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SUMMARY  

It has been known for decades that aeration of the flow in hydraulic structures signifi-
cantly reduces the material loss due to the mechanism of cavitation. Cavitation is a 
phenomenon that occurs in surroundings where the pressure fluctuates dramatically in 
the presence of high velocity flows, e.g. the spillway chute of a dam. A layer of air 
bubbles next to the concrete surface works as a cushion, reducing the pressure coming 
from jets or shockwaves, released as vapour or gas bubbles implode within the flow. 

In high head hydropower dams, so called aerators are installed along the spillway 
chute, creating a sub-atmospheric pressure beneath the water flow, dragging air into a 
cavity that is formed, aerating the flow. 

The aim of this study has been to outline whether the spillway chute of the Höljes 
Dam, located in the northern part of the river Klarälven in the county Värmland, 
Sweden, is likely to be subject to cavitation, thus whether the damages that have been 
observed in the chute could be the result of this phenomenon. 

As the Höljes Dam is the object of increased dam safety measures, appropriate reme-
dial actions have been investigated in order to prevent cavitation damages to occur in 
the future. Since aeration is the most common and practised way to deal with cavita-
tion this has been the main objective. Alternative measures have been investigated as 
well, such as improved material properties.  

A proposal on suitable aerator design for the case of the Höljes Dam has been pre-
sented as a result from research done in the field, thus the design is based on theoreti-
cal studies. It has been obvious that a physical hydraulic model is highly useful in or-
der to properly design an aerator system. 

The results from the present study indicate that the Höljes Dam could be subject to 
cavitation under highly unlikely circumstances regarding the duration of peak flow and 
that the results would be minor damages, if any. 

It seems more likely that the damages in the spillway chute are due to another phe-
nomenon, namely high stagnation pressure acting upwards below the concrete lining. 
It is well known and a recognised problem that water finds its way into crevices and 
cracks in the concrete surface of spillways, building up a high uplift pressure as high-
velocity flows passes by, enough to enable lifting or movement of concrete blocks.  
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SUMMARY IN SWEDISH  

Det har under flera årtionden varit känt att luftning av flödet med höga hastigheter i 
utskov minskar materialförlusterna orsakade av kavitation. Kavitation är ett fenomen 
som uppstår i områden där trycket varierar kraftigt samtidigt som det råder höga flö-
deshastigheter, t.ex. i utskovsrännan i en damm. Ett lager av luftbubblor invid betong-
ytan verkar som en krockkudde genom att det minskar trycket som kommer från de 
chockvågor som sänds ut när ång- eller gasbubblor imploderar inom flödet. 

I utskovsrännorna till höga dammar installeras så kallade luftningsanordningar om risk 
för kavitation finns. Detta skapar ett undertryck relativt atmosfärstrycket under vatten-
flödet, vilket gör att luft sugs in i den hålighet som bildas och därmed luftar flödet.  

Syftet med detta examensarbete har varit att utreda om det finns risk för kavitation i 
utskovsrännan i Höljesdammen i den norra delen av Klarälven i Värmland. Detta 
skulle i så fall leda till att de skador som har påträffats i utskovsrännan kan vara resul-
tatet av det här fenomenet. 

Då Höljesdammen för närvarande ses över gällande dammsäkerhetsåtgärder har lämp-
liga åtgärder undersökts för att motverka att kavitationskador ska kunna uppstå i fram-
tiden. Efter-som luftning av flödet idag är det vanligaste och mest beprövade sättet att 
hantera kavitation har fokus lagts på det. Andra åtgärder såsom förbättrade material-
egenskaper har också vägts över.  

Ett förslag på lämplig utformning av luftningsanordning i utskovsrännan baserat på 
metoder redovisade i litteraturen presenteras. 

Resultaten från examensarbetet indikerar att utskovsrännan skulle kunna utsättas för 
kavi-tation vid högst ovanliga flödesförhållanden och att det skulle resultera i mindre 
skador. 

Det verkar mer sannolikt att de skador som finns i utskovsrännan kan ha uppstått på 
grund av ett annat fenomen, nämligen ett högt uppåtriktat stagnationstryck. Det är ett 
välkänt problem att vatten kan ledas in i små sprickor och håligheter i betongytan 
längs med utskovsrännor och skapa ett högt uppåtriktat tryck när flöden med höga 
hastigheter passerar. Trycket kan då bli tillräckligt högt för att lyfta eller skada en rela-
tivt tunn betongplatta. 
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NOMENCLATURE  

Symbol Unit Quantity 
A m2 Cross-sectional area of water flow 

Aa m2 Entrance area of air supply system  

Aw m2 Water flow area before the aerator 

B m Width of channel 

E, Eu - The Euler number, defined as     
  

 
  

