








highly turbulent, a high energy loss and a 
strong de-aeration process occur. 

Fig 3 - Flow regions above a spillway with aeration 
device 

In the gradually varied flow region a slow air 
concentration and velocity redistribution 
occurs. On a long spillway this ends when 
the air concentration and velocity 
distributions reach equilibrium in the uniform 
flow region far downstream. 

2.2 Mechanisms of Air Entrainment 
Above an Aerator 

In the aeration region atr entrainment is 
characterized by: 

(i) Nappe entrainment through the upper 
and lower free surfaces of the jet, 

(ii) Plunging jet entrainment at the 
intersection of the water jet and the pool 
formed at tl1e end ofthe cavity, 

(iii) Air recirculatio.n in the cavity below the 
jet and 

(iv) A strong de-aeration occurring at the 
free surface, near the impact of the jet 
with the spillway surface (Fig. 2). 

A simple analysis of the continuity equation 
for air above an aerator (CHANSON 1989a) 
indicates that the quantity of air entrained 
within the flow at the end of the jet ( Qair max ) 

is: 

q . rnax = (q . upper + q . inlet ) + q . o au au au au 

...... ... (1) 
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where Qairupper is the net entrainment at the 
upper free surface, qairinlet the air discharge 
supplied by the air inlets and Qair0 the 
quantity of air entrained at the end of the 
deflector. The equation (1) indicates that air 
entrainment above an aerator is a function of 
the air discharge supplied by the air ducts 
and the upper nappe entrainment. 

2.3 Dimensionless Parameters 

The relevant parameters for a model study of 
spillway aerator come from the following 
groups: 
- the fluid properties, . 

the spillway and aerator geometry, 
- the geometry of the air inlets, 
- the flow properties (in the approach flow 

region), 
- the undemappe cavity properties, and 
- the downstream flow properties. 

The parameters required to design an 
aeration device are the air discharge supplied 
by the inlets, the pressure difference 
the water jet length (Ljet), the flow dept.h 
along the spillway (d) and the au 
concentration near the floor downstream of 
the aerator (Cb). 

Studies are performed usually on geometrical 
models and it is convenient to use a slice 
model. If the effects of the side wall 
boundary layers are assumed small the 
analysis becomes a two-dimensional study. 
Further, the nappe subpressure is usually 
controlled by valves on the air inlet system 
and this enables the underpressure to be 
treated as an independent parameter. For a 
constant density ratio, a given aerator 
configuration and an initial flow depth ( d0 ), 

the dimensionless relationship between the 
design parameters and the independent 
parameters becomes: 

(3inlet, Liet Cb = f(Re,Fr,We,Tu,PN) 
do 'do ' 

where: 
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f3inlet is the dimensionless air discharge : 

f3 inlet = q . inletfqw au , 

Re is the Reynolds number, 
Fr is the Froude number, 
We is the Weber number, 
Tu is the turbulent intensity, and 
PN is the pressure gradient number: 

LlP 
PN = . 

pw*g*do 

Any combination of these numbers may be 
used to replace one of the combinations. 
WOOD (1991 ) showed that the Reynolds 
number may be replaced by the Morton 
number: 

g. Jl4 z = --=---'--
pw*a3· 

If the fluids are the same on model and 
prototype (i.e. Z = constant) the above 
equation becomes: 

f3inlet , 

3. Study of the Aeration 

Region 

3. 1 Air Demand 

The air demand of an aerator is defined as 
the relationship between the air discharge 
provided by the air supply system, the 
subpressure in the cavity and its distribution · 
along the nappe, and the flow characteristics. 
TAN (1984) and RUTSCHMANN (1988a 
and 1988b) expressed the air demand 
relationship as proposed by PAN et al. 
( 1980) and PINTO et al . (1982): 

{3inlet = K' * Liet 
do 

but this equation does not take into account 
the air recirculation and the plunging jet 
entrainment. The air entrainment above an 
aerator occurs by different processes and 
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each of these processes yields a different 
nondimensional equation (CHANSON 
1991). LOW (1986) and CHANSON (1988, 
1990) studied the air demand as: 

.. .... .. (3) 

although this type of relation is incomplete 
and does not characterize any single physical 
process. For the Clyde Dam spillway model 
typical air demand characteristic curves are 
presented for various flow conditions (Fig. 
4). 

