Hubert Chanseon

Enginegring ConsuMtant,
F75116 Paris, France

Aerator

1 Introduction

1.1 Presentation. The irreguiarities on the spillway surfaces
will in a high speed flow cause small aréas of flow separation.
In these regions the pressure will be lowered and if the velocities
are high enough the pressure may fall to below the local vapor
pressure of the water. Vapor bubbles will form and when they
are carried away downstream into high pressure region the
bubbles collapse and possible cavitation damage may occur.
Experimental investigations (Volkart and Rutschmann (1984))
show that the damage can start at clear water velocities of
between 12 to 15 m/s. Up to velocities of 20 m/s the surfaces
may be protected by streamlining the boundaries, improving
the surface finishes or using resistant materials.

When air is present in the water the resulting mixture is
compressible and this damps the high pressure caused by the
bubble collapses (Peterka (1953)). Peterka, Russell and Shee-
han {1974) performed experiments on concrete spectmens and
showed that air concentrations of 1-2 percent reduce substan-
tially the cavitation erosion and above 5-7 percent no erosion
was observed. When there is not enough surface aeration (i.e.,
downstream of a gate) or if the tolerances of surface finish
required to avoid cavitation are too severe (i.e., V > 30
m/s), air can be artificially introduced by aeration devices
(called aerators) Iocated on the spillway floor and sometimes
on the side walls.

1.2 Aeration Devices. The design of a small deflection in a
spillway structure (i.e., ramp, offset) tends to deflect the high
velocity flow away from the spillway surface (Fig. 1). In the
cavity formed below the nappe, a local subpressure beneath
the nappe (AP) is produced by which air is sucked into the
flow (Qui™).

The properties of the different types of aeration devices were
detailed by Vischer et al. (1982). A combination of a ramp,
an offset, and a groove provides the best design: the ramp
dominates operation at small discharges while the groove pro-
vides space for the air supply and the offset enlarges the tra-
jectory of the jet at higher discharges. Volkart and Chervet
(1983) have studied on model the behavior of a large range of
aerators.

1.3 Mechanisms of Air Entrainment. Chanson (1989) showed
that the air entrainment above an aerator (Fig. 2) is charac-
terized by: 1 air entrainment through the upper and Jawer free
surfaces of the water jet called nappe entrainment, 2 plunging
jet entrainment at the intersection of the water jet and the
rotlers, and 3 air recirculation in the cavity below the jet. The
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study of the different mechanisms of air entrainment is com-
plex because of the interactions between the different air en-
trainment processes.

The first step is the study of the air demand relationship.
The air demand may be defined as the relationship between
the air discharge provided by the air supply system, the sub-
pressure in the cavity and its distribution along the nappe, and
the flow characteristics. The operating point of a bottom aer-
ator is then obtained by combining the pressure drop curves
of the air supply system with the air demand characteristic
curves as detailed by Low (1986). This calculation fixes the
cavity under pressure, and hence the jet trajectory and the
cavity geometry.

Previous authors (Pinto et al. (1982), Tan (1984)) presented
the air demand relationship as: g,,"™" = K * L, but this does
not take in account the air recirculation and the plunging jet
entrainment and it becomes usual (Chanson (1989) and Low
(1986)), to study the air demand as; Q,,"™*/Q, = Ff(Pn, Fr).

1.4 Experiments. The author (Chanson (1988)) performed
experiments on a 1:15 scale model of the Clyde dam spillway
with a slope o = 52.33°. The model provided Froude numbers
in the range 3 to 25 with initial average flow velocities from
3 m/s to 14 m/s. By adjusting the gate at the entry of the
flume the initial flow depth was from 20 mm to 120 mm. The
first aerator configuration included a ramp of 5.7° (t, = 30
mm, L, = 300 mm) and an offset of 30 mm height. This
geometry was the same as that used by Low (1986). The second
configuration had no ramp and an offset of 30 mm height as

Fig. 1 Geometry of an aerator device
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Fig. 2 Air entralnment above an aerator

that used by Tan (1984). The author performed air demand
experiments with both aerator configurations. In some cases
two fans were connected to the air supply inlets to boost the
pressure beneath the nappe to the atmospheric pressure.