F, Fr - The Froude number, defined as   √   

g m/s2 Acceleration of gravity  

H m Energy level above the spillway crest 

y m Depth of flow perpendicular to the chute bottom 

hv m Velocity head 

K - A coefficient equal to or greater than 1.5 

L m Length of chute bottom 

Ljet m Length of jet 

M m1/3/s Manning coefficient 

p Pa Pressure 

 m Wetted parameter 

pstagnation Pa Stagnation pressure 

pb Pa Atmospheric pressure 

pv Pa Vapour pressure 

p0                        Pa Static pressure at a reference point where cavitation will 
not occur 

Q m3/s Discharge 

R m Hydraulic radius, defined as     

Rc m Vertical radius of spillway chute curvature 

Sb - Bottom slope 

T - Relative height of aerator 

V, U m/s Flow velocity 

V0 m/s Velocity at a at a reference point where cavitation will 
not occur 

yk m Critical depth 

Z m Elevation of bed 

α - Correlation factor for uneven flow velocity 

 ° Angle of chute to horizontal, in aerator calculations 

Δp m Subpressure below lower nappe (cavity) 

Δx m Width of element of water 

λj m Relative jet length 

γ N/m3 Specific weight of fluid 

ρ kg/m3 Mass density of fluid 

σ - Cavitation index 

θ ° Angle of chute to horizontal, in cavitation calculations 

 ° Ramp angle, in aerator calculations 

  Rad Effective take off angle 
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ABSTRACT 

Major cavitation damages can seriously endanger the stability of hydraulic structures, 
in worst case lead to dam failure. To remedy the effect of cavitation on spillway chutes 
the most common method today is aeration of the flow. 

Aerators introduce air to the bottom layers of the flow, enough to prevent damages to 
occur in the concrete lining. The design of an aerator system is of a complex manner 
due to the many involving parameters such as the channel slope, ramp angle, Froude 
number, flow velocity. 

In this report the susceptibility of the Höljes Dam to cavitate has been outlined with 
the result that this would occur at an extreme and most unlikely situation and remedial 
measures have been proposed. The design of an aerator system has been proposed as 
the result from theoretical research.  

A physical hydraulic model to assess the efficiency of a proposed aerator design is 
highly recommended.  

Alternative causes to the damages observed in the spillway chute are discussed.  

Key words: Cavitation; Spillway chute; Flow characteristics; Aeration; Aerator; 
Stagnation pressure. 

1. INTRODUCTION 

In 1953, Peterka showed that by introducing a small amount of air next 
to the channel bed of a dam spillway, the damage caused by 
the phenomenon called cavitation could be reduced significantly or near-
ly eliminated (Kramer, 2004).  

Studies and research concerning the aeration of flows and the use 
of aerators on spillways have been carried out for many decades and 
there is much literature available in the field. Today, aeration of the flow 
in spillways is one of the most adapted methods to prevent cavitation 
damage (Kramer, 2004).  

1.1. Objectives 
The aim of the present study has been to investigate any possible causes 
behind the damages observed in the spillway chute of the Höljes Dam, 
located in the northern part of the river Klarälven in the county Värm-
land, Sweden. The main objective has been to analyse the phenomenon 
cavitation and what affects this could have to the concrete in the spill-
way.  

Appropriate remedial actions to prevent possible cavitation damage to 
occur in the future have been investigated with focus on the design of an 
aerator system that theoretically would be suitable for the spillway chute 
in the Höljes Dam.   

Flow characteristics have been theoretically determined using the direct 
step method and have been verified by comparing with results from a 
physical hydraulic model (scale 1:50), located in Vattenfall Research and 
Development AB hydraulic laboratory in Älvkarleby.  

1.2. Delimitations 
The most appropriate way to investigate the functionality of a proposed 
aeration device design could be in a large scale physical hydraulic model, 
such as 1:10 or bigger with flow characteristics as close to prototype 
characteristics as possible (Hager and Rutschmann, 1990). Such a large 
scale model was not built. The existing model in scale 1:50 
was disassembled a few weeks after the start of this study. 
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The horizontal curvature of the spillway chute has not been considered 
as it is assumed that the flow characteristics are not being affected by this 
curvature in a significant way.  

The focus in this report has been the effect of cavitation damage to con-
crete surfaces, leaving reading about the effect to steel to other literature.  

1.3. The Höljes Dam 
The Höljes Dam (Fig. 1) owned by the energy company Fortum was put 
into operation in 1962 and is one of the largest hydro-power 
dam constructions in Sweden. It is a rock fill embankment dam with a 
height of 81 meters and a length of 400 meters. At the present stage the 
total spillway discharge capacity from the reservoir Lake Höljes (inclu-
ding the main flood spillway, the timber flume and the bottom outlet) is 
1595 m3/s. If a dam failure would occur, the released volume of water 
with the water level at dam height would be about 290 Mm3 and with the 
water level at the dam crest about 400 Mm3 (Bond et al, 2011).  

The existing spillway chute has a total width at the crest of 28 meters and 
15.3 meters at the bottom. A new spillway chute 17 meters wide at the 
crest and 12.8 meters wide at the bottom is about to be built parallel to 
the existing chute.  

