.025

0.0275

0.03

0.0325

0.035

0.0375

0.04

0.0425

0.045

0.0475

0.05

Bubble chords: 6 - 10 mm

dc/h=0.69, h=10cm: y/dc = 0.232; C = 0.246; Fdc/Vc = 16.7
dc/h=0.70, h=5cm: y/dc = 0.171; C = 0.263; Fdc/Vc = 6.8

Inter-particle arrival timedc/Vc [-]

P
D

F
 [

-]

0 0.0008 0.0016 0.0024 0.0032 0.004 0.0048 0.0056 0.0064 0.0072 0.008
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Bubble chords: > 10 mm

dc/h=1.11, h=10cm: y/dc = 0.288; C = 0.218; Fdc/Vc = 21.3
dc/h=1.14, h=5cm: y/dc = 0.316; C = 0.212; Fdc/Vc = 8.9



404 Appendix G – Dynamic similarity and scale effects in air-water flows on a flat stepped spillway  

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

(A) Droplet chord class: 0 – 1 mm; Step edges 10 (B) Droplet chord class: 1 – 3 mm; Step edges 10 

(C) Droplet chord class: 3 – 6 mm; Step edges 10 (D) Droplet chord class: 6 – 10 mm; Step edges 10 

(E) Droplet chord class: > 10 mm; Step edges 10 

 

Figure G-16: Comparison of inter-particle arrival times for different water droplet chord classes on a flat stepped 
spillway (θ = 26.6°) in transition and skimming flows; scale effects between two spillways with geometric 
scaling ratio of 1:2 

 

G.2.2 Reynolds similitude 

The Reynolds similitude was tested for the stepped spillways with 5 and 10 cm step heights. The 

comparative analysis comprised several flow rates at step edges with same distance downstream 

from the inception point. The dimensional flow rates and the Reynolds numbers were identical and 
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the flow conditions are listed in Table G-2. The comparison comprised data collected with both 

double-tip and an array of two single-tip conductivity probes.  

 

Table G-2: Experimental conditions for Reynolds similitude analyses for conductivity probe measurements in stepped 
spillway I with flat steps (θ = 26.6°) 

 Step height: h = 10 cm (Ia) Step height: h = 5 cm (Ib) 
Instru-

mentation 
dc/h 
[-] 

qw 
[m2/s] 

Re      
[-] 

Flow 
regime 

Step 
edge 

Incep. 
point 

dc/h 
[-] 

qw 
[m2/s] 

Re       
[-] 

Flow 
regime 

Step 
edge 

Incep. 
point 

Double-
tip probe 

0.83 0.075 3.0×105 TRA2 4–10 4 1.66 0.075 3.0×105 SK 8–14 8 to 9 

Double-
tip probe 

1.11 0.116 4.6×105 SK 6–10 6 2.22 0.116 4.6×105 SK 12–16 12 

Double-
tip probe 

1.38 0.161 6.4×105 SK 7–10 7 to 8 2.77 0.161 6.4×105 SK 18–20 18 

Double-
tip probe 

1.61 0.202 8.0×105 SK 9+10 9 to 10 3.3 0.210 8.3×105 SK 20 20 

2 single-
tip probes 

1.11 0.116 4.6×105 SK 10 6 2.22 0.116 4.6×105 SK 16 12 

 

G.2.2.1 Comparison of air-water flow properties 

The investigated air-water flow properties comprised the void fraction, the bubble count rate, the 

interfacial velocity, the turbulence intensity, the maximum cross-correlation values, the auto- and 

cross-correlation time scales, the integral turbulent time and length scales, the advection length 

scale and the air bubble and water droplet chord sizes. In the following figures, the results of the 

comparative analysis are presented and scale effects are visible for several air-water flow proper-

ties. In Figure G-17, the void fraction and bubble count rate distributions are illustrated as a func-

tion of y/dc. For the void fraction, only small differences were visible between the two different step 

heights (Figure G-17A). However scale effects were observed in terms of the dimensionless bubble 

count rate (Figure G-17B). For all data sets, the bubble frequencies for the larger step height were 

about twice the size of the smaller step height. The Reynolds similitude did not scale the number of 

entrained bubbles properly. 

Typical distributions of dimensionless interfacial velocity are illustrated in Figure G-18 for two 

flow rates. For the smaller flow rate (Figure G-18A), it appeared that the velocity for the larger step 

heights was slightly larger while for the larger flow rate (Figure G-18B), the smaller step heights 

exhibited larger velocities. Overall, the interfacial velocity seemed to be scaled properly and an ex-

trapolation to the prototype scale seemed possible. 
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(A) SK: Void fraction: h = 10 cm, dc/h = 1.11, qw = 0.116 
m2/s, Re = 4.6 × 105; h = 5 cm, dc/h = 2.22, qw = 
0.116 m2/s, Re = 4.6 × 105 

(B) TRA2/SK: Bubble count rate: h = 10 cm, dc/h = 0.83, 
qw = 0.075 m2/s, Re = 3.0 × 105; h = 5 cm, dc/h = 
1.66, qw = 0.075 m2/s, Re = 3.0 × 105 

Figure G-17: Comparison of void fraction and bubble count rate distributions on a flat stepped spillway (θ = 26.6°) in 
transition and skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

(A) TRA2/SK: h = 10 cm, dc/h = 0.83, qw = 0.075 m2/s, 
Re = 3.0 × 105; h = 5 cm, dc/h = 1.66, qw = 0.075 
m2/s, Re = 3.0 × 105 

(B) SK: h = 10 cm, dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4 
× 105; h = 5 cm, dc/h = 2.77, qw = 0.161 m2/s, Re = 
6.4 × 105 

Figure G-18: Comparison of interfacial velocity distributions on a flat stepped spillway (θ = 26.6°) in transition and 
skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

Scale effects were observed for the turbulence intensity distributions (Figure G-19A) as well as for 

the distributions of maximum cross-correlation values (Figure G-19B). For the larger step heights, 

larger turbulence levels were observed for all experiments (Figure G-19A). The values were about 

30 to 60% larger. For the maximum cross-correlation values, the largest values existed for the 

smaller step heights (Figure G-19B). The scaling of these air-water flow properties to prototype size 

was not possible using the Reynolds similitude. 
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(A) SK: Turbulence intensity: h = 10 cm, dc/h = 1.11, qw 
= 0.116 m2/s, Re = 4.6 × 105; h = 5 cm, dc/h = 2.22, 
qw = 0.116 m2/s, Re = 4.6 × 105 

(B) SK: Maximum cross-correlation coefficient: h = 10 
cm, dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4 × 105; h = 
5 cm, dc/h = 2.77, qw = 0.161 m2/s, Re = 6.4 × 105 

Figure G-19: Comparison of turbulence intensity and maximum cross-correlation coefficient distributions on a flat 
stepped spillway (θ = 26.6°) in skimming flows; scale effects between two spillways with geometric scal-
ing ratio of 1:2 

 

Scale effects were also observed in terms of the auto- and cross-correlation time scales. Figure G-20 

illustrates typical dimensionless distributions of auto-correlation time scales and Figure G-21 typi-

cal dimensionless cross-correlation time scale distributions. For both auto- and cross-correlation 

time scales, small differences between the two configurations were visible with larger scales for the 

larger step heights.  

TRA2/SK: h = 10 cm, dc/h = 0.83, qw = 0.075 m2/s, Re = 
3.0 × 105; h = 5 cm, dc/h = 1.66, qw = 0.075 m2/s, Re 
= 3.0 × 105 

(B) SK: h = 10 cm, dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4 
× 105; h = 5 cm, dc/h = 2.77, qw = 0.161 m2/s, Re = 
6.4 × 105 

Figure G-20: Comparison of auto-correlation time scale distributions on a flat stepped spillway (θ = 26.6°) in transi-
tion and skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 
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SK: h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 × 
105; h = 5 cm, dc/h = 2.22, qw = 0.116 m2/s, Re = 4.6 
× 105 

(B) SK: h = 10 cm, dc/h = 1.61, qw = 0.202 m2/s, Re = 8.0 
× 105; h = 5 cm, dc/h = 3.3, qw = 0.202 m2/s, Re = 
8.0 × 105 

Figure G-21: Comparison of cross-correlation time scale distributions on a flat stepped spillway (θ = 26.6°) in skim-
ming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

The observations for the transverse integral turbulent length and time scales and for the advection 

turbulent lengths scales in Figure G-22 exhibited just small differences. This finding was different 

to the observations of FELDER & CHANSON (2009b) who showed larger differences, i.e. larger di-

mensionless scales for the smallest step height. 

(A) Transverse integral turbulent length and advection 
turbulent length scales 

(B) Transverse integral turbulent time scales 

Figure G-22: Comparison of integral turbulent time and length scale and advection turbulent length scale distributions 
on a flat stepped spillway (θ = 26.6°) in skimming flows; scale effects between two spillways with geomet-
ric scaling ratio of 1:2:h = 10 cm, dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6 × 105, step edge 10; h = 5 cm, 
dc/h = 1.14, qw = 0.042 m2/s, Re = 1.7 × 105, step edge 16 

 

In Figure G-23, typical dimensionless air bubble and water droplet chord size distributions are 

compared for the two stepped spillway configurations. The PDF distribution of bubble chord sizes 

showed comparatively smaller chord sizes for the largest step heights (Figure G-23A). A similar 

finding was also observed for the water droplet chord sizes, with smallest chords for the largest step 
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heights. The scaling of the bubble chord sizes to prototype scale was not possible using the Reyn-

olds similitude even though the scaling was better compared to the Froude similitude.  

 
(A) Scale effects in air bubble chord size distributions: h = 10 cm, dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105, step 

edge 10; h = 5 cm, dc/h = 1.66, qw = 0.075 m2/s, Re = 3.0 × 105, step edge 14 

 
(B) Scale effects in water droplet chord size distributions: h = 10 cm, dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4 × 105, step 

edge 10; h = 5 cm, dc/h = 2.77, qw = 0.161 m2/s, Re = 6.4 × 105, step edge 20 

Figure G-23: Comparison of air bubble and water droplet chord sizes on a flat stepped spillway (θ = 26.6°) in transi-
tion and skimming flows; scale effects between two spillways with geometric scaling ratio of 1:2 

 

G.3 Self-similarity of air-water flows on stepped spillways 

The classical dynamic similarity approach in fluid mechanics was not successful to scale the air-

water flow properties on stepped spillway models with geometrically scaled step heights. Neither 

the Froude nor the Reynolds similitudes could be used to scale the air-water flow properties to a 

prototype scale.  
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However, a different type of dynamic similarity approach exists, which is based upon the mathe-

matical scaling of flow properties. The self-similarity approach is a powerful tool in complex turbu-

lent flows (BARENBLATT 1996). It was successfully used by CHANSON & CAROSI (2007b) and 

FELDER & CHANSON (2009b) to describe the air-water flow properties on stepped spillway models 

with θ = 21.8° and two different step heights. It was shown, that the concept of self-similarity 

worked well to describe the micro- and macroscopic air-water flow properties with mathematical 

equations independently of the step heights.  

Typical self-similar relationships were presented in the main part of the thesis. Further self-similar 

relationships for characteristic data in the present study are shown in Figure G-24 to G-27. In Figure 

G-24, the self-similar relationship between void fraction and auto- and cross-correlation time scales 

of double-tip conductivity probe data is illustrated. It was visible that the data were well correlated 

using a power law model: 

)C1(C4
)T(

T

maxxx

xx   0 ≤ C ≤ 0.99 (G-3) 

)C1(C4
)T(

T

maxxy

xy   (G-4) 

where (Txx)max is the maximum auto-correlation time scale and (Txy)max the maximum cross-

correlation integral time scale in a cross-section.  