First various parameters are detailed, then the experimental
results are presented and finaily a study of the particular case
Q..M = 0 is developed.

2 Dimensionless Parameters

2.1 Parameters. The relevant parameters needed for any
dimensional analysis come from the following groups:

A Fluid Properties. These consist of: the pressure above
the flow P, (Pa), the density of water p,, (kg/m’), the density
of air p,;, (kg/m’), the dynamic viscosity of water u (N.s/m?),

Nomenclature

the surface tension of the water {(N/m), the vapor pressure at
the experiment temperature P, (Pa} and the acceleration of
gravity g (m/s?.

B Spillway and Aerator Geometry. They are: the spillway
slope a, the channel width W (m), the roughness of the spillway
surface &, (m), the offset height £; (m), the groove length L,
(m), the duct area below the spillway surface 44 (m?), the angle
between the ramp and the spillway ¢ and the ramp length L.,
(m).

C Geometry of the Air Inlets,

D Flow Properties. These consist of: the velocity distri-
bution, the air concentration distribution at the end of the
approach flow, the distribution of the axial component of
turbulent velocity, and the distribution of the lateral compo-
nent of turbulent vetocity. Normally the distributions of these
parameters are replaced by their mean value: the water depth
of the flow in the approach zone d (m), the flow velocity V
{m/s), the root mean square of axial component of turbulent
velocity u’ (m/s), and the root mean square of lateral com-
ponent of turbulent velocity v* (m/s).

E Undernappe Cavity Properties. These consist of: the
water jet length L, (m), the difference between atmospheric
pressure and air pressure beneath the nappe AP (Pa), and the
air discharge through the ducts @z ™" (m’/s).

F  Downstream Flow Properties. These consist of: the air
concentration distribution, the flow depth and the velocity
distribution downstream of the aerator.

The study on spillway model uses the atmospheric pressure
as pressure above the flow and when the vapor pressure P, is
small compare to the atmospheric pressure and the pressure
in the cavity (Py — AP), the parameters P, and P, may be
neglected. Laali (1980) performed experiments with variations
of the pressure above the flow and his results will be discussed
later.

Ervine and Falvey (1987) showed that the lateral component
of turbulence intensity v’ /¥ is proportional to the axial tur-
bulence intensity #’ /¥ and for an axisymmetric jet their results
fitted: v’ /V = 0.38 * u’/V. For a two-dimensional plane jet
it is reasonable to assume that there will be a similar relation-
ship and this enables us to replace #* and v’ by the independent
parameter u’.

point of the jet from the

Aq ‘fi:(f; :‘;ﬁfw‘;‘;l‘;;})he sur end of the deflector (m) ¥’ = root mean square of axial
C = air com 2 Pym = atmospheric pressure (Pa) component of turbulent
centration defined ; . p
] as the volume of air P, = pressure above the jet (Pa) velocity (m/s)
per . = i
unit volume P,, = pressure gradient number V = velocity (m/5)
Cor = volume air flow coefficient defined as: Py = W = channel width (m)
Q (13) AP/ {(p, g*d) We = Weber number .
d = characteristic depth (m) Quir = air discharge (m’/s) y = dleptk: rr:c}:lasur.elcllwperpen;l lcé
deﬁnec&( as: Q™ = air discharge provided by ?ma; © the spiiiway surtac
%0 i .
d= go (1-C)*dy :Ef;z)r supply system o = spillway slope
o . 3 g™ = dimensionless air discharge
Eu = Euler number defined as: Qw = water discharge (m’/s) provided by the air supply
Eu = V/AJAP/p,, g™ = air discharge provided by system
Fr = Froude number defined as: the air s_upply system per - AP = difference between the
meter width (m*/5/m) pressure above the flow
Fr = V/Ng'd Re = Reynolds number defined and the air pressure be-
g = gravity constant (m/s%) - as:Re=p,* V*d/u neath the nappe (Pa): AP
local value: g = 9.8050 Sygma = relative subpressure = Po - Pcavity
m/s? (Christchurch, New t, = ramp height {(m) ¢ = angle between the ramp
Zealand} t, = offsct height (m) and the spillway
L = distance along the spillway Tu = turbulence intensity de- u = dynamic viscosity of water
from the end of the de- fined as: Tu = u’/V (N.s/m?)
flector {m) U, = average water velocity (m/ par = density of air (kg/m®)
Ly, = distance of the impact s) defined as: U, = ¢q,/d py = density of water (kg/m*)
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Fig. 3 Characteristic curves—aerator with a 30 mm offset height and -

