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VORWORT 

Das vorliegende Mitteilungsheft wurde als Beitr~g zu dem im Ent­

stehen begriffenen HYDRAULIC STRUCTURES DESIGN MANUAL der IAHR 

(International Association for Hydraulic Research) verfaBt. In 

dies em Rahmen soll eine Reihe van Monographien entstehen, in 

denen die hydraulischen Entwurfsgrundlagen ftir Wasserbauwerke 

zusammengestellt werden. Im September 1984 wurde ich anUiBlich 

des IAHR-Symposiums in Esslingen zum Thema "Scale Effects in 

Modelling Hydraulic Structures" gebeten, einen Grundlagenbeitrag 

zum Thema Wasser-Luft-Gemische beizusteuern. Aus diesem AnlaB 

entstand der vorliegende Beitrag in englischer Sprache. 

In der . Monographieserie werden Wasser-Luft-Gemische sowohl in 

Heft A5 (Air-water flow in open channels) als auch in Heft Al2 

(Air-water flow in closed conduits) behandelt. Mein Beitrag gibt 

im ersten Teil eine allgemeine Einflihrung zum Gesamtthema und be­

handelt dann den ortlichen Lufteintrag in Gerinnestromungen. Er 

soll deshalb im Rahmen der Monographie AS zusammen mit Beitragen 

van I. Wood (Neuseeland), P. Volkart (Schweiz) und N.S. Pinto 

(Brasilien) erscheinen. 

Viele wertvolle Anregungen verdanke ich I. Wood, der den Entwurf 

einer sorgfaltigen kritischen Durchsicht unterzogen hat. Ihm gilt 

me in besonderer Dank ebenso wie H. -P. Koschi tzky, der mich bei 

. der Ausarbei tung des Bei trags tatkraftig unterstlitzt hat. Des 

weiteren bin ich A. Ervine (GroBbritannien) flir seine konstruk­

ti ven und hilfreichen Kommentare dankbar. SchlieBlich habe ich 

I. Wood und N. Thomas ( GroBbr i tannien) flir die tiber lassung von 

Fotoaufnahmen zu danken. 

Der vorliegende Bei trag ist als allgemeine Einflihrung in das 

schwierige Thema der Wasser-Luft-Gemische im Wasserbau gedacht. 

Als Baustein zu der Monographieserie sell er zur s~stematischen 

Orientierung beitragen und sowohl die heute verfligbaren Entwurfs­

grundlagen als auch die noch vorhandenen Wissenslticken aufzeigen. 

Es ist zu hoffen, daB dieser .Zweck erflillt werden kann. 

Stuttgart, im Oktober 1985 Helmut Kobus 
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PREFACE 

This report has been written as a contribution to the HYDRAULIC 

STRUCTURES DESIGN MANUAL, which is in preparation by the Inter­

national Association for Hydraulic Research (IAHR). Within this 

framework, a series of monographs is being planned, in which the 

hydraulic design criteria for civil engineering structures are to 

be collected. In September 1984, on the occasion of the IAHR­

Symposium in Esslingen on "Scale Effects in Modelling Hydraulic 

Structures", I was asked to participate in these efforts with a 

basic contribution on the topic of air-water mixtures. For this 

reason, the present report has been prepared in English language. 

In the monograph series, air-water mixtures will be treated both 

in volume AS (Air-water flow in open channels) and in volume Al2 

(Air-water flow in closed conduits). My contribution contains in 

the first part a general introduction to the entire topic and 

then treats local air entrainment processes in open channel 

flows. It is therefore intended to appear within monograph AS, 

together with contributions by I. Wood (New Zealand), P. Volkart 

(Switzerland) and N.S. Pinto (Brazil). 

Many valuable suggestions I owe to I. Wood, who has reviewed the 

draft thoroughly and critically. I owe particular thanks to him 

as well as to H.-P. Koschitzky, who gave me his active support in 

the preparation of the report. Furthermore, I am indebted to 

A. Ervine (Great Britain) for his pertinent and helpful comments. 

Finally, I gratefully acknowledge that a number of photographs 

have been supplied by I. Wood and N. Thomas (Great Britain). 