Fig. 1. The spillway chute of the Höljes Dam with K Pettersson in 
the foreground. 
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 Damages 1.3.1.

In connection with increased dam safety measures being carried out for 
the Höljes Dam, awareness was raised regarding the damages observed 
in the lower part of the spillway chute (Fig. 1 and 2).  Relatively small 
volumes of cement and mortar and a few pieces of concrete had been 
eroded away with aggregates and reinforced steel bars now visible. Up-
stream of the damaged area there were rather severe surface roughness, a 
possible cause to trigger the cavitation mechanism. Crevices and cracks 
are apparent along the whole width of the channel. This report is 
the result of an investigation made regarding whether cavitation could be 
a probable cause to the damages.  

In Fig. 3 a longitudinal profile of the existing spillway divided into sec-
tions is shown. The damages are located downstream of Section 
17. Also, seven steps can be seen along the flat part of the spillway canal 
in Sections 3-9. According to Corlin and Larsen (1979) “the steps lifted 
the sheet of shooting water away from the surface, thereby increasing the 
turbulence and raising the initial friction loss from 7 to 15 or 20 meters”.  

 Discharges and return periods  1.3.2.

The new design flow of the spillway is 2000 m3/s, which corresponds to 
a return period of 10 000 years. This is an extreme situation and it would 
be interesting to investigate if smaller, more frequently occurring 
flows could cause any significant damage due to cavitation. 
1000 m3/s corresponding to the 100 year flood, 642 m3/s corresponding 
to about 20 years return period and 420 m3/s corresponding to about 8 
years return period have been used to exemplify the situation. Flow 
characteristics corresponding to a discharge of 3000 m3/s through the 
spillways have been determined too, though more of interest than for 
practical reasons. Remedial measures will not be proposed for such an 
extreme event though. 

The highest recorded discharge through the spillways until today is 900 
m3/s. This took place in 2008 during a test release in order to assess the 
functionality of the stilling basin etc. due to the increased dam safety 
measures now being undertaken. The test release lasted for a total of 35 
minutes whereas the maximum flow was released during 6 minutes. In 
the 1995 year flood the highest, natural, recorded discharge through the 

Fig. 2. Damages in the concrete lining in the spillway. 
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spillways was observed. During a period of 24 hours a discharge higher 
than 600 m3/s was released through the spillways. Maximum discharge 
during the flood was 675 m3/s. In May 1966 the stilling basin 
was severely damaged from a maximum flood of 500 m3/s during two 
weeks. Corlin and Larsen (1979) wrote that “the damage was 
most probably caused by a combination of improper cleaning of the rock 
surface, leaving rock spalls in the cavities and a rather 
thin concrete lining”. They also referred to high up-lift pressure under 
the concrete slabs in the stilling basin due to great pressure differences. 
This phenomenon will be discussed later and will be referred to as 
high stagnation pressure. Repair work was carried out in June 1966 by 
adding additional anchoring and increased concrete thickness from 0.4 to 
1.0 m. After these measures had been taken no further damage 
was observed in the stilling basin after exposure of up to 500 m3/s. 

The damages in the spillway were not mentioned by Corlin and Larsen 
(1979). However, repair work has been carried out to the spillway chute 
at later stages but the obvious damages seen in Fig. 2 have not been re-
ported. 

 Physical hydraulic model 1.3.3.

A physical hydraulic model of the Höljes Dam spillway had 
been constructed in Vattenfall Research and Development AB hydraulic 
laboratory in Älvkarleby, primarily for making tests regarding discharge 
capacity and the functionality of the redesigned stilling basin. Prior to 
disassembling the model, the water depth at different flows and the flow 
velocity along the spillway chute had been measured. The model was 
built in scale 1:50 and its possible usefulness to assess the functionality of 
an aerator device, concerning the magnitude of scale effects, could be 
questioned. 

2. METHODS  

2.1. Theory 
This has been a theoretical study and the results are based on state of the 
art knowledge. The relationships such as for calculating the jet length, 
the aerator air demand and the air entrainment rate into the cavity below 
the jet are semi-empirical equations, resulting from model studies done 
by researchers in the field of study. 

2.2. Physical model 
A physical model of the Höljes Dam spillway was used to verify calcu-
lated values of water flow depth and flow velocity along the spillway 
chute. 

Scale effects 

The model scale has been proposed to be bigger than 10 and 
the approaching model length should be sufficiently long to simulate 
prototype flow conditions or the scale effects would be too noticeable 
(Hager, Rutschmann, 1990).  