a ramp

The parameters required to design an aerator are: 1 the air
discharge Q,,”™, 2 the air concentration near the floor down-
stream of the aerator C,, 3 the difference between the atmos-
pheric pressure and the pressure in the cavity beneath the nappe
AP and 4 the water jet length L;... Each of these design pa-
rameters is a function of the initial independent parameters:

Ljen Qairin]ﬂs AP, Cbzf(Pm Pairs B> 0, &, o, W, ks!)
tsy Lg! Ad: d’s Lramp, Va da u’) ' (I)

2.2 Dimensionless Numbers. The variables above give the
following dimensionless mumbers: the nondimensional air dis-
charge 8™ = Q,;, "/, the air concentration at the bed C,,
the jet length L,,/d, the dimensionless geometric variables
k./d, t/d, Ly/d, A/ (d% W), Lp,/d, the Froude, Reynolds,

Weber and Euler numbers, the density ratio p,;,/p,, and the -

turbulence intensity: Tu = u’/V.

Any combination of these numbers is also dimensionless and
may be used to replace one of the combinations. [t will be
shown later that it is convenient to replace the Euler number
by a pressure gradient number Py defined as

AP
Py= ———
N pukgd
This number is obtained from the others by the relation:

Fry?  p,

Py=[—) ==

N (Eu) Pu
For the study of cavity at the rear of a hydrofoil other
workers (Laali and Michel (1984)) have used, in place of the
air discharge §™* and the pressure gradient Py, 1 the volume

air flow goefficient Cgy- and 2 the relative subpressure Sygma
defined as

inlet
; AP+p, *gxd
Chy= m———=dl L o - Bilhad
Qv e W (IS+rr) Sygma . 2
E *p, % P
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Fig. 4 Characteristic curves—aerator with a 30 mm offset height

The coefficient Cpy is equal to the ratio of the mean air
velocity in the cavity over the flow velocity in the jet and for
vapor cavity (P = P,) the number Sygina equals the cav-
itation number ¢,. Both coefficients may be deduced from the

others: o .
/Py+ 1
=2% |
Sygma ( e )

Studies are performed on geometrically similar models and
it is convenient to use a slice model, Side effects may appear
due to the boundary layers on the side walls. However if these
boundary effects are assumed small, the problem becomes a
two-dimensional study. The nappe subpressure is usually con-
trolled by valves on the air inlet systems and this enables the
underpressure t¢ be treated as an independeént parameter. The
density ratie is almost constant. From these constderations the
relationship (1) is rewritten in terms of dimensionless param-
eters:

C(éy - Binlct *

L+,

éji[s Binl:’l! Cb

d

K L
d'd’

L
=f(Re, We, Fr, a, 71&
2)

2.3 Discussion. For a given aerator configuration (a, k;, £,
Lg, Agy &, Liamp fixed) and a given flow depth d, the relationship
(2} becomes: o

Ly /d, 8™, C,=f(Re, We, Fr, Tu, Py) )
According to Laali (1984), Kobus (1984), and Pinto (1984) the

Reynolds and Weber numbers do not influence the processes
in any significant way if: 1 the Reynolds number is greater

: V
than 10° and 2 - the Weber number W, =

———i5
N a/(pw*cht)
greater than 400.

The ratio W) is defined by Pinto (1984) using the jet length
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as characteristic length. Pinto et al. (1982) performed exper-
iments on a series of hydraulic model whose scale 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. The
dimensioniess equation (3) then becomes:

Liw/d, B, Cy=f(Fr, Tu, Py)

There is little information available on the effects of tur-
bulence. Often the studies neglect the influence of the tur-
bulence intensity (Vischer et al. (1987), Low (1986), and Laali
and Michel (1984)) and it then becomes:

Ly /d, @™, Cy=f(Fr, Py) “

As discussed earlier the air entrainment above an aerator
may occur by different processes. Each of these processes yields
a different nondimensional equation and the interactions be-
tween these processes must be considered. More the upstream
conditions include the air concentration, velocity, turbulence
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and pressure distributions rather than the average values.
Therefore it is believed that the type of relation defined in
equation (4) is incomplete and neither does it characterize any
single physical process.