The present contribution is intended as a general introduction to 

the difficult topic of air-water mixtures in hydraulic engineer­

ing. As an element in the monograph series, it is intended to 

contribute to a systematic orientation and to indicate both the 

presently available design criteria -and the still existing gaps 

of knowledge. It is hoped that this purpose can be achieved. 

Stuttgart, October 1985 Helmut Kobus 
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1. INTRODUCTION TO AIR-WATER FLOWS 

1.1 General types of air-water flows 

For many hydraulic structures, safe operation can only be 

achieved if not on~y the characteristics of the water flow are 

considered, but due attention is given to the si~ultaneous 

movement of air in the system. ~he difference in specific weight 

of air and water is large, so that they are usually well 

separated by a sharp interface. However, a number of flow confi­

gurations lead to an in ten si ve mixing across this · surface. This 

is called air entrainment. Consideration · of the effects of the 

entrained air upon the water flow may be essential for the safe 

operati.on of a hydraulic structure. 

There is a great variety of flow configurations in which the air 

flow may affect the water flow. We can distinguish: 

1.1.1 Air de~and_in hydraulic structur~s_without~ixin~. 

In order to maintain reasonable pressures in closed hydraulic 

systems, air is often allowed to enter the system, and where it 

accumulates it is released from the system. Basically, there are 

two configurations: 

- Air flow to a finite-volume air chamber due to a falling or 

rising· water surface affecting the chamber volume. For the 

design of adequate aeration devices, the resulting air demand 

can usually be computed in a straight- forward manner. 

- Air demand in closed conduits flowing partially full. The drag 

of the moving water surface generates an air flow which has to 

be accounted for at the intake (often requiring air vents) and 

at the outlet. For known water flow velocities, usually a 

reasonable estimate of the air demand · can be obtained. 

1.1.2 Air entr!inm~n! in_h_ldraulic_structu~e! J.air_demand ~ith 

!!!i~ingl 

The complex two-phase flow resulting from the entrainment and 
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transport of air bubbles is the subject of this monograph. The 

process which forces ·air through a surface into a water volume is 

called entrainment: the process of bubble escape from the surface 

is called detrainment. There are many flow situations causing 

entrainment. The supply of air may be: 

-unlimited (air supply from the atmosphere); or 

- a limited air supply from an air chamber, which may or may not 

be connected to the atmosphere by an air duct. In this case, 

there is an interaction between air flow, air pressure in the 

system and water flow. 

The region of detrainment is not necessarily near the entrainment 

point: depending upon the water flow conditions and their 

transport capacity, the air may be transported over large 

distances to the region of detrainment (Fig. 1.1). Here also one 

has to distinguish: 

- unlimited air escape to the atmosphere; 

limited air escape in closed systems, leading to . air accu­

mulations in certain regions such as high points or along the 

top of conduits. These air pockets can decrease the water 

discharge and thus have a direct feedback upon the water flow. 

The major 

hydraulic 

section 1.2 

\J ....-

I Water flaw 

flow configurations leading to air entrainment 

structures will be described in more detail 

Air sup pi y Detrainment 

I I I I " I I I I :2 .... .... 

Air transport rate 

in 

in 

..... -+ Air transport -+ . 
entrainment by water flow ~transport capacity 

//1..\YI~'</JS'(/X\YIW/1<.\V/IM//?\"</1<\\(~JAY/;<:\Y/I{«)MM/<:\~ 
Fig. 1.1: Air entrainment, detrainment and transport 
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1.1.3 Formation of air-water mixtures out of 
solution. 

The saturation concentration for dis·solved oxyge·n and nitrogen in 

water varies considerably with the pressure and the temperature 

of the water. Therefore, in closed-conduit systems it may happen 

that pressure and/or temperature changes cause formation of small 

gas t?ubbles in the interior of the liquid. Since the elastic 

properties and the wave propagation speed vary drastically with 

the presence of gas bubbles even at very low concentrations, this 

phenomenon is of considerable importance in the design of closed 

conduit systems, particularly with respect to fast changes in 

flow (hydraulic transients). These phenomena will be treated in 

monograph A-12 ("Air-water flow in closed conduits") and hence 

are excluded here. 