(A) dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; 
Stepped spillway I, h = 10 cm 

(B) dc/h = 0.96, qw = 0.093 m2/s, Re = 3.7 × 105; 
Stepped spillway II, h = 10 cm  

Figure G-24: Self-similar relationship between void fraction and auto- and cross-correlation time scales on a flat 
stepped spillway (θ = 26.6°); Comparison with self-similar correlation (Equations (G-3) & (G-4)) 
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of the inception point were excluded due to the rapidly-varying nature of the flow. In Figure G-25, 

the data are compared with a skewed parabolic shape which fitted well the skimming flow data (R = 

0.87): 

283.0263.0

max

)C1(C26.1
)Tu(

Tu
  for SK data (G-5) 

where Tumax is the maximum turbulence intensity in a cross-section. A similar dimensionless rela-

tionship was also observed between the maximum cross-correlation values (Rxy)max and the void 

fraction (Figure G-26). The data were in fairly good agreement and were best correlated by a 

skewed parabola (R = 95%): 

102.0384.0

maxmaxxy

maxxy )C1(C33.1
))R((

)R(
  for SK data (G-6) 

The correlation was introduced for the skimming flow data only and the data of the first two step 

edges were excluded. The transition flow data differed slightly from the skimming flow data and 

showed a larger scatter. 

 
Figure G-25: Self-similar relationship between void fraction and turbulence intensity on a flat stepped spillway (θ = 

26.6°); first two step edges downstream of the inception point excluded; Comparison with best fit correla-
tion (Equation (G-5)) 
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Figure G-26: Self-similar relationship between void fraction and maximum cross-correlation values on a flat stepped 
spillway (θ = 26.6°); Comparison with best fit correlation (Equation (G-6)) 

 

The concept of self-similarity was tested in the present study for models with slopes of θ = 8.9° and 

θ = 26.6°. Table G-3 lists the self-similar equations which described the air-water flow properties 

independent of step height and channel slope. Some of the self-similar equations were previously 

observed and tested in air-water flows on stepped spillways with θ = 21.8° (CHANSON & CAROSI 

2007b; FELDER & CHANSON 2009b).  
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Table G-3: Self-similarity equations for the air-water flow properties in transition and skimming flows on flat stepped 
spillways 

Flow property Self-similarity equation Validity Equation/Figure 
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G.4 Summary 

A comparison of experimental results was performed between two geometrically scaled stepped 

spillway models with θ = 26.6°. The full range of air-water flow properties was tested for both 

Froude and Reynolds similitudes and significant scale effects were found. Table G-4 summarises 

the outcomes of the present study and indicates the wide range of macro- and microscopic air-water 

flow properties affected by scale effects. The results highlighted that a proper scaling of the air-

water flows on geometrically scaled stepped spillways is not possible using either the Froude or 

Reynolds similitudes. However, self-similar relationships were found (Table G-3) which allowed a 

characterisation of the air-water flows independent of the physical scale.  

 

Table G-4: Summary of scale effect analyses for Froude and Reynolds similitudes on geometrically scaled stepped 
spillway (θ = 26.6°) 

Air-water flow property Observations of scale effects using 
Froude similitude Reynolds similitude 

Void fraction No scale effects No scale effects 
Bubble count rate  Scale effects Scale effects 
Interfacial velocity No scale effects Small scale effects 
Turbulence intensity Scale effects Scale effects 
Auto-correlation function Small scale effects N/A 
Cross-correlation function Small scale effects N/A 
Maximum cross-correlation coefficient No scale effects N/A 
Auto-correlation time scale Small scale effects Small scale effects 
Cross-correlation time scale Small scale effects Small scale effects 
Integral turbulent length scales Scale effects Small scale effects 
Integral turbulent time scales Scale effects Small scale effects 
Advection turbulent length scale Small scale effects Small scale effects 
Air bubble chord sizes Scale effects Scale effects 
Water droplet chord sizes Scale effects Scale effects 
Clustered properties Scale effects for several parameters N/A 
Inter-particle arrival time Scale effects N/A 

Note: N/A = air-water flow property not investigated 
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H Characterisation of air-water flows with 50% void fraction 

H.1 Presentation 

Air-water flows on stepped spillways are complex. Key characteristics are the natural air entrain-

ment due to strong turbulence close to the free-surface, the intense mixing of air and water phases 

and the interactions between flow processes in different regions of the flow (Figure H-1) (CHANSON 

1997a). A significant amount of the flow energy is dissipated in various processes including cavity 

recirculations in the step cavities driven by momentum exchanges between the overlying flows in 

the bubbly flow region (0 < C < 0.3), ejections of water droplets in the spray region (C > 0.7) and 

energetic interactions of air-water interfaces in the intermediate flow region (0.3 < C < 0.7). The in-

termediate flow region is characterised by an air-water mixture with balanced ratios of air bubbles 

and water droplets. This region seems to play an important role in the high-velocity two-phase 

flows. High bubble count rates, large turbulence levels and turbulent scales were observed in the in-

termediate flow region indicating strong turbulent and energy dissipation (CAROSI & CHANSON 

2008; FELDER & CHANSON 2009b). This region is characterised by colliding droplets and bubbles, 

by deformations and reformations of bubbles and droplets and by an energy dissipation caused by 

frictional heat resulting from these energetic processes. The information about the air-water flow 

processes within the intermediate flow region is still limited. 

TOOMBES & CHANSON (2007,2008b) showed effects of surface-waves on stepped spillways upon 

the bubble count rate and the interfacial aeration. They developed a physical model explaining the 

relationship between bubble count rate and void fraction and the variation of the maximum number 

of air-water interfaces from an air concentration of 50%.  

For all experiments in the Ph.D. project, detailed air-water flow measurements were conducted in 

the intermediate flow region with at least 10 measurement positions in every cross-section located 

between 0.3 < C < 0.7. It was the aim to provide a better understanding of the complex processes in 

the intermediate flow region. For the measurements, a conductivity probe (Ø = 0.25 mm) was posi-

tioned at a fixed point and the streamwise air-water interfaces were recorded for 45 s and with 20 

kHz (Figure H-1). Detailed microscopic air-water flow properties were investigated for a flow re-

gion with about same amount of water and air phases for 0.49 < C < 0.51 (Table H-1). Table H-1 

summarises the experimental flow conditions and basic air-water flow parameters for the detailed 

investigations of the air-water flows with C ≈ 0.5 on flat stepped spillways with 26.6° slope and 

step heights of h = 5 cm and 10 cm respectively. Please note that the maximum bubble count rate 

Fmax for each location differed from the bubble count rate F50 for C ≈ 0.5 (Table H-1). It was the 

aim to provide further insights into the microscopic air-water flow processes in the intermediate 
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flow region for C ≈ 0.5. The investigations comprised both transition and skimming flow data (Ta-

ble H-1). In this section, the results are presented comprising the air bubble and water droplet chord 

times, the inter-particle arrival times and FFT spectral analysis of the instantaneous void fractions. 

 
Figure H-1: Sketch of stepped spillway skimming flows and positioning of conductivity probe in the intermediate flow 

region for 0.49 < C < 0.51  

 

Table H-1: Experimental flow conditions and characteristic air-water flow parameters for the investigation of air-water 
flows with air concentration of 50% on flat stepped spillways I (θ = 26.6°); Double-tip conductivity probe 
data (Ø = 0.25 mm) 

h 
[m] 

dc/h 
[-] 

qw 
[m2/s] 

Re       
[-] 

Flow 
regime 

Incep. 
point 

Cmean 
[-] 

Y90 
[mm] 

Step 
edge 

C      
[-] 

F50     
[Hz] 

V50     
[m/s] 

y   
[mm] 

Fmax 
[Hz] 

0.1 
(Ia) 
 

0.69 0.056 2.2×105 TRA1 3 to 4 0.558 56.8 7 0.492 191.7 2.72 22 202.8 

0.69 0.056 2.2×105 TRA1 3 to 4 0.415 44.8 8 0.499 227.8 2.77 26 229.0 

1.11 0.116 4.6×105 SK 6 0.375 69.8 9 0.502 191.3 3.61 44 198.4 

1.28 0.143 5.7×105 SK 6 to 7 0.374 85.4 10 0.491 172.1 3.74 54 179.9 

1.28 0.143 5.7×105 SK 6 to 7 0.374 85.4 10 0.493 172.2 3.65 56 179.9 

0.05 
(Ib) 

0.70 0.020 8.1×104 TRA1 4 0.580 30.5 10 0.497 128.2 1.92 11 130.8 

0.70 0.020 8.1×104 TRA1 4 0.521 24.8 13 0.502 138.2 1.97 11 138.2 

0.70 0.020 8.1×104 TRA1 4 0.507 25.5 15 0.502 144.6 1.97 12 149.0 

0.70 0.020 8.1×104 TRA1 4 0.527 26.7 16 0.505 145.7 2.00 12 148.2 

0.70 0.020 8.1×104 TRA1 4 0.644 34.1 18 0.498 129.0 2.06 8 134.3 

1.14 0.042 1.7×105 SK 6 to 7 0.333 33.9 15 0.497 173.3 2.62 23 181.9 

1.14 0.042 1.7×105 SK 6 to 7 0.326 31.6 17 0.507 200.2 2.67 22 203.8 

1.66 0.075 3.0×105 SK 8 to 9 0.311 46.5 11 0.495 105.6 2.77 32 106.7 

1.66 0.075 3.0×105 SK 8 to 9 0.284 44.8 17 0.508 155.7 3.00 33 162.0 

1.66 0.075 3.0×105 SK 8 to 9 0.319 48.4 18 0.492 155.3 3.00 34 165.3 

2.22 0.116 4.6×105 SK 12 0.261 56.3 17 0.492 123.9 3.43 43 125.0 

2.22 0.116 4.6×105 SK 12 0.294 59.7 18 0.510 127.3 3.51 44 131.9 

2.22 0.116 4.6×105 SK 12 0.289 56.3 19 0.507 136.3 3.51 40 147.4 
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H.2 Characterisation of air-water flows with 50% air concentration 

The microscopic analyses of the air-water flows with C ≈ 50% were based upon a single threshold 

technique for the leading tip signal of a double-tip conductivity probe (Ø = 0.25 mm) with sampling 

duration of 45 s and sampling frequency of 20 kHz (Figure H-2). The single threshold was identi-

fied using the distinctive peaks of the bimodal distribution of the voltage signals (CARTELLIER & 

ACHARD 1991). A detailed sensitivity analysis was conducted in the present study (Appendix B) 

and the threshold was set at 50% of the difference in the two voltage peaks at every location. 

The single threshold technique was used to identify the time that the probe tip spent in air and in 

water. Every time the voltage value was below the threshold, the instantaneous void fraction c was 

equal to 1. When the voltage lied above the threshold, c = 0. The instantaneous void fraction data 

were used to calculate the time-averaged void fraction, the bubble frequency, the air bubble and wa-

ter droplet chord times and the streamwise inter-particle arrival time. 

The instantaneous void fraction was used to calculate the time-averaged air concentration or void 

fraction C as: 

n

c

C

n

1i

  (H-1) 

where n is the number of samples defined as the sampling frequency times the sampling duration 

and the instantaneous void fraction c was equal to 0 or 1. The bubble frequency or bubble count rate 

F was defined as the number of water-to-air interfaces per unit time. Note that the numbers of water 

droplets and air bubbles were identical. The air bubble and water droplet chord times were defined 

as the time between the changes of instantaneous void fraction. The chord sizes were not the bubble 

diameters, but characteristic streamwise air/water sizes (CHANSON & TOOMBES 2002a; GONZALEZ 

et al. 2005). 