1 .~ 

0 0.~ 0.5 

-- RMop5.7doa.·fr•l4.7 

-- Ranlp~.7110J.·fr= 17.3 
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0.75 1.25 1..5 

Fig 4 - Air demand characteristic curves - CHANSON 
(1988) 

The operating point (ie. f3inlet, PN) is 
obtained by combining the pressure drop 
curves of the air inlets with the air demand 
characteristic curves (LOW 1986, 
RUTSCHMANN et al. 1986). These 
calculations fix the underpressure in the 
cavity beneath the jet and hence the jet 
trajectory and the cavity geometry. 

Under high subpressures the aeration device 
may be drowned out at low Froude numbers 
and this is called the submergence of the 
aerator. Experimental results obtained by 
TAN (1984) and CHANSQN (1988) 
indicate that the aeration device becomes 
drowned out for (CHANSON 1992): 
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~<0.6 
t. 

aerator without ramp ........ (4a) 

Fr~ < 2.77 + 0.94 *~ 
t. 

aerator with a 5.7 degree ramp ........ (4b) 

3.2 }et Trajectory 

Jet trajectories may be obtained by a model 
of such a scale that there is little air 
entrainment, an analytic method 
(SCHWARTZ and NUTT 1963, PAN et al. 
1980, LAALI 1980, GLAZOV 1984, 
CHANSON 1988), numerical methods 
(YEN et al. 1984, YUAN 1990) or the finite 
element method (WEI and DE F AZIO 
1982). For engineering applications TAN 
(1984) developed a simple and accurate 
method. 

The jet trajectory calculations provide the jet 
length, the cavity geometry, the~eometry of 
the jet including the position of the impact of 
the lower interface and the angle of the 
water jet with the spillway floor. 

3.3 Nappe Entrainment 

From the edge of the deflector the pressure 
gradient across the flow changes rapidly 
from a quasi-hydrostatic distribution to a 
negative pressure gradient. The bubble rise 
velocity becomes a fall velocity (CHANSON 
1989a) and in the aeration region air is 
entrained by a combination of the buoyancy 
force and the action of turbulent eddies close 
to the surface. 

The diffusion equation applied to air bubbles 
at the free surface provides an analytical 
solution for the upper nappe entrainment 
(CHANSON 1991): 
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where 

L 

....... . (5) 

v_ 1 * e-0.5*(1.2817)2 
... ~ = .J2 * 1! 

is the distance from the end of the 
deflector, 

is the rise velocity of air bubbles 
subject to a negative pressure 
gradient PN 

is the flow velocity, 

is the spillway slope, and 

\11 u is the lateral spread of the jet. 

On the Clyde Dam model the spread angle of 
the jet may be estimated as: \jl u = 0. 7 5 
degrees for low pressure gradient. For high 
pressure gradient the spread angle and the 
fall velocity ( ur ), increases and CHANSON 
(1988) reported a substantial increase of the 
quantity of air entrained at the upper free 
surface that is consistent with the equation 
(5). On Figure 5 the quantity of air entrained 
within the upper flow region: 
pup = pupper + po, computed using the 
equation ( 5); is compared with experimental 
data. 

It must be emphasized that the equation (5) 
was developed in the region where the inner 
core of the jet is un-aerated. On most of the 
prototypes the jet length is not long enough 
for the development of an aerated jet core. 
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The knowledge of the air discharge supplied 
by the inlets, the cavity subpressure, the jet 
length and the upper nappe entrainment 
enables the estimation of the quantity of air 
entrained at the end ofthejet (eq. (1)). 