The data obtained on the Clyde dam spillway model are
analyzed using equation (4) and the equation inadequacy is
discussed later.

3 Characteristic Curves

3.1 Results, For different flow depths we measured the char-
acteristic curves p"® = f(P,) for several Froude numbers
{Figs. 3 and 4). It must be noticed that the scales of the graphs
are not the same for the two aerator configurations. The re-
lationship between the three dimensionless numbers shows that
a decrease of air discharge brings an increase of the nappe
subpressure and for the same nappe subpressure the air dis-
charge increases with the Froude number.

Figure 5 shows the air demand curves for two Froude num-
bers with both aerator geometries and they are compared with
a typical pressure drop curve of the air supply system. At low
Froude numbers the operating point of the aerator with ramp
{point B) shows that this configuration provides a larger air
discharge than the aerator configuration without ramp (point
A). At high Froude numbers the aerator without ramp (point
D) supplies more air than with ramp (point C). This phenom-
enon occurs because the presence of the ramp increases the
slope of the curve 8¢ = f(P,) for identical upstream flow
conditions. o

Figure 6 presents 8™ as function of the initial depth of
water d/t, for constant Froude numbers. The results show that
an increase of the flow depth decreases the average slope of
g™ = f(Py), increases the pressure gradient for g™ = 0
and decreases the air discharge 8" when P, reaches zero. It
must be emphasized that we cannot separate the effects of two
parameters d/i; and d/L . For a geometry with ramp, for
the same flow depth, increasing the ramp length increases the

Transactions of the ASME
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depth of flow for which the streamlines are parallel to the
ramp, Above this depth the streamlines are less affected by
the slope. :

Another way to present the characteristic curves is by plot-
ting 8™ as a function of the Froude number for constant
pressure gradient (Figs. 7 and 8).

3.2 Discussion. Laali performed experiments on a horizontal
half-cavity (Fig. 9) within the framework of study of cavity in
the rear of hydrofoils. His data were originally plotted as: Coy
= f(Sygma) and are presented as §7¢ = f(P,) in analogy of
the study on spillway model. i

The air demand plotted as gt = £(P,) has two linear
sections connected by a transition zone (Fig. 10). These regions
correspond to different air entrainment processes. For low air
discharges and low Froude numbers most of the air is evacuated
at the rear of the cavity by plunging jet entrainment. For middle
values of the air inflow (transition zone) Michel (1984) indicates
that plunging jet entrainment becomes insufficient and a pul-
sation phenomenon may appear which is characterized by evac-
uatien of pockets of air trapped by a re-entrant jet at the rear
of the cavity. Similar puisation phenomena were observed on
spillway model Chanson (1988) and on prototype (Frizell
(1985)). A hysteresis process occurs at the transition between
high and low air discharges: the relationship gt — (P} has
a different shape for increasing and decreasing air supply dis-
charges. All experiments presented (1988; 1980) were per-
formed with a decreasing flow rate to avoid this phenomenon.

For high air discharges most of the air is entrained by nappe
entrainment. For large jet lengths and hence for high Froude
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numbers Laali (1980) suggests that the air-water mixture along
the lower interface of the jet tends to block the formation of
the re-entrant jet and. at the limit the pulsation regime may
disappear. This is in agreement with the data obtained on
spillway model (Fig. 10{(a)) that show two different shapes of
curve g™t = f(,P,) with the transition zone.

For a given depth of water and aerator geometry, the re-
lationship 8™ = AFr) for a constant pressure gradient in-
dicates four characteristic regions (Fig. 11). For low Froude
numbers (region 1} there is no air entrainment. Observations
of the experiments indicate that no air is entrained through
the free-surfaces of the jet, and according to Ervine and Ahmed
(1982}, air entrainment by plunging jet entrainment does not
occur below a critical velocity V, = 0.8 m/s. Hence a char-
acteristic Froude number F;, can be defined such there is no

entrainment for: Fr < F, = V.//g*d.
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In the region 2, most of the air is entrained by plunging jet
entrainment and photographs show that no nappe entrainment
occurs. Air bubbles are entrapped when the water jet intersects
the rollers and dragged away by the flow.