A further air-water flow property is the inter-particle arrival time, which provided information 

about the randomness of the travelling particles (EDWARD & MARX 1995; CHANSON 2007b,2008a). 

The inter-particle arrival time analysis was performed for both air bubble and water droplets, split 

into classes of particle chord sizes for which a similar behaviour may be expected (EDWARD & 

MARX 1995). For each class, the PDF of the inter-particle arrival time between successive particles 

was calculated. 

Further investigations were based upon the FFT spectral analyses of the instantaneous void fraction 

signals. In the following sub-sections, characteristic results are presented for the stepped spillway 
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data with 0.49 < C < 0.51 including the chord times, the inter-particle arrival times and characteris-

tic frequencies of the instantaneous void fraction signal. 

 
Figure H-2: Raw Voltage signal of leading tip signal of a double-tip conductivity probe (Ø = 0.25 mm) with sampling 

frequency of 20 kHz on a flat stepped spillway (θ = 26.6°, h = 10 cm) in skimming flows: dc/h = 1.28;     
qw = 0.143 m2/s; Re = 5.7×105; Step 10: C = 0.491, F50 = 172.1 Hz 

 

H.2.1 Air bubble and water droplet chord times 

The probability distribution functions of air bubble and water droplet chord times are illustrated in 

Figure H-3 for all measurement locations with C ≈ 0.5. Significant differences were observed de-

pending upon the bubble count rates F50 and the step heights. Therefore, the chord time distributions 

were grouped into four different figures (Figure H-3). The chord time distributions for the stepped 

spillway with h = 5 cm are shown in Figures H-3A to H-3C for three different groups of bubble 

count rate. The data for the steps with h = 10 cm are illustrated in Figure H-3D for similar bubble 

count rates. 

For all probability distributions, differences between the air bubble and water droplet chord times 

were observed with a larger amount of smaller air bubble chord sizes between 0-1 ms. The numbers 

of water droplet chord sizes were proportionally slightly larger for chord times between about 2 to 6 

ms (Figure H-3). The differences between the PDF distributions of air bubble and water droplet 

chord times indicated differences in chord sizes for positions with identical number of detected par-

ticles and identical time the probe tip was in water and air (i.e. identical air concentration). The pre-

sent results were comparable to the observations of TOOMBES & CHANSON (2008b) who found also 

differences between air bubble and water droplet chord size distributions for C = 0.48 on a single 
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backward-facing step. TOOMBES & CHANSON (2007) used surface wave modelling to show the ef-

fects of surface waves upon the air bubble chord sizes. The differences between air bubble and wa-

ter droplet chord times in the present study might also be linked with periodic variation of the free-

surface which affected the distribution of air-water interfaces in the intermediate flow region. 

(A) Chord times for 100 Hz < F50 < 130 Hz; h = 5 cm (B) Chord times for 130 Hz < F50 < 150 Hz; h = 5 cm 

(C) Chord times for 150 Hz < F50 < 200 Hz; h = 5 cm (D) Chord times for 170 Hz < F50 < 200 Hz; h = 10 cm 

Figure H-3: Probability distribution functions of air bubble and water droplet chord times for void fractions of C ≈ 
50% in transition and skimming flows on flat stepped spillway I (θ = 26.6°) 

 

The finding of different probability functions for different bubble count rates in Figure H-3 sug-

gested a relationship between bubble count rate within the flow region of equal air and water con-

centrations F50 and the mode of the chord time PDF distributions chmode. For all data sets, the rela-

tionship between F50 and chmode is illustrated in Figure H-4 for both step heights and for the air bub-

ble and water droplet chords. The observations indicated a monotonic decline of the chord time 

mode with increasing number of entrained air bubbles (Figure H-4). A rough estimation of the cor-

relation was given by a power law: 
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916.0
50emod F798.30ch   (H-2) 

The number of data sets for the correlation was limited and the investigation of further data sets 

with 50% void fraction might provide more details about the relationship between air bubble and 

water droplet chords and the bubble count rate. 

 
Figure H-4: Dimensionless relationship between mode of the chord time PDF and bubble count rate with C ≈ 50% F50; 

Comparison with best-fit correlation (Equation (H-2)) 

 

H.2.2 Inter-particle arrival times 

The inter-particle arrival times were calculated for all measurement positions with C ≈ 0.5 and 

characteristic results are shown in Figure H-5. The probability distribution functions of the inter-

particle arrival times were calculated for five different chord time classes and for the air bubbles 

and water droplets respectively. Little differences in the PDFs of the inter-particle arrival times 

were observed between bubble and droplet chord time distributions for all data and most chord time 

classes (Figure H-5). Differences however, were observed for the chord time classes 3–5 ms (Figure 

H-5D) which showed a larger number of smaller inter-particle arrival times for the water droplet 

chord times. The differences were associated with different numbers of bubbles and droplets within 

this chord time class and for all experiments, the number of bubbles was about 40-60% of the num-

ber of droplets (Figure H-5D). For all other chord time classes, the numbers of bubbles and droplets 

were about the same.  
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These findings were observed for all data in transition and skimming flows and independent of the 

step heights. The shapes of the inter-particle arrival time distributions were affected by the number 

of particles in a chord time class. A larger number of particles resulted in a proportionally larger 

number of smaller inter-particle arrival times.  

(A) Chord time class: 0 – 0.5 ms (B) Chord time class: 0.5 – 1.5 ms 

(C) Chord time class: 1.5 – 3.0 ms (D) Chord time class: 3.0 – 5.0 ms 

(E) Chord time class: > 5.0 ms 

 

Figure H-5: Inter-particle arrival times for different air bubble and water droplet chord time classes for void fractions 
of C ≈ 50% in transition and skimming flows on flat stepped spillways (θ = 26.6°) 

 

The reason for the differences between bubbles and droplets in the inter-particle arrival times for 

the chord time class 3–5 ms is not known. It is in agreement with the observations of a comparative-
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ly larger number of droplets with chord times of 2–6 ms (Figure H-3). The observations of the inter-

particle arrival time distributions for similar chord times were consistent with these findings. How-

ever, the numbers of bubbles and droplets as well as the respective PDF distributions of the inter-

particle arrival times were in close agreement for the smaller chord time classes (Figures H-5A & 

H-5B) which contradicted the observations of a larger number of smaller bubble chord times (Fig-

ure H-3).  

It appeared that the chord times of 3–5 ms might represent a characteristic time scale associated 

with the interaction of air bubbles and water droplets in the intermediate flow region. Interestingly 

the chord time scales were of similar magnitude compared to auto- and cross-correlation time scales 

and integral turbulent time scales observed in the intermediate flow region (section 3.3). It is not 

known if there is a direct connection between the large size turbulent structures and the inter-

particle arrival times of bubble and droplet chords with chord sizes of 3–5 ms. More detailed inves-

tigations are required to identify any connections. 

 

H.2.3 Characteristic frequencies of instantaneous void fractions 

The instantaneous void fraction signals were calculated for all data sets, i.e. the raw voltage signal 

was translated into an instantaneous void fraction signal c with values of c = 0 for water and c = 1 

for air using a single threshold technique. The instantaneous void fraction signal represented the 

streamwise distribution of air-water interfaces at the fixed position of the conductivity probe tip. A 

FFT spectral analysis was conducted for the instantaneous signals to identify characteristic frequen-

cies associated with the air-water flows for C ≈ 0.5. For each data set, the FFT analysis was con-

ducted for 13 non-overlapping intervals of 65,536 (= 216) and the curves were averaged (Figure H-

6). The ensemble averaging allowed a smoothing of the curves and an easier identification of the 

characteristic frequencies. Further sensitivity analyses were conducted using several filters and 

smoothing techniques within the graph software DPlotTM. Little effects on the characteristic fre-

quencies were observed and the ensemble averaging of the 13 non-overlapping instantaneous void 

fraction components was found suitable (Figure H-6).  

Figure H-6 illustrates typical power spectrum density functions of the instantaneous void fractions 

for transition and skimming flows, both step heights and C ≈ 0.5. In Figure H-6, the black curves 

illustrate the ensemble averaged FFT curves. All curves showed a range of characteristic frequen-

cies between 0.9 and 100 Hz with various peaks within this frequency range (Figure H-6). For all 

data sets, all mayor characteristic frequencies and the corresponding PSD were recorded. 
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(A) TRA1: dc/h = 0.70; qw = 0.020 m2/s; Re = 8.1×104 
Step 16; h = 5 cm: C = 0.505, F50 = 145.7 Hz 

(B) SK: dc/h = 1.11; qw = 0.116 m2/s; Re = 4.6×105; Step 
9; h = 10 cm: C = 0.502, F50 = 191.3 Hz 

Figure H-6: Spectral analysis of the instantaneous void fraction signal for void fractions of C ≈ 50% in transition and 
skimming flows on flat stepped spillways (θ = 26.6°); Conductivity probe signal (Ø = 0.25 mm); sampling 
time 45 s, sampling frequency 20 kHz 

 

The characteristic frequencies for all data sets are illustrated in Figure H-7 as a function of the cor-

responding PSD. The observations for all experiments were in good agreement and the median 

function was added (Figure H-7). It appeared that a characteristic frequency of about 9-10 Hz was 

representative for air-water flows with C ≈ 0.5. Similar characteristic frequencies were observed in 

probability distribution functions of the PSD values with bin sizes of 1 Hz and 3 Hz respectively 

(Figure H-8). 

The characteristic frequency in the intermediate flow region of about 10 Hz was used for the calcu-

lation of the corresponding length scale using the interfacial velocity V50 for C ≈ 50% and the free-

surface celerity CS. The interfacial velocity V50 was measured with a double-tip conductivity probe 

and the results for all measured positions were listed in Table H-1. The free-surface celerity was 

calculated based upon the characteristic depth Y90 where C = 90% since: 

90S YgC   (H-3) 

For both interfacial velocity V50 and free-surface celerity CS, the length scales corresponding to the 

characteristic frequency of 10 Hz were calculated. The resulting length scales were in the order of 

200-350 mm for the calculations with the interfacial velocity V50 and in a range of about 50-100 

mm for the free-surface celerity CS. These length scales were significantly larger than scales linked 

Frequency [Hz]

PS
D

 o
f 

in
st

an
ta

ne
ou

s 
vo

id
 f

ra
ct

io
n

0.3 0.40.5 0.7 1 2 3 4 5 6 7 8 10 20 30 40 50 70 100
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12
13 curves (65,536 data points each) of FFT of instantaneous void fraction
Average of all curves

Frequency [Hz]
PS

D
 o

f 
in

st
an

ta
ne

ou
s 

vo
id

 f
ra

ct
io

n

0.3 0.40.5 0.7 1 2 3 4 5 6 7 8 10 20 30 40 50 70 100
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12
13 curves (65,536 data points each) of FFT of instantaneous void fraction
Average of all curves



424 Appendix H – Characterisation of air-water flows with 50% void fraction  

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

with the microscopic processes in the intermediate flow region. The length scales were in a similar 

order of magnitude than the step heights, the cavity length and the air-water flow depths. 

 
Figure H-7: Summary of characteristic frequencies and corresponding power spectrum densities (PSD) of the instanta-

neous void fraction signals for void fractions of C ≈ 50% in transition and skimming flows on flat stepped 
spillways Ia & Ib 

 

(A) Bin size of frequency: 1 Hz (B) Bin size of frequency: 3 Hz 

Figure H-8: PDF  of characteristic frequencies of the instantaneous void fraction signals for void fractions of C ≈ 50% 
in transition and skimming flows on flat stepped spillways Ia & Ib (θ = 26.6°) 
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H.3 Discussion 

The FFT spectrum analyses for the flat stepped spillway data with C ≈ 0.5 identified a range of 

characteristic frequencies between 2 and 100 Hz independent of the flow regime and of the step 

heights. It appeared that frequencies in the range of about 10 Hz were the most likely and most 

characteristic frequencies as shown in this section. A frequency of 10 Hz equated to a time scale of 

0.1 s which was two orders of magnitude larger than characteristic integral turbulent time scales 

within the intermediate flow region (section 3.3).  