As will be explained in the next chapter, gaseous cavitation 
is a mere part of the cavitation that occurs on a spillway 
chute. Gaseous cavitation increases with increased gas content in the 
flow. High velocity flow (e.g. in a prototype spillway chute) has lower gas 
content than low velocity flow. The flow velocity in models is lower than 
the velocity in prototypes and as a consequence the effect of cavitation 

Fig. 3. Opposite page - Longitudinal profile of the existing spill-
way divided into sections, 1 to 21. 
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in a model may be somewhat different from the actual result in 
the prototype (Hager, Rutschmann, 1990). With that said a relevant 
physical hydraulic model for this study would not primarily have assessed 
the actual risk for cavitation to occur in the Höljes Dam spillway, with 
proper physical damage to the model as a result, but the functionality of 
an aerator device. 

3. THEORETICAL BACKGROUND 

3.1. Cavitation 

 Mechanism behind cavitation 3.1.1.

Cavitation occurs as bubbles collapse in high velocity 
flows, causing infinitely small jets to be sent out at the speed of sound, 
eroding nearby surfaces such as the concrete boundary of a dam spillway 
(Fig. 4). The damages inflicted could correspond to materiel losses of up 
to thousands of cubic meters. There are different forms of cavitation, 
among them vaporous and gaseous cavitation. The mechanism behind 
vaporous cavitation is similar to that of boiling water. As water is heated 
up with increasing temperature, so is its vaporous pressure (from 0.61 
kPa at 0° C to 101.3 kPa at 100° C). Bubbles or voids form, i.e. the water 
starts boiling, when the vaporous pressure equals the ambient atmo-
spheric pressure. By reducing the ambient atmospheric pressure, 
the water can start boiling at a lower temperature, corresponding to a 
lower vaporous pressure, e.g. water starts boiling already at 70° C on the 
top of Mount Everest. In a similar way, if the local pressure suddenly 
drops down to the vapour pressure in flowing water, corresponding to 
the ambient temperature, bubbles or voids filled with vapour are formed 
within the flow. The sudden pressure drop could for example be 
the effect of flow separation from the boundary of a spillway chute. 

Gaseous cavitation bubbles occur when there is a decrease 
in local pressure and the fluid has high gas content. An everyday example 
would be the formation of carbon dioxide bubbles when the pressure is 
decreased as the cork is loosened from a bottle with a carbonated drink 
(Khatsuria, 2005).  

In a spillway chute vaporous cavitation makes up the principal 
form of cavitation. The effect of the gas content decreases 
with increasing velocities and generally, the water that passes through 
hydraulic structures is frequently drawn from the lower strata of 
the reservoir, where the air, i.e. gas, content is low (Khatsuria, 2005).  

 Effects of cavitation 3.1.2.

As the cavitation bubbles grow and travel along the chute they will reach 
a zone where the pressure has increased and at some critical point the 
pressure will be too high and the bubbles will implode or collapse. This 
process has been described by Falvey (1990) (Fig. 4).   

Fig. 4. Collapse of an individual bubble near a boundary (Falvey, 1990). 
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When the bubbles implode near a boundary, the surface is struck by the 
high pressure shockwave or jet that is sent out from 
the imploding bubble. As the high-velocity jet hits the surface, e.g. the 
concrete surface of a spillway chute, it will erode. After continues expo-
sure to these jets, the erosion can reach big scale with major damages as 
a result (Fig. 5). 

 Recognition of cavitation damage 3.1.3.

Cavitation damage is caused by jets or shockwaves, travelling at velocities 
of up to 40 times the speed of flow, acting perpendicular to the chute 
bottom, thus it is not possible by inspecting the damaged area 
to determine the direction of flow and this gives a hint that cavitation 
might have caused the damage.  

The initial phase of cavitation is erosion of the cement, which is binding 
the aggregates together. This results in polished pieces of aggregate at the 
surface. A comparison can be made with freeze-thaw damaged areas, 
where the surface is relatively flat, with aggregates being broken down.  

If cavitation occurs at some location on a structure, damage 
should appear at similar locations elsewhere on the structure 
too. Another indication that it is cavitation damage is that there is 
a typical source nearby that could have triggered the mechanism.  Also, 
cavitation damage only occurs downstream of this source. Sur-
face irregularities, calcite deposits, gate slots and local changes in the 
flow alignment are common sources (Falvey, 1990).  

 Cavitation index 3.1.4.

The cavitation index is used to indicate whether a structure is susceptible 
to cavitation given certain flow characteristics. It is a dimensionless para-
meter defined as the local static fluid pressure divided with 
the local dynamic pressure, Equation (1). The parameters of the cavi-
tation index are defined in Fig. 6, for a more thorough description see 
Khatsuria (2005). A low cavitation index indicates a risk for more severe 
damages at pressurised flow. 