4. The Impact Region 

In the impact point region the flow is subject 
to a rapid change of pressure distribution 
from a negative pressure gradient above the 

v • 

Fig 6 - Impact point region 

nappe to a maximum pressure gradient 
at the impact point (TAN 1984, 
RUTSCHMANN 1988a) (Fig. 6). 
Experimental results obtained by LOW 
(1986) and CHANSON (1988) show 
clearly a strong de-aeration process 
occurring in that region (Fig. 5). The 
quantity of air escaping in the impact 
point region is a function of the jet 
velocity at the impact (VimpacJ the jet 
thickness at the impact ( dimpact ) the 
gravity, the angle of the water jet with 
the spillway floor at the impact ( 9 impact 
- a), the channel slope (a) and the 
quantity of air entrained at the end of the 
jet (qairmax). Dimensional analysis 
yields: 

deacrauon 
q nir 

F [ 
v impact 9 ] ; impact -a; a 

~g *dimpact 
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The data of LOW (1986) and CHANSON 
(1988) were compared with the experiments 
of Sill et al. (1983) and CUI (1985) 
(Table I). The results suggest that the 
de-aeration process is primarily a function of 
the impact angle (&impact - a). For these 
experimental data the above equation may be 
written as: 

dcaeration 

....:.q=•ir_max_ = 0.0762*(9impact -a) .. .. ... (6) 
q.ir 

where the angles 9 impact and lX, defined on 
the Figure 6, are in degrees. The. equation 
( 6) is compared with the experimental data 
on the Figure 7 where the impact angle 
(Bimpact -a) was computed from the jet 
trajectory calculations using TAN's (1984) 
method. It must be noted that, for the 
experiments of Sill et al. (1983) and CUI 
(1985), the subpressure in the cavity beneath 
the nappe was deduced from the work of 
PAN et al. (1980) on the same spillway 
model. The air concentration at the end of 
the impact region c• is then deduced: 

• 
CHANSCINI-

0 a 
IDNI-

D.8 • 

lo. 
CUI1815 

• Sll1ti:S 

I·· 
...,._,., 

0 2 4 I I 
~-ve...-1 

10 12 

dcaeration 

Fig 7 - Detrainment in the impact region q air max 

qair 
funtion of the impact angle (8impact -tx) 

-Sill et al. (1983)- CUI(l985)- LOW(l986)­
CHANSON (1988) 
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In the impact region high momentum losses 
occur. The data of SHI et al. ( 1983 ), CUI 
(1985), LOW (1986) and CHANSON 
(I 988) suggest that the flow depth at the end 
of the impact region (d*) may be estimated 
as: 

d* 
= 1.92- 0.135 * (Oimpact- a) 

dimpacl 

where 8 impact and a are in degrees. The 
equation (7) is compared with the 
experimental data on Figure 8. 

2 
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aerated flows (CHANSON 1989b ). The 
classical analysis by WOOD (1985) and 
extended by the author (CHANSON 1989b, 
1992) shows that the continuity equation for 
air and the energy equation provide two 
simultaneous differential equations in terms 
of the flow depth (d) and the average air 
concentration (CmeruJ If the air 
concentration (C*) and flow depth (d*) at 
the start of the downstream flow region are 
known (equations 6 and 7), the continuity 
and energy equations can be solved by a 
finite difference method. The knowledge of d 
and Cmean at any position on the spillway 

• 
CHN«<IHI­

D 
lOW!-
• 

CUll-

• SHtlll:l 

leads to the calculations of the 
air concentration and velocity 
distributions at any point. 

6. Discussion 

6.1 Design of Aeration 
Devices 

The results obtained by the 
author suggest that the 
quantity of air supplied by the 

Fig 8 - Flow depth at the end of the impact point region as a 
function of the impact angle 

air ducts is not always an 
important design parameter in 
terms of the aerator efficiency. 
In fact on a steep spillway the 

(8irnpact -oc)- SHI et al. (1983)- CUI(l985) ., LOW(l986)­
CHANSON (1988) 

It must be emphasized that, in despite of the 
strong de-aeration occurring in the impact 
point region, bottom aerators are very 
efficient devices for introducing large 
quantities of air over a short distance. 