It appeared that the characteristic time scale of the instantaneous void fraction signal was linked 

with large scale free-surface fluctuations and not with the air-water interactions on a microscopic 

level. Free-surface measurements were conducted with acoustic displacement meters in the aerated 

flow region (Appendix I) and free-surface auto-correlation time scales were calculated. These time 

scales were about 0.05-0.2 s and of a similar order of magnitude compared to the characteristic time 

scales of the instantaneous void fractions in the intermediate flow region. It is believed that this 

agreement confirmed the effect of free-surface movements upon the air-water flow properties as 

suggested by TOOMBES & CHANSON (2007,2008b).  

In contrast, cavity ejection frequencies were investigated on a flat stepped spillway with θ = 26.6° 

(FELDER et al. 2012b). The characteristic cavity ejection frequencies were about 0.2-1 Hz. They dif-

fered from the characteristic frequencies in the intermediate flow region which indicated that the 

cavity ejection processes did not impact upon the air-water flow structure in the intermediate flow 

region. 

In FFT analyses of the instantaneous void fraction signal, a characteristic frequency of about 10 Hz 

was identified for all experiments in the intermediate flow region with C ≈ 0.5. The corresponding 

length scales were calculated using the characteristic interfacial velocity V50 for C ≈ 0.5 and the 

free-surface celerity CS for each measurement location. The length scales were about 200-350 mm 

for the calculations with the interfacial velocity and about 50-100 mm for the free-surface celerity. 

These length scales were in a similar order of magnitude compared to the step heights, the cavity 

length and the air-water flow depths. They were much larger than the characteristic scales linked 

with the air-water flow processes on the microscopic level.  

Table H-2 summarises the characteristic time and length scales on stepped spillways with θ = 26.6°. 
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Table H-2: Summary of characteristic time and length scales in air-water flow measurements on flat stepped spillways 
with θ = 26.6° 

Time 
scale 
[ms] 

Length 
scale 
[mm] 

Comment Section/ 
Appendix 

3–5 N/A Differences in inter-particle arrival times for air bubble and water 
droplets (C ≈ 50%) 

Appendix 
H.2.2 

3–4 10–20 Maximum integral turbulent time and length scales in a cross-section 
for an array of two single-tip conductivity probes for (0.3 < C < 0.7) 

Section 
3.3.2 

4–5 N/A Maximum auto- and cross-correlation time scales in a cross-section for 
a double-tip conductivity probes (0.3 < C < 0.7) 

Section 
3.3.1 

100 200–350 
(50–100) 

Time scale based upon FFT analysis of instantaneous void fraction; 
length scale based upon interfacial velocity V50 (and free-surface ce-
lerity CS) (C ≈ 50%) 

Appendix 
H.2.3 

50–
200 

N/A Free-surface auto-correlation time scales in the air-water flow region 
(C > 0.7) 

Appendix 
I.3.3 

1000–
5000 

N/A Time scales based upon visual observations of characteristic cavity 
ejection frequencies (C < 0.3) 

FELDER et 
al. (2012b) 

 

H.4 Summary 

Detailed investigations of microscopic air-water flow properties were performed for a flow region 

with void fractions of 0.49 < C < 0.51. The analyses were conducted for conductivity probe data on 

flat stepped spillways Ia & Ib with θ = 26.6° and step heights h = 5 cm and 10 cm respectively in 

both transition and skimming flows based upon a single-threshold technique. The comparison of air 

bubble and water droplet chord time distributions showed a larger number of smaller air bubble 

chord times and a larger number of water droplet chords with chord times of 2-6 ms. Good agree-

ment was observed between inter-particle arrival times for bubble and droplet chords. However, a 

larger number of water droplets was observed in the chord time class 3-5 ms and the probability dis-

tribution functions of inter-particle arrival times differed for the water and air phases. A characteris-

tic frequency of about 10 Hz (i.e. characteristic time scale 0.1 s) was identified using FFT spectral 

analyses of the instantaneous void fractions. The magnitude of the time scale was similar to the ob-

servations of free-surface auto-correlation time scales indicating that the air-water flow structure 

was affected by free-surface waves. 
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I Non-intrusive measurements of free-surface profiles on a stepped spillway 

I.1 Presentation 

Stepped spillway flows are characterised by a non-aerated flow region at the upstream end of the 

stepped spillway where the water is glassy and smooth. A boundary layer is created at the upstream 

inlet and it develops along the chute. When its outer edge reaches the free-surface air entrainment 

starts at the inception point of free-surface aeration. At this point the turbulence forces within the 

boundary layer are larger than both surface tension and buoyancy (CAIN 1978; CHANSON 1997a). 

Figure I-1 sketches the development of the boundary layer on a stepped spillway in a skimming 

flow regime. 

 
Figure I-1: Developing boundary layer in a skimming flow regime on a stepped spillway 

 

Downstream of the inception point air is continually entrained caused by large turbulence fluctua-

tions within the air-water flow mixture (CHANSON 1997a; CHANSON & TOOMBES 2003). The free-

surface of the flow becomes undetermined and the flow is characterised by of a large amount of air-

water interfaces (CHANSON & TOOMBES 2002d; FELDER & CHANSON 2009a). 

Transition and skimming flows down stepped spillways are characterised by unsteady wavy surface 

pattern, which was visible in the non-aerated flow region at the upstream end in the present experi-

ments (Figure I-2). In the region close to the inception point, the free-surface instabilities were larg-

est and flapping of the free-surface was visible (Figure I-3). Downstream of the inception point, the 

air-water flow exhibited a chaotic free-surface with strong splashing, ejection of water droplets 

(CAROSI & CHANSON 2006) and a strong mixing of air and water phases. The definition of the free-

surface is difficult and therefore common characteristic parameters of the two-phase flows are a 

characteristic depth Y90 where the air concentration C is 90% and the equivalent clear water flow 

depth d: 
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dy)C1(d  (I-1) 

 
Figure I-2: Wavy surface patterns in clear water flows on the non-uniform stepped spillway (θ = 26.6º, h = 0.1 & 0.05) 

- dc/h = 1.61, qw = 0.202 m2/s, Re = 8.0×105 

 

A seesaw pattern with a wave length of two step cavities of these characteristic parameters was ob-

served in several studies (BOES 2000a; CHANSON & TOOMBES 2002a; YASUDA & CHANSON 2003; 

FELDER & CHANSON 2009a,b) and it was characteristic for air-water flows on stepped spillways. 

The seesaw pattern in the air-water region indicated that the wavy free-surface pattern of the non-

aerated flow region existed also in the aerated flow region as suggested by TOOMBES & CHANSON 

(2007). BUNG (2011b) measured free-surface profiles in the air-water flow region with an acoustic 

displacement sensor and fluctuations of the measured depth were reported. In the present study, 

acoustic displacement meters were used for non-intrusive measurements of the free-surface in both 

aerated and non-aerated flow regions on a non-uniform stepped spillway with θ = 26.6°.  

 
Figure I-3: Wavy surface patterns and flapping close to the inception point of air entrainment on the non-uniform 

stepped spillway (θ = 26.6º, h = 0.1 & 0.05) - dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0×105 
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I.2 Instrumentation and experimental flow conditions 

I.2.1 Stepped spillway configuration and instrumentation 

The non-uniform stepped spillway consisted of alternating steps with 2 steps of height h = 5 cm fol-

lowed by 1 step with h = 10 cm. The stepped spillway had a slope of 26.6° and a channel width of 

W = 1 m (Figure I-4). Figure I-4 illustrates the non-uniform stepped spillway and shows the num-

bering of the step edges and the experimental setup. The experiments were conducted with acoustic 

displacement meters in channel centreline at all step edges and also halfway in the middle of the 

step cavities with h = 10 cm. The range finders were mounted on a wooden support and they were 

separated with identical distances in streamwise direction Δx = 0.11 m (Figure I-5). The wooden 

support and the range finders were positioned parallel to the pseudo-bottom. The wooden support 

was shifted along the channel to allow a recording of the free-surface profiles for all step edges.  

 
(A) Sketch of step edge numbering on the stepped spillway with non-uniform step heights 

 
(B) dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6×105; Note the wooden support for the acoustic displacement meters  

Figure I-4: Stepped spillway I with non-uniform step heights (θ = 26.6º, Config. A: h = 0.05 & 0.1 m) 
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The experiments were conducted with acoustic displacement meters to measure the surface in both 

non-aerated and aerated flows on the stepped spillway model. The displacement meters have been 

used previously to record the free-surface profiles and fluctuations in air-water flows on hydraulic 

jumps (e.g. MURZYN & CHANSON 2007,2009; CHACHEREAU & CHANSON 2011b). In the present 

study, four acoustic displacement meters Microsonic™ were used, three Mic+25/IU/TC with 0.18 

mm accuracy and 50 ms response time and one Mic+35/IU/TC sensor with 0.18 mm accuracy and 

70 ms response time. The displacement meters were installed perpendicular to the pseudo-bottom in 

both non-aerated and aerated areas exactly above the step edges. Figure I-5 illustrates the installa-

tion of the 4 acoustic displacement meters above the free-surface.  

In all experiments, the acoustic displacement meters were sampled simultaneously with 100 Hz and 

for 300 s. The probes were set with no filter to record the raw data of the free-surface fluctuations. 

 

Figure I-5: Experimental setup of the four acoustic displacement meters and wooden support above the free-surface in 
channel centreline - dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4×105  

 

I.2.2 Signal processing 

The measurement principle of the acoustic displacement meters is based upon the reflection of an 

acoustic beam sent from the sensor through air to a surface. The travel time of the acoustic signal 

from the sensor to the free-surface provides the distance between sensor and surface. The acoustic 

displacement meters work best in dry conditions and with a surface exactly perpendicular to the 

sensors.  



 Appendix I – Non-intrusive measurements of free-surface profiles on a stepped spillway 431 

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

In the present study, the water surface was wavy in the non-aerated region and undetermined in the 

air-water flow region. Therefore the recordings with acoustic displacement meters led to some erro-

neous signals. In the non-aerated flow region, erroneous data were recorded when the free-surface 

was not perpendicular to the sensor beam so that the acoustic signal was not reflected accurately. A 

larger amount of erroneous data was recorded in the aerated flow region because of the undeter-

mined free-surface. The strong splashing of ejected water droplets impacted sometimes directly on 

the sensor and manual wiping of the sensor was necessary.  

The recorded raw data were filtered with the graph software DPlotTM and the erroneous points were 

removed. The filtering was based upon a 90% threshold of the largest and lowest raw voltage sig-

nals for the recorded 300 s signal at each sensor. Typical voltage data are illustrated in Figure I-6. 

The displacement meter signals are shown before and after filtering for one step edge in the non-

aerated flow region (Figure I-6A). Figure I-6B shows a typical filtered signal in the air-water flow 

region.  