 

  
   [           ]

 
  

 

 

 (1) 

 

 σ  Cavitation index (-) 

 p0  Static fluid pressure at location O (Pa) 

 pv  Vapour pressure (Pa), usually 2300 Pa 

 γ  Specific weight of fluid (N/m3) 

 V0  Velocity at O (m/s) 

 Zz, Z0 The elevations at points C and O 

 

For high velocities Equation (1) can be simplified to  

 

  
     

 
  

 

 

 
(2) 

  

ρ Density of fluid (kg/m3) 
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Fig. 5. Glen Canyon dam, USA, 1983. The cavitation abrasion damage, also known 
as the “big hole” was eleven meters deep (Kramer, 2004).  
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On a spillway surface the possible curvature of the chute must 
be accounted for. The expression for the cavitation index becomes  

 

 

y Depth of flow (m) 

 θ Angle of chute with horizontal (°) 

 U Velocity of flow (m/s) 

 Rc Radius of curvature of chute, if any (m) 

pb Atmospheric pressure in m of water, 10.3 m at sea level 

g Acceleration of gravity (m/s2) 

 

Equation 3 represents a state of equilibrium in the radial direction be-

tween forces acting upon an element of water (Fig. 7). The term 
   

   
 is 

positive for concave slopes and negative for convex slopes (Khatsuria, 
2005).  

  

  
      

   

   
      

  

  

 
(3) 
 

Fig. 7. Forces acting upon an element of water. 

Fig. 6. Concept of cavitation index (Khatsuria, 2005).  



Kristoffer Pettersson  TRITA LWR Degree Project 12:03 

 

10 

Fig. 8. Damage experience in spillways (Falvey, 1982).  
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Falvey (1982) presented a diagram (Fig. 8) based upon a set of data of 
damaged structures relating to time of exposure and cavitation index. It 
was concluded that a cavitation index of 0.20 should be regarded as a 
maximum value to what was tolerable, thus when remedial measures 
ought to be considered to be taken against the risk of cavitation damage 
(Falvey, 1990; Khatsuria, 2005).  

3.2. Prevention and Repair of Cavitation damage 

 Construction finish and design 3.2.1.

In the previous section concerning how to recognise cavitation damage it 
was mentioned that there must be a nearby source that triggers 
the cavitation mechanism. These are small surface irregularities such as 
offsets, an abrupt change of slope, holes, transverse grooves and pro-
truding joints. Some of these possible sources can be eliminated by care-
ful construction finish and design. Still, there is a limit for how 
well constructed and maintained a structure can be and the surface 
roughness can only be rectified to a certain extent (Chanson, 1988).  

Surface irregularities make the flow separate from the bottom boundary, 
allowing cavities to be created. This flow separation should be avoided 
and by letting the spillway chute have a relatively flat design without 
dramatic curvature changes, the flow is more likely to stay attached to 
the bottom. The chute should have a shape according to Equation (4) 
from the beginning of the curvature (Fig. 9). 

        
  

 [              
 ]

 (4) 

 

 θ Slope angle of floor upstream of the curvature (°) 

 hv Velocity head at beginning of the curvature (m) 

 K A coefficient equal to or greater than 1.5 

 y1 Depth of flow at beginning of curvature (m) 

 

This is the equation for a free trajectory with the addition of the factor K 
that should not be smaller than 1.5, providing a shape slightly flatter than 
a free trajectory (Khatsuria, 2005).  

Other methods to avoid cavitation damage are by using cavi-
tation resistant materials or by aerating the flow.   

  

Fig. 9. Vertical curvature (convex) in a chute (Khatsuria, 2005).  
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 Improved material properties 3.2.2.

By increasing the strength of the material, the resistance against cavi-
tation can be increased multiple times. With that said, there is 
no construction material today that can withstand cavitation damage 
completely at enough high flow velocities. Concrete surfaces with 
poor finish subjected to flow velocities around 10-15 m/s cannot be 
guaranteed to be protected (Kramer, 2004).  

There are examples where different materials have been added to 
or replaced the concrete. These are high resistant concrete, such 
as fibrous concrete, steel lining, epoxy resins, coatings and various com-
binations of these. The results vary in success, but steel-fibre reinforced 
concrete seems to be the best performing action (Table 1).  As the cost 
of these materials is high, they have been used for repair work rather 
than for construction or change in the design of an already existing 
spillway chute. In many cases it would be uneconomical to simply re-
place the material in the chute with cavitation-resistant alternatives 
(Chanson, 1988; Jansen, 1988; Kramer, 2004).  

The remedial actions described above, especially careful design 
and geometry of the spillway chute is more adaptable to new structures 
rather than existing structures. An existing structure subject to cavitation 
damage is not as easily redesigned, and the cost would most certainly be 
too high, i.e. it would not be the most economical alternative. 
By inspecting Table 1 it becomes clear that something referred to as aer-
ation or air slots seem to lend successful results. This method will 
be described below. 

3.3. Aeration 

 Effect of air on cavitation 3.3.1.

Peterka showed by experiments in 1953, that by introducing air to the 
flow the chute bottom became protected against cavi-
tation damage. Later, in 1974, Russell and Sheehan could confirm this 
discovery (Fig. 10 a and b as shown in Chanson (1988)). 1-2% air con-
centration reduces the material loss significantly and 5-7% and above 
almost eliminates the cavitation damages.  