1.1.4 £e!i~ned_a~r~tio~ sy!t~m!· 

Designed aeration systems of various kinds are employed mainly 

for the purpose of reoxygenation of polluted water. They are 

primarily installed in sewage treatment plants and in polluted 

rivers and lakes for water quality enhancement. The various 

technical devices operate essentially on two principles: 

- Formation of an air-water mixture at a surface: surface rotors, 

spray .devices or water jet pumps, either use external energy or 

else part of the flow energy (thus contributing a considerable 

local energy loss) in order to force air into the water. 

- Formation of an air-water mixture by injecting air beneath the 

surface: submerged nozzles, perforated tubes or porous filter 

plates are employed for the dispersion of compressed air in the 

water. In sewage treatment, the injected air serves the dual 

purpose of providing oxygen to the water and, by the action of 

the bubbles, producing a water flow with increased mixing. 

Similar systems are employed in natural rivers and lakes as 

active means to improve the water quality. Such bubble plumes 

also find applications as pneumatic oil barriers, vertical 

mixers for density currents, devices for combatting formation 
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of an ice cover or for damping underwater detonation waves, 

etc. A detailed treatment including design information for such 

systems is given in (Kobus, 1973). 

Designed aeration systems are not treated in this monograph. 

1.2 Types of aeration and processes of entrainment in hydraulic 

structures 

Flow conditions which cause air entrainment, i.e. transport of 

air through a free water surface, may be termed "self-aerating", 

giving rise to "surface aeration" or else "natural aeration". 

Quite generally, we can distinguish flows where entrainment takes 

place all along the water surface (ambient aeration) and flows 

where entrainment occurs locally at a surface discontinuity 

(local aeration). The following processes can be distinguished: 

1.2.1 Su£f~c~ aeration_in hi~h=speed_f!ows 

In high-speed open channels flows like in spillways or chutes, 

the flow turbulence gives rise to surface disturbances leading to 

air _entrainment. Similarly, high-speed free jet flows generated 

by fire monitors, hollow jet valves, or flip bucket ejectors, 

etc. experience surface disturbances due to the initial jet flow 

turbulence and the shear forces of the surrounding air. These 

disturbances grow and lead to air entrainment along the jet 

surface and in many cases to a complete desintegration of the 

jet. 
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Fig. 1.2 is a photograph of the surface of a high-speed flow down 

a spillway. In this case, the effects of a multitude of irregular 

high-energy vortices result in the contorted three dimensional 

nature of the surface. Through this surface, air is continually 

being trapped and escaping. The major entraining mechanisms in 

this case consist of overturning surface waves and of water 

droplets being projected above the water surface and then falling 

back. In penetrating the water surf ace, they drag air into the 

water. This process was suggested by Lane ( 1939), Raj aratnarn 

(1962) and Hino (1961). It has been demonstrated in some classic 

experiments by Volkart (1980). However, undoubtedly the mechanism 

of air entrapment in vortices as described below also contributes 

to the entrainment at the surface. The mixing zone of air and 

water extends into the clear water region and may extend to the 

channel bottom. 

Fig. 1.2: Surface aeration in high-speed flow (Surface of the air 

entraining region on Aviemore Spillway. Photo: I. Wood, 

1984) 
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1.2.2 Lo£al ~eEati£n_b~ imeingin~ iets 

Free-surface flow configurations leading to local air entrainment 

are always connected with some form of surface discontinuity. A 

number of jet-type flow configurations is sketched in Fig. 1.3. 

Basic configuration 
(orifice/slot disc.harge) 

D 
1- •I 

I 

I 

I 
................... ·r··.··.··· 

h 

f 
I 
I 

!sharp crested weir discharge J 

( Drop shafts I 

I Drop structures J 

--~·-·- · -· 

Fig. 1. 3: Local air entrainment at · "plunging-jet type" configu­

rations 
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These include sharp-crested weirs, free overfalls and drop 

structures. These flows differ from amb1.ent surface aeration by 

the fact that 1.n local aeration processes air may be entrained at 

a rate completely independent of the transport capacity of the 

flow. The transport capacity only determines the distance over 

which the suspended air is transported. If the transport capacity 

of the flow is low, therefore, the entrained air will be rather 

quickly escaping into the atmosphere again, and the process of 

self -aeration will be of local importance only. An example of 

this local aeration process gives Fig. 1.4. 