(A) Non aerated flow region - dc/h = 1.11, qw = 0.116 
m2/s, Re = 4.6×105; Step edge 3 

(B) Aerated flow region - dc/h = 1.38, qw = 0.161 m2/s, Re 
= 6.4×105; Step edge 18 

Figure I-6: Acoustic displacement meter voltage signals on the non-uniform stepped spillway in the present study (h = 
0.1 & 0.05 m; θ = 26.6º) 

 

Based upon a linear calibration function, the voltage signals were translated into a free-surface pro-

file. Simple statistical analyses yielded the mean flow depth d50, the standard deviation of the mean 

time [s]

V
ol

ta
ge

60 63 66 69 72 75 78 81 84 87 90
3

3.2

3.4

3.6

3.8

4

4.2

4.4

4.6

4.8

5

5.2

5.4

5.6

5.8

6

6.2

6.4

6.6

6.8

7

Filtered signal - Step edge 18



432 Appendix I – Non-intrusive measurements of free-surface profiles on a stepped spillway  

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

flow depth d', the skewness and kurtosis and the minimum and maximum values. Furthermore, the 

90%, 75%, 25%, 10% percentiles were calculated for all experiments.  

Cross-correlation analyses were performed for respectively two simultaneously sampled range find-

er signals and the celerity CS was calculated: 

T

x
CS


  (I-2) 

where x is the streamwise distance between the two range finders and T the time for which the 

cross-correlation function was maximum. The calculation of the celerity was analogue to the calcu-

lation of the local time-averaged interfacial velocity V from double-tip conductivity signals.  

A FFT analysis was conducted for each sensor to provide information about the wave length of the 

surface fluctuations. The results indicated that there was no characteristic frequency of the fluctua-

tions in both non-aerated and aerated flow regions. 

 

I.2.3 Experimental flow conditions 

Experiments were conducted on the non-uniform stepped spillway for a range of discharges 0.075 ≤ 

qw ≤ 0.202 m2/s in both transition and skimming flows (Table I-1). Table I-1 summarises the exper-

imental flow conditions including the flow regime and the inception point of air entrainment. Meas-

urements were performed with the acoustic displacement meters at all step edges and the free-

surface profiles were recorded in the non-aerated and aerated flow regions (Figure I-7). Figure I-7 

illustrates the flow regions on the non-uniform stepped spillway and the acoustic displacement me-

ters on the wooden support in channel centreline.  

 

Table I-1: Summary of experimental flow conditions for the experiments with acoustic displacement meters on the 
stepped spillway; θ = 26.6°; h = 0.05 & 0.1 m 

dc/h [-] qw [m2/s] Re [-] Flow regime Inception point step edge 
0.83  0.075 3.0×105 TRA2 4 
1.11  0.116 4.6×105 SK 6 
1.38 0.161 6.4×105 SK 7 to 8 
1.61 0.202 8.0×105 SK 9 to 10 
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(A) dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6×105 (B) dc/h = 1.61, qw = 0.202 m2/s, Re = 8.0×105 

Figure I-7: View of free-surface flow patterns in skimming flows on the non-uniform stepped spillway (h = 0.1 & 0.05 
m; θ = 26.6º) 

 

I.3 Experimental results 

Experiments were conducted on a non-uniform stepped spillway and the free-surface profiles and 

fluctuations were recorded with acoustic displacement meters. In this section, typical results for the 

experiments in both non-aerated and aerated flow regions are presented for a skimming flow re-

gime. The results of the acoustic displacement meter measurements are compared with theoretical 

equations and with characteristic flow depth and velocity measurements in the air-water flow region 

for corresponding flow conditions.  

 

I.3.1 Free-surface profiles in the aerated and non-aerated flow regions 

Figure I-8 shows the free-surface profiles for two skimming flow discharges in the non-aerated and 

aerated flow regions. The results are presented in terms of the mean flow depth d50 and in terms of 

the 90% percentiles d90. They are presented in dimensionless terms as a function of the dimension-

less longitudinal distance along the stepped spillway x/dc. The free-surface data showed a decreas-

ing flow depth with increasing distance from the upstream end of the stepped spillway in the non-

aerated flow region. The flow depth data showed a wavy pattern which was consistent with the ex-

perimental flow depth measurement from MEIRELES et al. (2006) in the non-aerated flow region. 
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The seesaw pattern was larger for the smaller flow rate and the wave length was about two step cav-

ities. In the aerated flow region, larger flow depths were visible. The data exhibited large scatter in 

particular for the smaller skimming flow rate and at the downstream end of the channel (Figure I-

8A). Seesaw patterns of the free-surface profile data were also observed in the aerated flow region. 

The data confirmed the findings of several studies in the air-water flow region showing that the see-

saw pattern is a characteristic of skimming flows (e.g. BOES 2000a; CHANSON & TOOMBES 2002a; 

YASUDA & CHANSON 2003; FELDER & CHANSON 2009a, b). 

In Figure I-8, experimental data from measurements with a double-tip conductivity probe (Ø = 0.25 

mm) are added for the aerated flow region. The characteristic flow depth Y90 where C = 90% and 

the equivalent clear water flow depth d are shown in dimensionless terms. The conductivity probe 

data showed a distinctive seesaw pattern of Y90/dc and d/dc for all experiments. The characteristic 

flow depth Y90 had a comparable magnitude of about d90 of the acoustic displacement meter data. 

BUNG (2011b) reported a close agreement of the mean flow depth d50 with a characteristic flow 

depth measured with a conductivity probe where C = 80%. The observation of the present study 

showed similar results. The equivalent clear water flow depth d data agreed well with values of 

about d50 for all flow rates.  

The experimental data are compared with empirical calculations of the boundary layer thickness 

and the flow depth (CHANSON 2001b). CHANSON (2001b) found a best fit solution for the location 

of the inception point of free-surface aeration LI for a large number of prototype data. The longitu-

dinal distance measured from the upstream weir crest to the inception point of air entrainment LI 

was identical with the start of the growth of the boundary layer to the inception point. The boundary 

layer thickness δBL was calculated at every location along the stepped spillway with 

17.0

BL133.0BL

cosh
)(sin06106.0

x

















 (I-3) 

where x is the distance along the channel and δBL the boundary layer depth (CHANSON 2001b). Ac-

cording to CHANSON (2001b), Equation (I-3) is only valid for steep chutes with θ > 30º. However, 

the correlation was used in the present study for a slope of θ = 26.6º (Figure I-8). 
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(A) dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6×105 

(B) dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4×105 

Figure I-8: Free-surface profiles in the non-aerated and aerated skimming flow regions on the non-uniform stepped 
spillway (θ = 26.6°; h = 0.05 & 0.1 m); comparison with air-water flow data and theory of boundary layer 
development and flow depth (Equations (I-3) & (I-6)) 
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A theoretical approximation for the flow depth dB was also calculated based on two basic equations 

in open channel flows. The Bernoulli equation might provide the ideal fluid velocity Vmax at the 

downstream end of the chute: 

)cosdH(g2V Bmaxmax   (I-4) 

where Hmax is the upstream total head Hmax = Hdam + 3/2 × dc, where Hdam is the dam height, dc is 

the critical flow depth and g is the gravity constant. Equation (I-4) did not account for the friction 

losses which occur along the channel. In the ideal flow region for δBL < y < d, the real local velocity 

v may be deduced from Equation (I-4) and experimental data suggested that the velocity distribu-

tion followed a power law (CHANSON 2001b): 

N1

BLmax
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V

v










  (I-5) 

where y is the distance normal to the channel bed and N is the exponent of the power law which 

was typically N = 10 for experiments on moderate stepped spillway slopes (e.g. CHANSON & 

CAROSI 2007b; FELDER & CHANSON 2009b,2011a). Following Equations (I-4) and (I-5), the flow 

depth dB can be approximated as: 

N)cosdH(g2

q
d BL
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w
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  (I-6) 

where qw is the discharge per unit width. Equation (I-6) is shown in Figure I-8. 

For all experimental data, the empirical curves of the flow depth underestimated slightly the exper-

imental data in both non-aerated and aerated flow regions. The differences were much larger in the 

aerated flow region and the differences increased with increasing discharge. Please note, that Equa-

tion (I-6) was not developed for the rapidly varying flow region downstream of the inception point. 

However in Figure I-8, the curve is shown for comparison. 

 

I.3.2 Free-surface fluctuations in the aerated and non-aerated flow regions 

The free-surface fluctuations were investigated and results in terms of the dimensionless standard 

deviations d'/dc of the flow depth are illustrated in Figure I-9 for all skimming flow rates as a func-

tion of x/dc. In Figure I-9, the standard deviation in the non-aerated flow region is relatively small 

and comparable for all flow rates. Downstream of the inception point of air entrainment, the stand-

ard deviation increased rapidly and much larger fluctuations of flow depth were observed. Please 
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note, that for the largest flow rate, the inception point was at the last step edge and no air-water flow 

data existed.  

In Appendix F, free-surface fluctuations of the mono-phase flows on broad-crested weirs d'crest/dc 

were presented which were measured for stepped spillways I and II with θ = 26.6º with acoustic 

displacement meters at several positions upstream and above the broad crest. The free-surface fluc-

tuations on the broad-crested weir were in a range of about d'crest/dc ≈ 0.003-0.03 for flow rates in 

transition and skimming flows (Figure F-9, Appendix F). With increasing discharge and closer to 

the first step edge, the fluctuations on the broad crest increased to the higher end of the fluctuation 

range. The free-surface fluctuations d'/dc along the non-uniform stepped spillway were overall larg-

er and reflected fluctuations of about d'/dc ≈ 0.025-0.075 in the non-aerated flow region and d'/dc ≈ 

0.06-0.225 in the air-water flow region (Figure I-9). The comparison of the fluctuations on the 

broad-crested weir and the stepped chute showed an agreement of the fluctuations at the down-

stream end of the broad-crested weir with the measurements at the first step edge. In the upstream 

section of the broad-crested weir, the fluctuations were much smaller and the free-surface fluctua-

tions were much larger downstream of the inception point of free-surface aeration.  

 
Figure I-9: Standard deviation of free-surface profiles on the non-uniform stepped spillway in skimming flows (h = 0.1 

& 0.05 m; θ = 26.6º) 

 

Similar results to the stepped chute fluctuations are presented in Figure I-10 for the dimensionless 

difference in terms of the differences between 25% and 75% percentiles (d75-d25)/dc (Figure I-10A) 

and in terms of the differences between 90% and 10% percentiles (d90-d10)/dc (Figure I-10B). The 

comparison between the standard deviation data d'/dc and the differences in the percentiles showed 
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that d'/dc ≈ (d75-d25)/dc for all flow rates and in both aerated and non-aerated flow regions (Figures 

I-9 & I-10A). 

In the aerated flow region, strong fluctuations were observed in particular for the smallest flow rate. 

A highly complex air-water flow existed with large droplet ejections in the spray region. For small-

er flow rates, the droplet ejections were larger linked with small instabilities in the air-water flows. 

However, the findings of the free-surface fluctuations in the present study highlighted the strong 

fluctuations in the air-water flow region linked with undefined air-water free-surface and strong 

droplet ejections. 

Further detailed FFT analyses were performed for all data sets in the non-aerated and aerated flow 

regions to identify characteristic wave lengths of the free-surface fluctuations. The results exhibited 

no characteristic frequencies and the wavy flow patterns appeared random. This might be linked 

with the limited data sampling capacity of the acoustic displacement meters of 100 Hz and further 

experiments with a faster sampling rate might provide further insights.  

 

(A) 1st and 4th quartiles (d75-d25)/dc (B) 90% and 10% percentiles (d90-d10)/dc 

Figure I-10: Dimensionless differences between 1st and 4th quartiles (d75-d25) and 90% and 10% percentiles (d90-d10) 
in skimming flows on the non-uniform stepped spillway (h = 0.1 & 0.05 m; θ = 26.6º) 

 

I.3.3 Auto-correlation time scales in the aerated and non-aerated flow regions 

Auto-correlation analyses of the acoustic displacement meter data in the non-aerated and aerated 

regions were conducted to identify the time scales of the free-surface (Figure I-11). Typical auto-

correlation functions are shown in Figure I-11 for several consecutive step edges in the non-aerated 

and aerated flow regions. The auto-correlation functions in the non-aerated flow region showed typ-

ical auto-correlation shapes (Figure I-11A), but no crossing of the x-axis was observed for 500 cor-

relation time steps. In the aerated flow region, different auto-correlation function shapes were ob-
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served (Figure I-11B). The auto-correlation functions showed typical shapes with smooth auto-

correlation curves and a crossing of the x-axis (Figure I-11B). Other curves showed an early drop of 

the auto-correlation functions without crossing of the x-axis. 