Fig. 10 a (left) and b (right). Relation between the weight/volume loss and the air 
concentration. To the left results from Peterka in 1953, flow velocity V = 30.5 m/s. 
To the right results from Russel and Sheehan in 1974, flow velocity V = 46 m/s 
(Chanson, 1988).  
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Table 1. Examples of dam spillway chutes and stilling basins subjected to different 
kinds of erosion damage and remedial measures taken (Jansen, 1988).  

Dam Size of 
dam 

Cause of 
damage 

Size of dam-
age 

Remedial action Result 

McNary 
Dam 

H: 70,30 
L: 2455 
Qm: 5000  
U: 27 
 
Stilling 
basin 

Abrasion 
Rough 
surface 

20x40x15 cft 
7x13x5 m

3
 

Removal of debris Minor damages, 
negligible  

Dworshak 
Dam 

H:240, 210 
L: 1100 
Q: 1200 
U: 47 

Stilling 
basin 

Debris, 
erosion  
25 m

3
 

1400 m3 Shotcrete over minor dam-
ages, epoxy mortar, slab of 
concrete (not over epoxy) 

80% of epoxy 
failed, fibrous 
concrete per-
formed well, not 
yet evaluate 
polymer impreg-
nation perfor-
mance 

 Outlet Cavitation 
erosion 

Varying depth Deep damages were re-
paired with fibrous concrete. 
Shallow damages (1 in) were 
treated with polymer impreg-
nation 

Outlets show 
only minor 
surface deterio-
ration 

Lower 
monumental 
dam 

H: 30 
L: 1300 
Q: 11000 
U: 31 

Discharge 
culvert 

Possible 
cavitation, 
erosion 

10x2 ft, 
exposing 
reinforced 
steel 

Fibrous concrete hooked 
with reinforced bars. Epoxy 
mortar where minor damag-
es (0,5 ft

3
) 

Epoxy per-
formed poorly 

  Record runoff 

Stilling basin 

  Fibrous mortar 
holding up best, 
epoxy complete-
ly worn away 

Libby Dam H: 145 
L: 1050 
Q: 
U: 

Cavitation Extensive 
damage, 
reinforced 
steel exposed 
or lost, holes 
18 inches 
deep, 500 
ft

2
/60 m

2
 of 

wall and invert 
area 

Steel-fibre reinforced con-
crete, aeration slots in each 
of the outlets 

Tests of aera-
tors’ effective-
ness have 
shown that the 
cavitation 
potential has 
been eliminated 

 Stilling 
basin 

 Severe ero-
sion in stilling 
basin due to 
abrasion and 
debris. 2000 
yd

3
 high 

strength 
concrete and 
reinforcement 

Conventional concrete fill, 
topped with 15 in. of steel-
fibre reinforced concrete, 
joint areas polymer impreg-
nated 

Some erosion 
has occurred at 
repaired areas, 
but they are 
minor compared 
to the initial 
damage, addi-
tional repairs not 
required 

Rathbun 
Dam 

Stilling 
basin 

Abrasion due 
to debris 
recirculating 
in the stilling 
basin 

7 years in use, 
basin floor 
eroded 5 in., 
exposing 
reinforcing 
steel 

  

Kentucky 
Dam 

Stilling 
basin 

Abrasion, 
erosion in the 
spillway slab 

Repaired 
areas varied 
up to 
24ftx16ftx18in, 
8mx6mx45cm 

  

Ilha Soltiera 
Dam 

Stilling 
basin 

Abrasion Large areas 
eroded, 
exposing 
reinforcement 

Using thicker floor of con-
crete 
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Cavitation damage was observed when the velocities reached those men-
tioned in Fig. 10 a and b. Further, Russell and Sheehan (Chanson, 1988) 
used concrete with varying compressive strength.  

As water flows along a spillway chute it is naturally being disturbed as 
turbulence is generated (Fig. 11). The boundary layer keeps growing until 
it reaches the water surface, recognised as when the water becomes 
“white”. From this point and downstream, air is entrained into the water 

Guri Dam Spillway flip 
bucket 

Cavitation Concrete in 
flip bucket 
eroded 

Using better 
quality con-
crete and 
epoxy mortar, 
but failed 
again one year 
later. Recon-
struction of 
entire area 
because 
raising dam, 
now using air 
slots 

No further 
cavitation 
damage 

Madden Dam Conduits Cavitation Damage 
varying 
from 0.5 to 
21 in deep 

Repairs were 
made 

 

Karnaphuli Dam Spillway and 
stilling basin, 

3 month 3500 
m

3
/s 

Abrasion and 
cavitation 

Scour in 
spillway, 
broken 
spillway 
slabs and a 
battered 
stilling basin 
floor 

Continued 
operation for 6 
more weeks, 
no further 
damage 

 

      

Fig. 11. Air-entraining flow regimes on spillways (Khatsuria, 2005).  
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Fig. 12. Basic 
aerator shapes 
(Falvey, 1990).  

flow. Air is slowly reaching the bottom layers of the flow, making the 
whole flow aerated. For high head dams, the whole flow becomes aera-
ted far downstream of any point along a spillway chute where the risk for 
cavitation damage, due to high velocities, may arise. In order to make the 
bottom layers of the flow aerated in time before cavitation damage is a 
potential threat, the water must be aerated through forced aeration. For 
more information about air entrainment and detrainment see Khatsuria 
(2005) and Chanson (1988). 