5. Downstream Flow 
Region 

The studies of both LOW's (1986) and the 
author's data suggest that the downstream 
gradually varied flow region starts at a 
distance: 

L* = 1.3 to 1.5 * Ljet 

from the end of the deflector. The author 
developed a complete analogy between the 
flow downstream of an aerator and self-
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total quantity of air entrained 
above an aerator increases with 

the cavity subpressure (Fig. 5) and the 
largest quantities of air entrained are 
obtained with air inlets sealed (CHANSON 
1989a). 

In any case it must be emphasized that the 
designers of aerators must avoid the aerator 
submergence (eq. (4)), limit the cavity 
subpressure to reasonable values and limit 
the air velocities in the air inlets. F AL VEY 
(1990) suggested that the cavity subpressure 
should be less than one tenth of the critical 
pressure ratio for sonic velocity, to prevent 
excessive noise. To avoid the effect of 
compressibility PRUSZA et al. (1983) 
indicated that the air velocities in the vents 
should be less that 100 to 120 m/s, or the 
Mach number must be smaller than 0.30 
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(McGEE 1988). All together these 
considerations may be more important when 
designing an aeration device than the 
maximisation of the quantity of air supplied 
by the air ducts. 

6.2 Scale Effects 

Usually it is not possible to reproduce on 
model the same flow properties as on 
prototype. Although the model is 
geometrically reproduced it is not possible to 
model correctly the velocity distribution and 
the velocity gradient next to the spillway 
floor. Further it is difficult to scale the 
roughness, and hence the local turbulence 
and the turbulence distribution. LAALI and 
MICHEL (1984) and PINTO (1984) showed 
that the roughness height affects the onset of 
the instabilities on the lower free surface and 
has a marked effect on the air entrainment. 
Also ERVINE and FALVEY (1987) showed 
that nappe entrainment depends critically 
upon the turbulence intensity. 

PINTO et al. (1982) perfonne<Y'experiments 
on a series of hydraulic models whose scales 
varied from 1:8 through to 1:50 and were 
able to show that the model reproduced the 
prototype air demand for all water 
discharges for scales larger than 1: 15. For 
scales 1:30 and 1:50 the correct air demand 
was only reproduced for the larger 
discharges. 

It is also certain that the bubble sizes and 
their distribution across the flow are not 
correctly scaled above the aerator and 
downstream of the aerator. On prototype 
CAIN (1978) observed bubble sizes from 5 
to 20 mm but on the model the author 
recorded bubble diameters in the range 0.3 
to 4 mm (for C<50%). This affects the 
estimate of the bubble velocity (Or) and the 
air entrainment calculations. 

Downstream of the aerator the author 
showed also the presence of an air 
concentration boundary layer (CHANSON 
1989b ). It is suggested that the model 
reproduces the prototype air concentration 
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distributions for scales such that the effects 
of the air concentration boundary layer are 
small. 

7. Conclusion 

The complete results of the studies on the 
Clyde Dam spillway model are summarized 
on the Table 3. The study of a spillway 
aerator is complex and should include: 

(i) An analysis of the aeration region with 
the study of air demand, the jet 
trajectory calculations and the study of 
the upper free surface aeration, 

(ii) The study of the impact region·and 
(iii) The analysis of the downstream flow 

region. 