An integration of the auto-correlation functions was performed until the first crossing of the x-axis 

or until the smallest auto-correlation value. For all data sets, the auto-correlation time scales were 

calculated to identify characteristic free-surface time scales (Figure I-12). Figure I-12 illustrates the 

dimensional auto-correlation time scales in the non-aerated and aerated flow regions for three dis-

charges and the average and median curves. The auto-correlation time scales in the non-aerated re-

gion at the upstream step edges of the stepped chute were largest which was consistent with the au-

to-correlation functions in the non-aerated flow region (Figure I-11A). In the aerated flow region, 

large fluctuations of the auto-correlation time scales were observed which was linked with the two 

different types of shapes of the auto-correlation function (Figure I-11B). In the aerated flow region, 

auto-correlation time scales for the smallest discharge were about 0.2 to 0.5 s and much larger than 

other time scales in the region at the downstream end. The reason for the two different auto-

correlation shapes and for the large differences in auto-correlation time scales remained unclear. 

Overall, the average and median values for all data sets resulted in auto-correlation time scales of 

about 0.5 s in the upstream non-aerated flow region. In the non-aerated and aerated flow regions 

further downstream, the average and median values were in a range of about 0.05-0.2 s. The size of 

the free-surface auto-correlation time scales was much larger than the auto- and cross-correlation 

time scales in the air-water flow region measured with phase-detection intrusive probes. The air-

water flow auto- and cross-correlation time scales were one to two orders of magnitude smaller (Txx 

≈ Txy ≈ 0.001-0.01 s) compared to the free-surface auto-correlation time scales. Please note, that the 

calculation of the free-surface cross-correlation time scales was not meaningful. The cross-

correlation functions exhibited a clear peak which was used for the calculation of the free-surface 

celerity (see section I.3.4), but the correlation functions were otherwise meaningless. 

It is believed that the free-surface auto-correlation time scales were an indicator of large scale free-

surface movements. In air-water flows, free-surface waves were reported and TOOMBES & 

CHANSON (2007,2008) showed the effect of waves upon the air-water flow properties. Interestingly, 

the magnitude of the free-surface auto-correlation time scales was similar to characteristic time 

scales of the instantaneous void fractions in the intermediate air-water flow region for C ≈ 0.5 (Ap-

pendix H). The finding might show a close link between free-surface movements in the aerated 

flow region and their impact upon the air-water flow properties. 
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(A) Non-aerated flow region: dc/h = 1.61, qw = 0.202 m2/s, 
Re = 8.0×105 

(B) Aerated flow region: dc/h = 1.11, qw = 0.116 m2/s, Re 
= 4.6×105 

Figure I-11: Auto-correlation functions of the free-surface in the non-aerated and aerated skimming flow regions on the 
non-uniform stepped spillway (θ = 26.6°; h = 0.05 & 0.1 m) 

 

 
Figure I-12: Auto-correlation time scales of the free-surface in the non-aerated and aerated skimming flow regions on 

the non-uniform stepped spillway (θ = 26.6°; h = 0.05 & 0.1 m) 

 

I.3.4 Celerity in the aerated and non-aerated flow regions 

The celerity of the free-surface waves was calculated using cross-correlation analyses and the di-

mensional celerity CS distributions are illustrated in Figure I-13 as a function of x/dc. The celerity 

data showed an increase of values with increasing distance from the upstream end of the stepped 

spillway. Small scatter of the data was observed (Figure I-13). The celerity data were compared 

with the corresponding air-water flow data measured with a double-tip conductivity probe, i.e. with 

the mean flow velocity Uw and with the characteristic interfacial velocity V90 where the air concen-
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tration is 90%. The values of Uw matched the celerity data reasonably well, but the values of V90 

were slightly higher.  

(A) dc/h = 1.11, qw = 0.116 m2/s, Re = 4.6×105 (B) dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4×105 

Figure I-13: Free-surface celerity CS in the aerated and non-aerated skimming flows on the non-uniform stepped spill-
way (h = 0.1 & 0.05 m; θ = 26.6º); comparison with air-water flow data  

 

I.4 Discussion 

The non-intrusive experiments highlighted the possibility to use acoustic displacement meters for 

the recording of the free-surface profiles in both non-aerated and aerated flow region. The experi-

ments in the non-aerated flow region were straight forward, most of the data were meaningful and 

the scatter of the data was small. It was possible to record also the celerity. In the aerated flow re-

gion however, the use of the acoustic displacement meters was more complex. For the smaller 

skimming flow rate, the data showed very strong scatter of the free-surface profiles. This might be 

linked with the stronger splashing and larger amount of droplet ejections for smaller flow rates. But 

it could be also linked with the recording of the free-surface profiles in a region further downstream 

of the inception point compared to the larger flow rates. The uncertainties and the strong fluctua-

tions of the free-surface in the aerated flow region were also visible in terms of the standard devia-

tion of the surface which exhibited large deviations. For the larger flow rates, the scatter was much 

smaller and the free-surface profiles matched the air-water flow data quite well and showed also 

smaller fluctuations in terms of scatter and standard deviations of the free-surface data. It would be 

interesting to investigate the air-water free-surface profiles with displacement meters in a region 

further downstream of the inception point than in the current study. 
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The celerity recordings showed agood agreement of the range finder experiments with the mean ve-

locity Uw recorded with a double-tip conductivity probe. However, scatter of the celerity data was 

observed in particular for the smaller flow rates.  

 

I.5 Summary 

Non-intrusive measurements were conducted on a non-uniform stepped spillway with acoustic dis-

placement meters. The experiments were performed in both non-aerated and aerated flow regions 

for a range of discharges. Data analyses provided information about the free-surface profiles includ-

ing the mean flow depth and several percentiles as well as information about the free-surface fluc-

tuations in terms of the standard deviation of the free-surface data. Furthermore, the celerity was 

calculated based upon cross-correlation analyses of the displacement meter signals. The acoustic 

displacement meter results were compared with experimental findings from air-water flow experi-

ments with a double-tip conductivity probe for the same flow conditions and with an empirical ex-

pression of the flow depth development along a stepped spillway. 

The displacement meter results highlighted the rapid increase of the flow depth and the free-surface 

fluctuations immediately downstream of the inception point of air entrainment. The free-surface 

profiles agreed reasonably well with the empirical equation for the flow depth in the non-aerated 

flow region even though the experimental data were slightly larger. In the aerated flow region, the 

measured mean surface profiles d50 was close to the equivalent clear water flow depth d and the 

characteristic flow depth Y90 was in close agreement with d90. However strong scatter was observed 

for the displacement probe data. All data exhibited a strong seesaw patterns in both non-aerated and 

aerated flow regions.  

Characteristic free-surface time scales were identified in the non-aerated and aerated flow regions. 

The auto-correlation time scales showed characteristic average time scales of about 0.5 s at the up-

stream end of the stepped chutes. In the aerated flow region, the free-surface auto-correlation time 

scales were on average about 0.05-0.2 s. The size of the time scales was similar to characteristic 

time scales of the instantaneous void fractions in the intermediate flow region. The findings indicat-

ed a link between free-surface motions and the air-water flow properties. 

The celerity CS agreed reasonably well with the mean flow velocity Uw in the air-water flow region, 

but the values of V90 were larger. With increasing distance from the upstream end of the stepped 

spillway the celerity increased. 
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J Comparison of different cluster analysis criteria on a stepped spillway 

J.1 Presentation 

The cluster analysis provided important information about the microscopic structure of the air-water 

flow in streamwise direction (HEINLEIN & FRITSCHING 2006; CHANSON & CAROSI 2007a). The 

cluster characteristics were calculated for all stepped spillway experiments in the Ph.D. project 

based upon air-water flow measurements with phase-detection intrusive probes. The air-water flow 

measurements of clusters were conducted at various positions perpendicular to the pseudo-bottom 

formed by the step edges in the bubbly flow region (C < 0.3) and spray region (C > 0.7). The con-

ductivity probes faced the mainstream flow direction to optimise the piercing of the air-water inter-

faces in streamwise direction (Figure J-1). 

 
Figure J-1: Photo of complex air-water flow structure on a stepped spillway; positioning of a double-tip conductivity 

probe at a fixed position fronting the main flow direction  

 

Air bubbles and water droplets were considered as travelling in a cluster if the air/water chord 

length between two adjacent particles was smaller than a characteristic length/time scale. The size 

of the characteristic length/time scale was therefore the most relevant parameter for the cluster 

analysis. In a few previous air-water flow studies on stepped spillways, plunging jets and hydraulic 

jumps, three different cluster criteria were used to define the characteristic scale between adjacent 

bubbles/droplets (Table J-1). Table J-1 summarises previous experimental studies of cluster proper-

ties, the investigated clustered properties and the cluster criterion. The cluster criteria comprised a 

constant length scale of 1 mm, a length scale of 10% of the mean chord size and the near-wake cri-

terion (Table J-1).  
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Table J-1: Summary of experimental studies of cluster properties in air-water flows 

Reference Flow type Cluster criterion  Cluster properties 

CHANSON & 
TOOMBES 
(2001b) 

Stepped   
spillway 

Constant length scale: 1 mm Number of bubbles per cluster; 
Percentage of bubbles in clusters; 
Ratio of average clustered chord size to aver-
age chord size 

CHANSON & 
TOOMBES 
(2002a) 

Stepped   
spillway 

10% of mean chord size Number of bubbles per cluster; 
Percentage of bubbles in clusters; 
Ratio of average clustered chord size to aver-
age chord size 

GUALTIERI & 
CHANSON (2004) 

Drop shaft 10% of mean chord size  Number of clusters per second; 
Number of bubbles per cluster; 
Percentage of bubbles in clusters 

CHANSON et al. 
(2006) 

Plunging jet Near-wake Number of clusters per second; 
Number of bubbles per cluster; 
Percentage of bubbles in clusters 

CHANSON 
(2007b) 

Hydraulic 
jump 

10% of mean chord size Number of clusters per second; 
Number of bubbles per cluster; 
Percentage of bubbles in clusters 

CHANSON (2010) Hydraulic 
jump 

10% of mean chord size Number of clusters per second; 
Number of bubbles per cluster; 
Percentage of bubbles in clusters; 
PDF function of number of bubbles per cluster 

GUALTIERI & 
CHANSON (2010) 

Hydraulic 
jump 

10% of mean chord size; 
Near-wake 

Number of clusters per second ; 
Number of bubbles per cluster; 
Percentage of bubbles in clusters 

CHACHEREAU & 
CHANSON 
(2011a) 

Hydraulic 
jump 

Near-wake Number of clusters per second ; 
Number of bubbles per cluster; 
Percentage of bubbles in clusters; 
PDF function of number of bubbles per cluster; 
Ratio of lead particle size and average clus-
tered chord size 

Present study Stepped   
spillway 

Constant length scale: 1 mm; 
10% of mean chord size; 
Near-wake 

Number of clusters per second; 
Number of bubbles per cluster; 
Percentage of bubbles in clusters; 
PDF function of number of bubbles per cluster; 
Average clustered chord size; 
Ratio of average clustered chord size to aver-
age chord size; 
Ratio of lead particle size and average clus-
tered chord size 
Relationship between clusters per second and 
bubble count rate 

 

In the near-wake criterion, a cluster occurred when the length scale between successive air bubble 

or water droplets chcluster was smaller than the size of the leading bubble/droplet chlead: 

cluster
chchlead   (J-1) 

where the factor ω represents the wake time scale ratio often selected within the range ω = 0.5 – 2 

for pseudo-spherical particles. Herein ω = 1 was selected following CHANSON et al. (2006). The 

near-wake criterion relied on the local characteristic flow scales (GUALTIERI & CHANSON 2010).  
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A further cluster criterion identified the particles as travelling in clusters by defining the character-

istic scale between two adjacent particles in a cluster as 10% of the mean chord size chmean: 

cluster
chch

10

1
mean   (J-2) 

CHANSON & TOOMBES (2001b) used a further cluster criterion based upon a constant length scale 

Lcluster separating adjacent particles: 

clustercluster chL   (J-3) 

The length scale must be characteristic for the air-water flows. CHANSON & TOOMBES (2001b) used 

a constant length scale of 1 mm below which particles were considered as travelling in clusters. It 

was argued that this length scale was about 20-50 times smaller than the mean water chord length in 

the bubbly flow region (CHANSON & TOOMBES 2001b); it was similar to a length scale for bubble 

break-up in shear flows assuming a velocity of 0.5 m/s (CHANSON 1997a). In the thesis, a constant 

length scale of 1 mm was used to be consistent with CHANSON & TOOMBES (2001b). Details of the 

effects of the constant scale upon the clustered properties are discussed in section J.3. 