For a high velocity jet nappe entrainment occurs and the air
is entrained by high intensity turbulent eddies close to the free-
surface. This process occurs in the region 3 and the air is
entrained by addition of plunging jet entrainment and nappe
entrainment. The latter becomes major for higher Froude num-
bers. Th.tart of nappe entrainment is well marked and may
be characterized by a characteristic Froude number Fr'. For
a given flow depth and pressure gradient Py, the relationship
8" = f(Fr) is almost linear in the region 3 and is estimated
as: -

B = Ky (Fr—F)) &)

At higher Froude numbers (region 4) the air entrainment is
limited by the limit air transport capacity of the flow. Kobus

348 [ Vol. 112, SEPTEMBER 1980

055 7k 0 Po=103E4Pa
+ ® Po=151E4Pa
020 oe + Po=199E4Pa
< o -
uﬂ-
0.15 - oF
1 +
0.10 - a ¢
+ 0 .
I:Il:| * .++
0.05 - o
A PN
000 Ll 1 LA 1 ] 3 1] v L L
06 04 02 00 02 04 06
Fig. 14 Influence of the pressure P, on air demand—Laali (1930)
025 18
) O Smooth enuy
020 = ¢ Rough entry
015 -
] De
D
010 4 De
4 De
L
0.05 - B o .
1 ¢ 0 o PN
0.00 e 1 11
06 04 02 00 02 04 08

Fig. 15 Influence of the roughness on air demand—Laali (1980)

(1984) and Brauer (1971) indicate that this limit is given by the
maximum air bubble concentration in the flow. The relation-
ship #™ = AFr}is no longer linear. A statistical study Chan-
son (1988) suggasts:

Binlel =K2 * /Fr _ Fz (6)

The change of mechanism of air entrainment observed be-
tween the regions 2 and 3 is clearly marked in both aerator
geometries for different flow depths, cavity subpressures and
flow velocities. To a first approximation the characteristic
Froude number F| (equation (5)) is assumed to represent the
start of nappe entrainment. Variations of F, as a function of
the depths of water and Froude numbers are shown in Fig. 12
for both geometries. A statistical study of the coefficients K|
and F, Chanson (1988) indicates that in the region 3 (Fig. 11)
the air demand characteristic curves g™ = f{Fr, Py) are es-
timated by:

golt = K, # (Fr— fy— E % N/ Py) M
where E;=23.51%(d/t)""*
i = —8.17+5.77%(d/t;) —0.605 *(d /1)
K;=0.2 \Ramp 5.7° K,=0.06 (No ramp)

It must be noticed that the coefficients E; and f are inde-
pendent of the ramp and the characteristic Froude number F,
is only function of Py and d/t;. The equation (7) provides a
good fit of the experimental data from the Clyde da... spillway
model (Fig. 13) but may not be generally applicable to aerators
of differing geometry or different spillway slopes.

3.3 Influence of Other Parameters. Laali (1980) was able to
vary parameters as the absolute pressure above the flow P,
and the roughness of the injector. His results are presented on
Figs. 14 and 15 and the different flow conditions are reported
on Table 1. In the range of considered pressure (10* Pa, 2 10¢
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Table 1 Laali’s experimental configuration
d

Is [/ Fr Po
n m
Fig. 10{b) 0.1003 0.049 1.87° 8.065 1.03 10
Fig. 14 0.1003 0.049 1.87° 8.065 variable
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Fig. 16(b) No ramp
Fig. 16 Plot of Py as a function of the Froude number for @, =

Pa) the Fig. 14 indicates that, for a given pressure gradient
and Froude number, the air discharge decreases when the am-
bient pressure above the jet P, decreases. This suggests that
the performances of aerator located at high altitude may be
affected by the lower atmospheric pressure.