Fig. 1.4: Air entrainment in a plunging free jet 

Flow configurations of the plunging-jet type are characterized by 

the fact that local air entrainment takes place at the 

1.ntersection of the free jet with the water surface. The momentum 

of the water jet causes the air to be entrained in the highly 

turbulent shear layer induced by the jet surface. Fig. 1.5 

illustrates that the entrainment takes place mainly in relatively 
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.,. . -. . .... ·. --· . - .. 
'Ill! • ~ ,... -.. .,. . . .. ,.. 

--: . . . . , ... 

Fig. 1.5: Air entrainment 1n a supported inclined jet by vortices 

with axes perpendicular to the flow direction 

(a) overall view (Photo: I. Wood, 1984) 

(b) close-up of foam laye~ and vortex ( Photo: N. Thomas 

in Goldring et al, 1980) 
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distinct vortices with longitudinal axes nominally perpendicular 

to the flow direction. Thomas (1978) suggested that the vortices 

i.n the intensive shear layer at the penetration point are 

sufficiently strong to entrain air in the vortex cores. This 

entrainment may be enhanced by the development of turbulence on 

the jet surface prior to its contact with the free surface 

(Ervil)e, 1976) and/or by the formation of a foam layer on the 

free surface. 

In plunging-jet configurations, the momentum flux of the jet is 

predominantly in the vertical downward direction. The vertical 

momentum flux input will be directly counteracted by the buoyancy 

force of the entrained air, whereas the horizontal momentum flux 

components will remain essentially unchanged, since they 

experience no external force. 

1.2.3 ~oca! aeEati£n_i~ hydrau!i£ iump_c£nfi~uEation! 

Another surface- and velocity discontinuity causing air 

entrainment is observed at the toe of a hydraulic jump, as it is 

typically encountered downstream of control structures and in 

stilling basins. Related to this is the air entrainment in moving 

hydraulic jumps (surge waves) or even in the unsteady breaking of 

shallow water waves, which engulf much air in the process. Also, 

jets impinging on rigid walls (e.g. in selfpriming configurations 

for siphons) produce a surface roller with self aeration 

resembling the hydraulic jump configuration. 

Fig. 1. 6 shows flow configurations of the surface roller type, 

which are encountered most frequently in nearly horizontal flows. 

Fig. 1.7, shows that the local air entrainment at the toe of the 

surface roller occurs much in the same manner as in the plunging 

jet. Again, the air is entrained into the free shear layer which 

is characterized by intensive turbulence production, 

predominantly in vortices with axes perpendicular to the flow. 
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lsasic configuration: hydraulic jump l 

f Impinging je-t configurations 

High - head conduit flow 
... ,, ... · 

...... ••••••• , ........ • ol' ........ :~:: :~:?:::=·~:::::r:=:::~:m:=:::-:::~~:=:::r::.:r:::::=:~:-:=::: :::: 

., ( P <Pat m) 

... -, 
·" 

I Siphons I 

... --- ;:1_­
~-- ,. 

) 

) 

., 

Fig. 1. 6: Local air entrainment at ''surf ace-roller type" conf igu­

rations 
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Fig. 1.7: Air entrainment in a hydraulic jump by vortices at the 

toe with axes perpendicular to the flow direction 

(Photo: B. Barcewski, 1985) 

The entire flow field including the surface roller is governed by 

the momentum flux of the approach flow and by the downstream 

boundary condition. For a given flow configuration, the Froude 

number of the approach flow determines the downstream water depth 

and hence also the geometry and intensity of the surface roller. 

1.2.4 Local aeration in the wake of bluff bodies ----------- --------
Zones of flow separation in the wake of bluff bodies or at abrupt 

expansions of the cross section are characterized by a 

significantly lower pressure level as compared to the main flow. 