 

Table J-2: Experimental flow conditions for the comparison of cluster analysis approaches on stepped spillways I with 
flat uniform steps (θ = 26.6°) 

Stepped 
spillway 

dc/h 
[-] 

qw 
[m2/s] 

Re      
[-] 

Flow 
regime 

Inception 
point 

Conductivity 
probe 

Δx 
[mm] 

Δz   
[mm] 

Measured 
step edges

θ = 26.6°  
W = 1 m    
h = 0.1 m 
(Ia) 
 

0.69 0.056 2.2×105 TRA1 3 to 4 Double-tip   (Ø 
= 0.25 mm)   

7.2 2.1 4 - 10 

0.83 0.075 3.0×105 TRA2 4 7.2 2.1 4 - 10 

0.97 0.095 3.8×105 SK 5 7.4 2.1 5 - 10 

1.11 0.116 4.6×105 SK 6 7.4 2.1 6 - 10 

1.28 0.143 5.7×105 SK 6 to 7 7.3 2.1 6 - 10 

1.38 0.161 6.4×105 SK 7 to 8 7.2 2.1 7 - 10 

1.49 0.180 7.2×105 SK 8 7.2 2.1 8 - 10 

1.61 0.202 8.0×105 SK 9 to 10 7.2 2.1 9 + 10 

1.74 0.227 9.0×105 SK 10 7.2 2.1 10 

θ = 26.6°    
W = 1 m    
h = 0.05 m 
(Ib) 

0.70 0.020 8.1×104 TRA1 4 Double-tip   (Ø 
= 0.25 mm)   

7.2 2.1 4 - 19 

1.14 0.042 1.7×105 SK 6 to 7 7.2 2.1 6 - 19 

1.66 0.075 3.0×105 SK 8 to 9 7.2 2.1 8 - 20 

2.22 0.116 4.6×105 SK 12 7.2 2.1 12 - 20 

2.77 0.161 6.4×105 SK 18 7.2 2.1 18 - 20 

3.30 0.210 8.3×105 SK 20 7.2 2.1 20 
 

For all three cluster criteria, the full range of clustered properties were calculated including the per-

centage of bubbles/droplets in clusters, the number of clusters per second, the average number of 

particles per cluster, the average clustered chord sizes, the ratio of average clustered chord size and 

average chord size, the ratio of lead particle size and average clustered chord size as well as the 
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PDF of the number of particles per cluster and the relationship between clusters per second and 

bubble count rate (Table J-1). In section J.2, the clustered properties for the three cluster criteria are 

compared for air-water flow experiments on stepped spillways Ia & Ib with θ = 26.6º and step 

heights h = 10 cm and h = 5 cm (Table J-2).  

 

J.2 Comparison of clustered properties for different cluster criteria 

The clustered properties are compared in this section for the three cluster criteria, i.e. for a constant 

length scale separating adjacent particles of 1 mm, a length scale based upon 10% of the mean 

chord size and for the near-wake criterion based upon the size of the lead particle. All clustered 

properties are compared for transition and skimming flow discharges. Typical distributions of per-

centage of particles in clusters are shown in Figure J-2 for the three cluster criteria.  

(A) TRA1: dc/h = 0.69, qw = 0.056 m2/s, Re = 2.2 × 105; h 
= 10 cm 

(B) SK: dc/h = 2.22, qw = 0.116 m2/s, Re = 4.6 × 105; h = 
5 cm 

Figure J-2: Comparison of percentage of particles in clusters for the three cluster analysis criteria on flat stepped 
spillways (θ = 26.6°) 

 

Significant differences are visible between the criteria in both transition and skimming flows. For 

the near-wake criterion, the percentage of particles in clusters was very small for C ≈ 0 and C ≈ 1 

and increased linearly with change in void fractions. For C = 30% and C = 70% the maximum per-

centage of clustered particles was about 60%. The the criterion with 10% of the mean chord size 

showed opposing distributions with largest percentage of particles per cluster for C ≈ 0 and C ≈ 1. 

In the bubbly flow region (C ≈ 0), a maximum of 25-30% of bubbles were in clusters and in the up-

per spray region (C ≈ 1), the maximum percentage of droplets in clusters was about 50-70%. The 

percentage of particles in both bubbly and spray regions decreased linearly to about 10% for C ≈ 

0.3 and C ≈ 0.7. For the constant criterion, the percentage of particles in clusters was almost uni-

form with about 20% of particles in clusters in transition flows and about 10% in skimming flows.  
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Similar differences between the three cluster criteria were observed in Figure J-3 which illustrates 

the distributions of the average number of particles per cluster. For the near-wake criterion, the 

number of particles per cluster increased towards void fractions in the intermediate flow region (i.e. 

0.3 < C < 0.7). In contrast for the criterion with 10% of the mean chord size, the number of particles 

per cluster decreased towards the intermediate flow region. For the constant cluster criterion, the 

average number of particles was smaller for all void fractions and exhibited almost a uniform shape. 

Detailed probability distribution functions of the number of particles per cluster are illustrated in 

Figure J-4. About 80-90% of particles were in clusters with 2 particles for the cluster criteria with 

constant scale and 10% of the mean chord size. The near-wake criterion showed clusters with larger 

numbers of particles per cluster. Clusters could comprise up to 9 particles and about 60-70% con-

sisted of 2 particles. Little differences were observed between transition and skimming flows. 

(A) TRA1: dc/h = 0.70, qw = 0.020 m2/s, Re = 8.1 × 104; h 
= 5 cm 

(B) SK: dc/h = 1.38, qw = 0.161 m2/s, Re = 6.4 × 105; h = 
10 cm 

Figure J-3: Comparison of number of particles per cluster for the three cluster analysis criteria on flat stepped spill-
ways (θ = 26.6°) 

 

Large differences were also observed in terms of the number of clusters per second (Figure J-5). In 

Figure J-5, typical distributions of dimensionless numbers of clusters per second are illustrated for 

transition and skimming flows and for two different step heights. Typical data for the smaller step 

height (h = 5 cm) are illustrated in Figures J-5A & J-5B and for h = 10 cm in Figures J-5C & J-5D, 

because large scale effects were observed for the geometrically scaled spillways (Appendix G). For 

both step heights and for both flow regimes, similar distribution shapes were observed with much 

larger numbers of clusters per second for the near-wake criterion compared to the other two criteria. 

For these two criteria, the differences in numbers of clusters per second were much smaller for the 

air-water flow column. 
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(A) TRA1: dc/h = 0.70, qw = 0.020 m2/s, Re = 8.1 × 104; h 
= 5 cm; Step edge 19 

(B) SK: dc/h = 1.49, qw = 0.180 m2/s, Re = 7.2 × 105; h = 
10 cm; Step edge 10 

(C) TRA2: dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105; h 
= 10 cm; Step edge 10 

(D) SK: dc/h = 2.22, qw = 0.116 m2/s, Re = 4.6 × 105; h = 
5 cm; Step edge 19 

Figure J-4: Comparison of PDF of number of particles per cluster for the three cluster analysis criteria on flat stepped 
spillways (θ = 26.6°) 

 

(A) TRA1: dc/h = 0.70, qw = 0.020 m2/s, Re = 8.1 × 104; h 
= 5 cm 

(B) SK: dc/h = 2.77, qw = 0.161 m2/s, Re = 6.4 × 105; h = 
10 cm 

Number of bubbles per cluster [-]

PD
F

 [
-]

2 3 4 5 6 7 8 9
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Constant 1 mm: C = 0.162, F = 111.9 Hz, Nb bubbles in cluster: 1053
10% mean chord: C = 0.162, F = 111.9 Hz, Nb bubbles in cluster: 737
Near-wake: C = 0.162, F = 111.9 Hz, Nb bubbles in cluster: 2056
Constant 1 mm: C = 0.277, F = 152.5 Hz, Nb bubbles in cluster: 1691
10% mean chord: C = 0.277, F = 152.5 Hz, Nb bubbles in cluster: 698
Near-wake: C = 0.277, F = 152.5 Hz, Nb bubbles in cluster: 3564

Number of bubbles per cluster [-]

PD
F

 [
-]

2 3 4 5 6 7 8 9
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Constant 1 mm: C = 0.069, F = 74.1 Hz, Nb bubbles in cluster: 440
10% mean chord: C = 0.069, F = 74.1 Hz, Nb bubbles in cluster: 829
Near-wake: C = 0.069, F = 74.1 Hz, Nb bubbles in cluster: 1067
Constant 1 mm: C = 0.220, F = 110.4 Hz, Nb bubbles in cluster: 697
10% mean chord: C = 0.220, F = 110.4 Hz, Nb bubbles in cluster: 697
Near-wake: C = 0.220, F = 110.4 Hz, Nb bubbles in cluster: 2730

Number of droplets per cluster [-]

P
D

F
 [

-]

2 3 4 5 6 7 8 9
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Constant 1 mm: C = 0.775, F = 167.5 Hz, Nb droplets in cluster: 1802
10% mean chord: C = 0.775, F = 167.5 Hz, Nb droplets in cluster: 443
Near-wake: C = 0.775, F = 167.5 Hz, Nb droplets in cluster: 4532
Constant 1 mm: C = 0.902, F = 79.4 Hz, Nb droplets in cluster: 609
10% mean chord: C = 0.902, F = 79.4 Hz, Nb droplets in cluster: 356
Near-wake: C = 0.902, F = 79.4 Hz, Nb droplets in cluster: 1760

Number of droplets per cluster [-]

P
D

F
 [

-]

2 3 4 5 6 7 8 9
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Constant 1 mm: C = 0.703, F = 111.3 Hz, Nb droplets in cluster: 638
10% mean chord: C = 0.703, F = 111.3 Hz, Nb droplets in cluster: 638
Near-wake: C = 0.703, F = 111.3 Hz, Nb droplets in cluster: 3067
Constant 1 mm: C = 0.888, F = 56.2 Hz, Nb droplets in cluster: 189
10% mean chord: C = 0.888, F = 56.2 Hz, Nb droplets in cluster: 456
Near-wake: C = 0.888, F = 56.2 Hz, Nb droplets in cluster: 1087

NCluster_per_seconddc/Vc [-]

C
 [

-]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Constant 1mm: step 15
Constant 1mm: step 16
Constant 1mm: step 17
Constant 1mm: step 18

10% mean chord: step 15
10% mean chord: step 16
10% mean chord: step 17
10% mean chord: step 18

Near-wake: step 15
Near-wake: step 16
Near-wake: step 17
Near-wake: step 18

NCluster_per_seconddc/Vc [-]

C
 [

-]

0 0.5 1 1.5 2 2.5 3 3.5
0

0.2

0.4

0.6

0.8

1

Constant 1mm: step 18
Constant 1mm: step 19
Constant 1mm: step 20

10% mean chord: step 18
10% mean chord: step 19
10% mean chord: step 20

Near-wake: step 18
Near-wake: step 19
Near-wake: step 20



 Appendix J – Comparison of different cluster analysis criteria on a stepped spillway 449 

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

(C) TRA2: dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105; h 
= 10 cm 

(D) SK: dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; h = 
10 cm 

Figure J-5: Comparison of number of clusters per second for the three cluster analysis criteria on flat stepped spillways 
(θ = 26.6°) 

 

In section 3.3.3.2, a dimensionless linear relationship between bubble count rate and dimensionless 

number of particles per cluster was found for the near-wake criterion. The linear best fit correlation 

for the number of bubble clusters per second was found as: 
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and the relationship for the water droplets was best expressed by (R = 0.98): 
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The dimensionless relationships between clusters per second and bubble count rates for the cluster 

criteria with constant length scale and 10% of the mean chord size are shown in Figures J-6 & J-7. 