Laali (1980) then introduced artificial roughness (paper sand
k, = 0.4 mm) on the lower surface of the nozzle of the orifice
in order to moedify the free-surface irregularities of the jet and
the experimental results are plotted in Fig. 15. The presence
of roughness on the nozzle of the injector increases the thick-
ness of the initial boundary layer and therefore reduces the
height of the uniform turbulent flow. The results are then
expected to be similar to the effects of a reduction of the jet
thickness and this is observed on Fig. 15. Laali (1980) indicated
that the effect of the roughness is less important for large
Froude numbers as the boundary layer thickness is reduced as
the Reynolds number increases.

Ervine and Falvey (1987) investigate the effect of turbulence
on free jets discharging horizontaily and suggest that some
important processes in turbulent jets in the atmosphere are
dependent on Weber and Reynolds numbers and the turbutence
intensity Tu. Then great difficulties appear in modelling free
jets and studies must be related to the equation (2).

4 Study of the Case @,;, = 0

4.1 Introduction. The flow above an aerator when (™
= 0 is function of the spillway slope, the aerator geometry
and the flow characteristics. At low Froude numbers or for
low channel slopes the aerator is submerged when the air dis-
charge is zero. For high channel slopes and high ramp slopes
the cavity below the jet is not usually submerged when the air
supply system is sealed. The transition between the two regimes
corresponds to the conditions of submergence of the aerator.
When the aerator is not submerged and for Q,,™* = 0, the
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cavity below the nappe is subject to air recirculation Chanson
(1939).

4.2 Relationship Py = f(Fr). When the cavity is not sub-
merged the cavity geometry (for Q™ = 0) is characterized
by the nappe subpressure and the Froude number. Figure 16
present the author’s data for various flow depths. The rela-
tionship Py = f(Fr) characterizes the behavior and the shape
of the cavity when the air discharge supplied by the air inlets
is zero.

The data show a good correlation. For high Froude numbers,
the relationship Py = f{Fr) is almost linear and is estimated
by:

Py=k;*(Fr—-FF) (8)

The variations of the coefficients FF and k; are plotted on
Figs. 17 and 18 versus the dimensionless depth of water for
the Clyde dam spillway model.

4.3 Submergence of the Aerator. Under high subpressures
the aerator becomes submerged and stops playing its protective
role. For small Froude numbers and small air discharges an
obstruction (partial or complete) of the air supply increases
the pressure gradient above a limit and the aerator could be
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submerged. When the cavity pressure drops the submergence
is preceded by the appearance of a large amount of spray falling
from the underside the nappe. Therear part of the jet is affected
by rollers and the curvature of the jet is pronounced.

The study of the data P, = f(Fr) for ,,™' = 0 highlights
two characteristic parameters (Fig. 19): the submergence Froude
number Fr“® such that no submergence occurs for Fr > Fr™"
and the minimum pressure gradient P,™*, These parameters
are function of the flow depth and the aerator geometry. For
the aerator configuration with a 5.7° ramp the parameters
Fr*"® and P,™ are plotted in Figs. 20 and 21. For the acrator
configuration without ramp the only information is; Fr*** >
15 for d/t; = 1.65 and Fr*" < 11 for d/f, = 1.15.

5 Conclusion

The study of the air demand is complex and the dimensional
analysis shows that a similitude between model and prototype
is almost impossible to respect. However the air demand pro-
vides a relationship between the air discharge, the subpressure
and the flow characteristics, and for given flow conditions and
aerator geometry the combination of the air demand charac-
teristic curves and the pressure loss curve of the air supply

system determinates the subpressure in the cavity beneath the

jet and hence the jet trajectory. This enables the determination
of the boundary conditions for a complete study of air en-
trainment above the aerator and the flow conditions down-
stream of the nappe. The air demand study provides additional
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informations. Indeed it highlights a characteristic Froude num-
ber above which nappe entrainment occurs. For smaller Froude
numbers air entrainment occurs by plunging jet entrainment.

When the air inlets are sealed (Q,,™* = 0) the aerator is
submerged for low Froude numbers. For high velocities the
cavity beneath the nappe is clearly marked and the subpressure
in the cavity and the cavity geometry is a function of the Froude
number for given flow conditions and aerator geometry. The
conditions for the disappearance of the cavity, called sub-
mergence, were obtained as a function of the initial flow depth
for the aerator with ramp.
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