 Design of aerators 3.3.2.

Air is introduced into the flow through so called aerators, making sure 
that the bottom air concentration exceeds 7%, thus protecting 
the concrete surface against cavitation. 

Aerator devices are designed either with a ramp, an offset or an air 
groove or with a combination of these (Fig. 12) (Falvey, 1990). 

As the flow approaches the aerator it will form a jet making a jump along 
the chute bottom (Fig. 13). Below the jet, a cavity is formed with sub-
atmospheric pressure, dragging air into the cavity and aerating the flow.  

The pressure suddenly drops below the nappe leaving the ramp, creating 
a void with sub-atmospheric pressure (Fig. 13). Different zones are re-
cognised prior to, during and after the jet. These are the approach zone 
where the flow is approaching and entering the aerator, the aeration zone 
split up into three separate zones; the shear zone, the spray zone and the 
mixing zone and the de-aeration zone, beginning as the jet reconnects 
with the chute bottom (Khatsuria, 2005).  

In order to make air accessible of being dragged into the cavity, various 
designs are used for the air inlet system (Fig. 14). Characteristic aerator 
dimensions are illustrated in Fig. 15. Examples of existing dams 
with aerators are presented in Table 2.  
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  Fig . 13. Typical aerator and zone describing mechanism 
(Khatsuria, 2005). 

Fig. 14. Aerators with various combinations of an air-inlet system 
(Falvey, 1990). 
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Table 2. Design of existing spillway aerators (Chanson, 1988). 

Place Flow Slope α  Aerator device Remark 

 conditions  Ramp Offset Groove  

Alicura Dam 

Argentina 

V = 45 m/s 

qw = 77 m
2
/s 

19.3° tr = 0.2, 
0.17, 0.15 m 

No Ad = 2.06 m
2
 4 spillway aera-

tors. 

Alicura Dam 

Argentina 

V = 44.5 m/s 

Q = 600 m
3
/s 

0.65° θ = 4.1° 

L = 1.4 m 

No Ad = 0.56 m
2
 Outlet aerator. 

Ullum Dam 

Argentina 

Q = 2560 m
3
/s 14.0° θ = 14° 

L = 4 m 

No No Aeration by lateral 
deflector (ɸ = 7.1°, 
h = 0.5 m). 

Foz do Areia 

Brazil 

V = 43 m/s 

qw = 156 m
2
/s 

14.5° θ = 7.125° 

tr = 0.2, 
0.15, 0.10 m 

0.50 m Ad = 3 m
2
 3 aerators. 

Fengjjahan 
Dam 

China 

Q = 1140 m
3
/s 26.56° 

 

0.86° 

θ = 3.81° 

L = 9 m 

θ = 7.1° 

No 

 

No 

Ad = 0.9 m
2 

 

No 

Aerator 1. 

 

Aerator 2. 

Calacuccía 

France 

V = 31 m/s 

Q = 100 m
3
/s 

4.17° No 0.073 m Ad = 1.07 m
2
 4 aerators. 

King Talal 
Dam 

Jordania 

qw = 62 m
2
/s 19.27° 

 

19.66° 

θ = 9.9° 

L = 4 m 

θ = 7.8° 

L = 5 m 

0.70 m No Aeration by lateral 
deflector 

M’Jara Dam 

Morocco 

V = 35 m/s 

Q = 1400 m
3
/s 

 

 

tr = 0.2 m 

L = 9 m 

1.1 m No Aeration by lateral 
offset (1 m). 
Tunnel D = 10 m. 

Clyde Dam 

New Zee-
land 

V = 28 m/s 

qw = 80 m
2
/s 

50.2° θ = 1.7° 

L = 3 m 

0.45 m Ad = 3.6 m
2
  

Tarbela 
Dam 

Pakistan 

V = 49 m/s 

Q = 2690 m
3
/s 

1.49 θ = 7.3° 

L = 1 m 

0.18 m  2 Tunnel spillways 

D = 11 & 13.3 m 

Fig. 15. Characteristic 
aerator dimensions from 
Chanson (1988). 
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Mantaro 
Dam 

Peru 

  L = 0.9 m 0.025 m Ad = 0.135 
m

2
 

 

Restitution 

Manatao I.3 

Peru 

V = 39 m/s 

qw = 24 m
2
/s 

41.54 

36.24 

30.92 

tr = 0.06 m 

tr = 0.06 m 

tr = 0.06 m 

No 

No 

No 

Ad = 0.77 m
2 

Ad = 0.77 m
2 

Ad = 0.77 m
2
 

Aerators 1,2&3 

Aerators 4&5 

Aerators 6&7 

 

 Aerator submergence  3.3.3.