The relationship for the bubble clusters per second is shown in Figure J-6 for all transition and 

skimming flow data. The data are compared with Equation (J-4). In Figure J-6A, the relationship 

for the constant cluster criterion showed small scatter of the data and a smaller number of bubble 

clusters compared to the correlation for the near-wake criterion (Equation (J-4)). For the relation-

ship for the cluster criterion with 10% of the mean chord size, the observations were similar (Figure 

J-6B). In Figure J-6B, large scatter of the data is visible and the experimental data did not agree 

with the linear correlation function for the near-wake criterion (Equation (J-4)). 

Similar results were also observed for the dimensionless relationship between number of droplet 

clusters per second and bubble count rate (Figure J-7). For both cluster criteria, the relationship did 

not agree with the best-fit correlation for the near-wake criterion (Equation (J-5)). For the criterion 

with 10% of the mean chord size, the data showed scatter and differences between data for the two 
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step heights (Figure J-7B). A direct comparison between the two cluster criteria are not shown in 

Figure J-7. The comparison showed relatively close agreement for the bubble clusters with larger 

scatter for the 10% of the mean chord criterion. For the droplet clusters, the differences between the 

two criteria were larger (Figure J-7). 

(A) Constant criterion with length scale 1 mm (B) Criterion based upon 10 % of mean chord size 

Figure J-6: Comparison of relationship between number of bubble clusters per second and bubble count rate for the 
three cluster analysis criteria on flat stepped spillways (θ = 26.6°); Comparison with self-similar equation 
for near-wake criterion (Equation (J-4)) 

 

(A) Constant criterion with length scale 1 mm (B) Criterion based upon 10 % of mean chord size 

Figure J-7: Comparison of relationship between number of droplet clusters per second and bubble count rate for the 
three cluster analysis criteria on flat stepped spillways (θ = 26.6°); Comparison with self-similar equation 
for near-wake criterion (Equation (J-5)) 
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Characteristic distributions of the particle chord sizes for the three cluster criteria are compared in 

Figures J-8 to J-10 for transition and skimming flows including the dimensionless clustered chord 

sizes, the ratio of average clustered chord size to average chord sizes and the ratio of lead particle 

size to average clustered chord sizes. For all clustered chord size properties, the distributions for the 

criteria with constant scale and with scale of 10% of the mean chord were in good agreement. The 

distributions for the near-wake criterion however, were consistently larger for all clustered chord 

size properties (Figures J-8, J-9 & J-10). 

(A) TRA1: dc/h = 0.69, qw = 0.056 m2/s, Re = 2.2 × 105; h 
= 10 cm 

(B) SK: dc/h = 2.22, qw = 0.116 m2/s, Re = 4.6 × 105; h = 
5 cm 

Figure J-8: Comparison of dimensionless average clustered chord sizes for the three cluster analysis criteria on flat 
stepped spillways (θ = 26.6°) 

 

(A) TRA1: dc/h = 0.70, qw = 0.020 m2/s, Re = 8.1 × 104; h 
= 5 cm 

(B) SK: dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105; h = 
10 cm 

Figure J-9: Comparison of ratio of average clustered chord size to average chord sizes for the three cluster analysis 
criteria on flat stepped spillways (θ = 26.6°) 

 

average_clustered_chord_size/dc [-]

C
 [

-]

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Constant 1mm: step 7
Constant 1mm: step 8
Constant 1mm: step 9
Constant 1mm: step 10

10% mean chord: step 7
10% mean chord: step 8
10% mean chord: step 9
10% mean chord: step 10

Near-wake: step 7
Near-wake: step 8
Near-wake: step 9
Near-wake: step 10

average_clustered_chord_size/dc [-]

C
 [

-]

0 0.02 0.04 0.06 0.08 0.1 0.12
0

0.2

0.4

0.6

0.8

1

Constant 1mm: step 16
Constant 1mm: step 17
Constant 1mm: step 18
Constant 1mm: step 19

10% mean chord: step 16
10% mean chord: step 17
10% mean chord: step 18
10% mean chord: step 19

Near-wake: step 16
Near-wake: step 17
Near-wake: step 18
Near-wake: step 19

average_clustered_chord_size/average_chord_size [-]

C
 [

-]

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0

0.2

0.4

0.6

0.8

1

Constant 1mm: step 16
Constant 1mm: step 17
Constant 1mm: step 18
Constant 1mm: step 19

10% mean chord: step 16
10% mean chord: step 17
10% mean chord: step 18
10% mean chord: step 19

Near-wake: step 16
Near-wake: step 17
Near-wake: step 18
Near-wake: step 19

average_clustered_chord_size/average_chord_size [-]

C
 [

-]

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0

0.2

0.4

0.6

0.8

1

Constant 1mm: step 7
Constant 1mm: step 8
Constant 1mm: step 9
Constant 1mm: step 10

10% mean chord: step 7
10% mean chord: step 8
10% mean chord: step 9
10% mean chord: step 10

Near-wake: step 7
Near-wake: step 8
Near-wake: step 9
Near-wake: step 10



452 Appendix J – Comparison of different cluster analysis criteria on a stepped spillway  

Air-Water Flow Properties on Stepped Spillways for Embankment Dams 

(A) TRA2: dc/h = 0.83, qw = 0.075 m2/s, Re = 3.0 × 105; h 
= 10 cm 

(B) SK: dc/h = 1.66, qw = 0.075 m2/s, Re = 3.0 × 105; h = 
5 cm 

Figure J-10: Comparison of ratio of lead particle size to average clustered chord sizes for the three cluster analysis cri-
teria on flat stepped spillways (θ = 26.6°) 

 

J.3 Discussion 

All cluster criteria identified a significant number of bubbles and droplets travelling in clusters in 

the bubbly and spray flow regions for transition and skimming flows. However, the comparison of 

the clustered properties showed significant differences between the three cluster criteria. The differ-

ences were linked with the definition of the characteristic scale between adjacent particles. For the 

criterion with the characteristic scale of 10% of the mean chord size, the criterion was affected by 

the different number of air-water interfaces. For a position close to the step edge with small void 

fraction and small number of bubbles, the mean water chord size between two adjacent bubbles was 

much larger compared to a region with larger void fraction and larger bubble count rate close to the 

intermediate flow region (C = 0.3). A larger characteristic cluster scale between adjacent air bub-

bles lead to a larger number of clusters, to a larger percentage of bubble in clusters and to a larger 

number of bubbles per cluster. The application of this criterion is therefore strongly affected by the 

number of air-water interfaces and the positioning within the air-water flows.  

The characteristic scale for the near-wake criterion was identified based upon the lead particle size 

in a cluster. Therefore, this criterion was linked with the local flow characteristics and the number 

of air-water interfaces at each location within a cross-section. This relationship was confirmed in 

the distributions of clustered air-water flow properties and in the linear relationship between bubble 

count rate and number of clusters per second. The near-wake criterion appeared to be best suited to 

characterise the clustered flow properties in the bubbly and spray flow regions. It was therefore 

used throughout the present study to investigate the clustering of air bubbles and water droplets.  
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In section J.2, the cluster analyses were performed using the constant cluster criterion with a con-

stant length scale of 1 mm for the full air-water flow column. The length scale of 1 mm was pro-

posed by CHANSON & TOOMBES (2001b) and used in the comparative analyses to be consistent. 

However, the constant criterion had limitations because it did not account for the different flow fea-

tures and associated air-water flow properties. A sensitivity analysis was performed using several 

time scales between 1 and 10 ms to identify the effects of the constant scale upon the clustered 

properties. The results are illustrated in Figure J-11. The observations highlighted the effects of the 

time scale upon the clustered air-water flow properties. Depending upon the scale, significant dif-

ferences in clustered properties were observed (Figure J-11). The sensitivity analysis showed the 

importance of the choice of the characteristic time/length scale for the cluster analysis. The charac-

teristic scale must reflect the key features of the flow position and a constant scale might not justify 

the complex air-water flow structure. In section 3.3, characteristic distributions of auto- and cross-

correlation time scales and integral turbulent time and length scales were presented showing large 

differences in scales between the different flow regions. Overall, the constant cluster criterion did 

not account for the local flow characteristics and was therefore less suitable.  

(A) Percentage of particles in clusters (B) Number of particles per cluster 

 

(C) Number of clusters per second 

 

(D) Dimensionless average clustered chord sizes 
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(E) Ratio of average clustered chord size to average 
chord sizes 

(F) Ratio of lead particle size to average clustered chord 
sizes 

Figure J-11: Effect of the length/time scale upon the clustered properties for the constant cluster analysis criterion on 
the stepped spillway (θ = 26.6°; h = 10 cm) – SK: dc/h = 1.28, qw = 0.143 m2/s, Re = 5.7 × 105, Step 10 

 

J.4 Summary 

Three cluster analysis approaches were compared including the near-wake criterion, the constant 

criterion and the criterion with 10% of the mean chord size. The comparative analysis was conduct-

ed for flat stepped spillways with θ = 26.6° for transition and skimming flows. A range of clustered 

properties were investigated including the percentage of particles in clusters, the number of clusters 

per second, the average number of particles per cluster, the average clustered chord sizes, the ratio 

of average clustered chord size and average chord size, the ratio of lead particle size and average 

clustered chord size and the PDF of the number of particles per cluster. 

The observations highlighted a large amount of air bubble and water droplets traveling in clusters. 

However, significant differences between the three cluster analysis approaches were observed in the 

air-water cluster properties. Some distributions showed opposing trends. It was shown that the char-

acteristic time/length scale between adjacent particles was essential for the clustered properties. It 

appeared that the near-wake criterion was most suitable because it accounted for the local air-water 

flow features. The cluster criterion with the time/length scale based upon 10% of the mean chord 

size was affected by the position within the flow and the associated number of air-water interfaces. 

A sensitivity analysis was conducted for the constant cluster criterion and the significant effects of 

the characteristic scale upon the clustered properties were shown. This approach did not account for 

the local flow features and might not be suitable for the full air-water flow column.  

The near-wake criterion was identified as most representative for the complex air-water flows and it 

was used for the cluster analyses in the present study. The finding is in agreement with the finding 

of GUALTIERI & CHANSON (2010) in hydraulic jump flows. 
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