For bluff bodies protruding through the water surface, this leads 

to a marked surface depression in the separation zone. The line 

of flow separation penetrates the water surface. The intensive 

turbulence in the free shear layer leads to vortex formation 

(vortex axis perpendicular to flow) which may cause local air 

entrainment into the vortex cores. It is often observed that air 
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entrainment is particularly pronounced near the channel side 

walls due to such effects on wall protrusions. Also, stilling 

basin blocks, piers or large rocks in fast flows exhibit this 

characteristic quite clearly. 

The action of bottom offsets in spillways or conduits can be 

approximately related , to this type of air entrainment. However, 

the situation differs in three ways: 

- the line of flow separation is horizontal along the inclined 

bottom, rather than vertical and protruding through the water 

surface; 

- the air supply is not directly from the atmosphere, but thrqugh 

an air duct system. 

-air is entrained into the wate~ · upward from below, rather than 

downward from above as in all other configurations. 

1.2.5 Local aeration at transitions from free-surface to con-----------------------------
duit flow 

Transitions from free-surface to conduit flow are encountered at 

intake structures, pump sumps, control structures, gates, drop 

shaft spillways, etc. Upstream from the transition to pressurized 

flow, there results a region of stagnation at the water surface, 

and depending upon the approach flow and boundary geometry, swirl 

and vortex formation may lead to air entrainment into the system. 

In this case, air is entrained by distinct vortices with axes 

parallel to the flow direction. The major mechanism is the 

stretching of patches of environmental vorticity until the 

rotation of the core becomes sufficiently large and consequently 

the pressures sufficiently small for air to be drawn into the 

core. Fig. 1. 8 shows the flow under a sluice gate . where such a 

vortex with air in its core is apparent. 
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Fig. 1. 8: Air entrainment at a sluice gate by a vortex with an 

axis parallel to the flow. Similar flow conditions are 

encountered at intake structures. The vortex develops 

from the environmental vorticity in the approach flow 

(Photo: I. Wood, 1984) 

Air entrainment into closed-conduit systems is usually most 

undesirable for a number of reasons, such as disturbances of pump 

performance or flow variations due to the detrainment and 

accumu~ation of air in the system. For further information on 

this distinctly different type of air entrainment, the reader is 

referred to monographs A-6 "Swirl-Flow Problems at Intakes" and 

A-12 "Air-Water Flow in Closed Conduits". 
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1.3 Effects of entrained air upon the water flow 

Entrained air can strongly influence the performance of hydraulic 

structures for the following reasons: 

The bulk properties of the fluid (mixture of air and water) are 

changed. This concerns mainly the density and the elasticity. 

- The presence of air changes the structure of flow turbulence 

(possibly including wall shear). 

The presence of air helps to avoid excessive negative pressures 

and cavitation. 

- Air bubbles introduce vertical momentum into the flow due to 

their buoyancy. This may have significant effects upon the flow 

field. 

In open channels, entrained air leads to an increase in water 

depth (bulking). 

- In closed conduits, for a given flow cross section the presence 

of air leads to changes in water discharge or pressure 

distribution in the system. 

The presence of air affects the performance of hydraulic 

machinery adversely. 

- In hydraulic transients, pressure waves are strongly damped and 

deformed. 

A1r accumulating in a system may lead to disruption of the flow 

and such effects as "blow-out" or "blow-back"; 

- The presence of air bubbles leads to an intensive oxygen and 

nitrogen transfer until the surrounding water has reached 

saturation. 

Air entrainment is in some cases desirable and in others 

undesirable. It is desirable, e.g. for cavitation prevention, for 

oxygenation purposes or damping effects in hydraulic transients; 

undesirable examples include effects on pumps, on intake 

structures and on closed conduit systems. 
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1.4 The role of the transport capacity 

A self-aerating flow configuration continuously produces air 

bubbles by mechanical action, which are subsequently carried away 

by the flow, if the transport capacity of the water flow is 

sufficiently high. All those bubbles which are entrained but 

cannot , be transported by the flow will escape through the water 

surface (detrainment). This illustrates the interaction of air 

entrainment, transport capacity and detrainment. For a given 

configuration, the air entrainment is governed by the upstream 

condi tons, whereas the transport capacity .depends entirely upon 

the downstream water flow configuration. If the transport 

capacity is zero (as e.g. in stagnant or slowly flowing water 

bodies), ' then all entrained air will be detrained.