The air demand is studied on models. The 
cavity subpressure is deduced by combining 
the relationship, ~inlet = f(Fr, PN) with the 
pressure drop curves of the air ducts. The jet 
trajectory calculations define the geometry of 
the aeration region and the impact region, 
and the upper nappe entrainment may be 
computed in the free surface aeration region 
(eq. (5)). In the impact point region the flow 
is highly turbulent and little information is 
available on the processes occurring near the 
impact point. In the downstream flow region 
the author developed a complete analysis 
that provides the air concentration and 
velocity distributions at any point along the 
spillway and hence the local air 
concentration (Cb) next to the spillway 
bottom (CHANSON 1989b, 1992). 

These studies highlighted that it is not 
possible to reproduce the initial flow 

· properties on model as on prototype and that 
the air bubble sizes are usually not correctly 
scaled. Although a complete similitude of the 
air entrainment mechanisms is not possible, 
model studies are very useful to quantify the 
air demand characteristics curves and the 
upper nappe entrainment, and to understand 
the interactions between the air entrainment 
processes. 
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Calculations Analytical Method Experimental data 

(1) (2) (3) 

TAN (1984), 
Air demand LOW (1986) (air duct calculation) LOW (1986), 

CHANSON (1988), 
RUTSCHMANN ( 1988) 

Jet trajectory SCHWARTZ and NUTT (1963), TAN (1984) 
WEI and DE FAZIO (1982), CHANSON (1988). 

TAN (1984), 
CHANSON ( 1988) 

Air concentration distribution CHANSON (1988, 1989a, 1989b) LOW (1986) 
CHANSON (1988) 

Velocity distribution CHANSON (1988) 

;? 

Nappe entrainment CHANSON (1991) LOW (1986) 
CHANSON 1988) 

Impact region LOW (1986) 
CHANSON (1988) 

Downstream flow WOOD (1985), CHANSON (1988) 
CHANSON (1988) 

TABLE 3 
STUDY OF THE CLYDE DAM SPILLWAY AERATOR: THEORY AND EXPERIMENTS 
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APPENDIX 1. 

Clyde Dam Spillway Model 

From 1983 to 1988 four model studies were 
performed on a I : 15 scale model of the 
Clyde Dam spillway at the University of 
Canterbury, New Zealand. The experimental 
configurations are described below and the 
complete set of experimental data were 
reported by TAN (1984), LOW (1986), 
CHANSON ( 1988) and RUTSCHMANN 
(1988a). 

Characteristics TAN LOW 

Channel 
Slope (deg) 51.3 51.3 
Width (m) 0.25 0.25 
Length (m) 3.00 3.60 

Aerator 
Ramp angle (de g) 0 I 4.4 4.4 I 5.1 

On the Clyde Dam spillway, the aeration 
device is located at the change of slope in the 
spillway from 51.34 to 50.19 degrees at the 
end of the extension piers. The aerator is 
positioned 39 m below the reservoir flood 
level and 28 m above the stilling basin (Fig. 
1). It includes a 3.0 m long and 0.15 m high 
ramp (i.e. cJ> = 2.86 degrees), an offset 
height of 0.45 m and a triangular groove of 
3. 6 m2 cross-section area. The air intakes 
have been sized with two 2.4 * 2.4m2 

openings in the spillway sidewalls and three 
2.4 * 1 m2 openings through the top of the 
spillway pier extensions 

CHANSON RUTSCHMANN Clyde Dam 

52.33 51.3 51.34 I 50.19 
0.25 0.25 4. 10 
3.60 3.60 70 

0 I 5.1 4.4 I 5.1 I 1.4 2.86 
Ramp height (m) 0 I 0.023 0.023 I 0.03 0 I 0.03 0.023 I 0.03 I 0.15 

0.039 
Offset height (m) 0.03 0.03 0.03 0 I 0.015 I 0.03 0.45 
Groove area (m2) 0.057 0.057 0.057 0.057 3.6 

Flow conditions 
Discharge (m31s) 0.145 to 0.91 0.21 to 0.54 0.16 to 0.84 0.17 to 0.49 4100 
Flow depth (m) 0.05 to 0.150 0.05 0.020 to 0.120 0.05 
Froude number 3.8 to 15.5 6.4 to 15.4 3 to 25 4.9 to 14 

Air inlets 
Cross section area (m2) 0.02 0.02 0.025 0.02 18.7 for the 4 
Maximum air spillways 
discharge (m31s) 0.140 0.162 0.18 0.104 

TABLE 4 
CLYDE DAM SPILLWAY MODEL CONFIGURATIONS 
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Notation 

The following symbols are used in this report: 

c• 
d 

dim pact 
do 
d* 
Fr 

Frimpact 

deaeration 
qarr 

q . inlet air 
q . max air 

q . upper air 
q . 0 
air 
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air concentration defined as the volume of air per unit volume; 

air concentration next to the spillway bottom; 

depth averaged air concentration defined as: 
(l- Y9o) * Cmean = d; 

mean air concentration at the start of the gradually varied flow region; 
characteristic depth (m) defined as: 

y=Y90 

d = I (1- C)* dy 
y=O 

flow depth (m) at the end of the jet, near the impact of the jet with the spillway bottom; . 

characteristic depth at the end of the approach flow region (m); 

characteristic depth (m) at the start of the gradually varied flow region; 

Froude number defined as: 

Fr= qw 
~g*d3 

Froude number in the approach flow region defined as: 

Froude number near the impact of the jet: 

gravity constant (rnls2) 

vertical extent of the roller (m); 

distance from the end of the deflector (m); 

jet length (m); 

pressure gradient number defined as: 

Fr= qw 

~ g * d impact 
3 

p - ~p 
N- Pw * g*d 

pressure gradient number at the end of the jet: 
L\P 

p =-----
N._, * *d 

pressure gradient number defined as : 

discharge (m3/s); 

discharge per unit width (m2/s); 

de-entrainment in the impact region (m2/s); 

air discharge (m2/s) supplied by the air inlets; 

AP 
PN=----

Pw * g *do 

Pw g impiiCt 

quantity of air entrained within the jet at the end of the aeration region, (i.e. end of the jet 
length) (m2/s)· n_· max = n_· inlet+ 0 _. upper+ 0 _. o . "l(llf "l(llf "l(llr "l(llf 

quantity of air entrained (m2/s) within the upper flow region ofthe water jet: 
<lairup = <lairupper + <lair0 

air entrainment (m2/s) through the upper interface of the water jet; 

quantity of air entrained at the end of the deflector (m2/s) 
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Re 

V 

V impact 
w 
We 
Ygo 
y 
ex 
{3 

LlP 

cl> 
ll 
8 
(}impact 

Subscript 

air 
impact 
0 

w 

Superscript 

Reynolds number defined as: 
u *d 

Re= pw * ----'w~-

ramp height (m); 

offset height (m); 

flow velocity (rnls): Uw = Qwld 

bubble rise velocity (rnls) 

llw 

root mean square of longitudinal component of turbulent velocity (rnls); 

velocity (rnls); 

water jet velocity (rnls) near the impact of the jet; 

channel width (m); 

Weber number; 

characteristic depth (m) where the air concentration is 90%; 

distance from the bottom measured perpendicular to the spillway surface (m); 

spillway slope; 

(i) dimensionless air discharge: /3 = 'lair I Qw' 
(ii) dimensionless quantity of air entrained within the jet; 

difference between the pressure above the flow and the air pressure beneath the nappe (Pa); 

ramp angle; 

dynamic viscosity (N.slm2); 

angle between the water jet and the horizontal; 

angle between the water jet and the horizontal at the impact of the jet with the spillway 

bottom; 

density (kglm3); 

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

compressive strength (Pa); 

lateral spread angle at the upper free surface computed between Y 90 and Y 10: 

tan \If u = (Y 90 - y IQ)IL 

air flow; 
flow at the end of the jet, near the impact of the jet with the spillway bottom; 
flow at the end of the approach flow region; 
water flow 

inlet air flow supplied by the air inlet; 
upper upper nappe entrainment. 
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