The transport capacity of the water flow depends primarily upon 

the ratio between water velocity v and bubble rise velocity vb. w . 
In stagnant water bodies ( v w << vb) , the transport capacity is 

zero. The air bubbles will rise due to their buoyancy to the · 

surface and escape • . In slowly flowing water (vw ::: vb), the 

entrained air bubbles are displaced by the water flow, while the 

flow field may be changed drastically by the air bubbles. 

In open channel high-speed flows (vw»vb), the transport capacity 

increases with increasing velocity (i.e. channel slope) and 

turbulence intensity of the water flow. The transport capacity is 

characterized by an equilibrium situation between the rising 

tendency of the bubbles and the counteracting mixing effect of 

the turbulent fluctuations in a concentration gradient, quite 

analog to the transport of suspended solids (although bubbles do 

show several distinct differences to solid particles).

In closed conduit flow, the transport capacity is additionally 

dependent upon the orientation of the flow with respect to the 

direction of the buoyancy force. In plane flows, buoyancy will 

usually act in the vertical direction. Obviously, the transport 
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capacity will be a maximum in vertically upward flow and a 

minimum for vertically downward flow. 

Whenever the local air entrainment exceeds the transport capacity 

of the subsequent channel or conduit, detrainment will take 

place. The resulting net detrainment can be expected to be 

proportional to the excess amount of air exceeding the transport 

capacity. A hydraulic jump, for instance, entrains a considerable 

amount of air locally, but because of little or no air transport 

capacity discharges most of it back into the atmosphere through 

the surface roller, so that after a short distance downstream the 

air content of the flow is almost zero again. 

If the transport capacity is exceeded in conduit flows, then the 

"detraining" air will collect at the top of the conduit and form 

air pockets of increasing size. Depending upon the flow velocity 

and the inclination of the conduit, these pockets, after they 

have reached a certain size, may move in the direction of flow or 

against it. This results in unsteady flow conditions with 

considerable pressure fluctuations and flow instabilities in the 

system ("blowout" or "blowback") • 

1.5 Parameters for air-water flows in open channels 

For open channel flows as discussed in this monograph, there 

exists 

always unlimited air escape directly to the atmosphere~ 

- usually also unlimited air supply directly from the atmosphere 

(with the exception of spillway aerators or weir aeration); 

- a direct dependence of the transport capacity upon the 

characteristics of the open channel flow. 

This excludes a priori any effects of independent variation of 

flow inclination or of limited air escape with feedback upon the 

flow, as it may be encountered in pressurized flow in closed 

conduits. These aspects will be treated in monograph A-12. 
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The dependent variables describing the air 

and detrainment process are air flow rates 

bubble sizes d , air concentrations c and -b . a 

entrainment, transport 

Oa resp. qa' resulting 

bulk dimensions of the 

air-water mixture, as well as trajectories and residence times of 

bubbles. In air flow rates, we have to distinguish 

- the total rate of entrained air, Qae 

- the specific rate of entrained air qae 

(per unit width) 

and in contrast to these 

- the total air transport rate 

- the specific air transport rate 

All of the dependent variables can be described · in terms of 

independent variables. representing 

- boundary geometry: reference length 1 ; geometric lengths; 
w 

-water approach flow: reference velocity v ; (turbulence Tu); . w 
- air supply system: pressure difference ~pe; 

- relevant fluid properties: pw; g; ~w; owa· 

The fluid properties of air can usually be neglected. For a .given 

geometry, this set of variables also describes the downstream 

flow conditions completely. 

For the dependence of the specific rate of entrained air, for 

instance, we can now write 

(1.1) 

where the left hand side could be replaced by any other dependent 

variable of interest. A classical dimensional analysis leads to 

1.2) 

or 

p,• ~: • f(geom. ratiOS:ITUI;Cp1 :Fr:Re;We) (1.3) 
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and alternatively by the rules of dimensional analysis (Kobus 

1973) to 

and 

4 

Pe· ftgeom. ratios: Tu :Cp•:Fr:Re:Z• :~ .~ja ) 

corresponding 

including 

relationships 

the turbulent 

for 

flow 

(1.4) 

all other dependent 

characteristics variables, 

turbulence intensity or turbulent energy spectrum. 

like 

The 

relationship ( 1. 4) represents the complete similarity require­

ments for local aeration processes. 

As an alternative to the Weber number, which describes the 

relative importance of inertial forces and surface tension, the 

liquid parameter Z can be used • . This parameter has the obvious 

advantage that it contains neither the reference length nor the 

reference velocity. It is a function of the liquid properties 

alone and thus independent of the boundary scale and the flow 

velocity. For pure water, the value of the liquid parameter is 

( Z :::: 10-ll); it will remain constant as long as temperature and 

water quality remain unchanged. In evaluating small scale model 

studies, this set of parameters has the advantage that "scale 

effects" in Froude models, for an invariant Z, are now 

concentrated in the effects of the Reynolds number. Otherwise, 

equations (1.3) and (1.4) are completely equivalent. 

1.6 General controlling conditions 

The process of air entrainment is subject to several limiting 

conditions. We can distinguish an inception limit, entrainment 

limit, air supply limit and transport limit. Each one of these 

may be the controlling factor: therefore, in comparing flow 

configurations of different geometry or size, attention has to be 

paid to all of these limits. 
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(1) fn£eetio~ li~it 

For a given flow configuration, the flow conditions must be such 

as to generate a sufficiently large disturbance for air entrain­

ment to occur. The inception limit depends strongly upon the 

fluid properties and characterizes the condition that inertial 

reactions become large enough to overcome the resisting forces 

due to viscosity and surface tension. In general, a certain 

minimum velocity has to be exceeded, and the initiation of air 

entrainment is greatly enhanced by turbulent fluctuations of the 

approach flow. 

(2) Entrainment limit 

The conditions of the approach flow govern the entrainment limit. 

These conditions are quantified by the Froude number Fr. 

depending upon the boundary geometry, a critical value of Fr must 

be exceeded to ensure the formation of a surface disturbance or 

discontinuity at which air entrainment can occur (e.g. Fr > 1 for 

the hydraulic jump). For higher Froude numbers, the approach flow 

provides the driving mechanism for the air entrainment. In most · 

cases, the air entrainment process is not directly affected by 

the local boundary scale. 

(3) Ai! !U£ply_limit 

In flow configurations such as spillway aerators (Fig. 1. 9 and 

Fig. 1.10), air is entrained from a limited enclosed air space, 

which is connected to the atmosphere by an air duct. In these 

cases, the supply of air to the point of entrainment into the 

water requires an air flow through a duct system. This flow 

necessarily results in a pressure difference between the ends of 

the air duct. The subatmospheric pressure at the location of air 

entrainment depends upon the air entrainment rate and the air 
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atmospheric pressure 

duc.l sysiM~ 

pressure 

Fig. 1.9: Air supply system of an aerator device 

Fig. 1.10: Air entrainment in an aerator device (sectional model) 
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duct resistance. As is sketched in Fig. 1.11, the pressure 

difference is a maximum when the air duct is closed and decreases 

to zero for unlimited air supply. Depending upon the head loss 

characteristics of the air duct system, there results an 

operating point characterizing the resulting air supply rate and 

the corresponding pressure difference. In this case, the air 

supply system is limiting the air entrainment. 
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Fig. 1.11: Air supply control 

(4) !r~nspor! !i~it 

The transport capacity of the flow is governed by the downstream 

flow conditions. It depends upon the flow velocity and turbulence 

as determined by the wall shear stresses (Wood, 1983). An upper 

limit for air transport is given by the maximum possible air 

bubble concentration in the flow (Brauer, 1971). 












































































