During certain conditions the cavity below the jet can be filled or sub-
merged with water. Chanson (1995) summarised research concerning 
aerator submergence. If the aerator would get submerged this could in-
stead of remedy the cavitation mechanism, trigger it. 

In Table 3 conditions suggested by different researchers for filling of the 
cavity are listed. It becomes clear that the Froude number defined as 

     √   must be larger than a certain value when an aerator with a 

ramp is installed to reduce the risk of aerator submergence. If the aerator 
is installed without a ramp, the ratio between the offset hight and 
the approaching flow depth is of critical importance. 

  

Table 3. Conditions for aerator submergence (Chanson, 1995). 

 Condition for filling Remarks 

 Aerator with ramp 

SHI et al. (1983) 

  
     

     

(

 
         

  

√      )

 
 

 

 
                √

 

  

 
 

For a wide channel it yields: 

 

Chanson (1988) 
             

 

  
 

 

 Aerator without ramp 

TAN (1984)   
 

     
Experiments performed in 1983. 

Chanson (1988)   
 

      
Experiments performed in 1986-

1987. 

 Horizontal groove 

Bretschneider (1986)          

 Cavity behind blunt body 

Robertson (1965)       

   
     

    

      

   
  

Note: 
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According to Hager and Rutschmann (1990) Pinto et al (1982) con-
cluded that the aerator will get submerged if the following expression 
prevails 

    

 
   (5) 

 

 Ljet Length of jet (m) 

 y Depth of flow (m) 

 

Their studies also show that no sub-atmospheric pressure (Δp = 0) will 
occur in the cavity below the jet if  

      (6) 

 

E The Euler number =     
  

 
   where Δp = subpressure 

below the jet (cavity) relative to atmospheric pressure 
(positive for subpressure) 

 Location of the first aerator 3.3.4.

If the chute is long two or more aerators might be needed.  

 The location of the first aerator should be upstream where the 
cavitation index is 0.20 or smaller. 

 The Froude number at the location of the first aerator must not 
be too low, because of the risk of the aerator getting submerged. 
A Froude number equal to 6 has been suggested as a minimum 
by different researchers. Chanson (1995) suggested that the 
Froude number should be at least 7-8. 

 In order to get high Froude numbers, the approaching 
flow velocity needs to be high. Velocities of 20-30 m/s have 
been suggested.  

 It is desirable to install the aerator at a convex grade change. 

 Furthermore, it should be noted that history shows that the 
lowest cavitation index does not need to occur as the highest 
discharge is released (Khatsuria, 2005).  

 Spacing between aerators 3.3.5.

As the jet trajectory reconnects with the channel bottom, the 
air entrained within the flow starts rising towards the surface due to the 
buoyance effect. At some point the air concentration at the bottom of 
the flow will not be big enough to protect the concrete from cavitation 
and a new aerator must be installed.  

If a chute bottom has an inclination greater than 20° to the horizontal 
and if the mean air concentration in the flow is greater than 30%, then 
the downstream part of the chute should be protected against cavitation 
erosion (Khatsuria, 2005). 

If the condition 

    

 
     (7) 

  
prevails this should indicate that an air concentration of 40% has been 
achieved (Khatsuria, 2005). 

Previous aerator designs show that the spacing between aerators varies 
between 30-90 m (Bhosekar et al, 2009). 
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 The jet trajectory 3.3.6.

It is of high importance to understand the development of the 
jet trajectory as the jet must reconnect with the chute bottom before it 
reaches the stilling basin, or the stilling basin will not work as intended. 
Different theories, based on model studies, have been proposed 
throughout the years to approximate the length of the jet. In this study 
two approaches have been applied, the ICOLD method developed by 
Hager and Rutschmann presented in 1990 and a method developed by 
Kökpınar and Göğüş presented in 2002. Both methods have their limi-
tations as when it comes to aerator dimensions, such as the ramp angle, 
the chute slope and the Froude number (Bhosekar et al, 2009).  

ICOLD 

The jet length is expressed dimensionless as  

   
    

 
 (8) 

 

At atmospheric pressure below the jet, assuming that the energy line 
along the spillway chute is parallel with the bottom, i.e. uniform flow, the 
following expression for the relative jet length for an aerator with a ramp 
has been suggested by Hager and Rutschmann (1990) 

   
   

    
{  [

      

(  )
 ]

 
 ⁄

} (9) 

 

  Effective take off angle = [          ]
    where 

         (rad) 

F Froude number (-) 

α Angle of chute to horizontal (°) 

T Relative height of aerator =           (-) 

For an aerator without a ramp the following expression was suggested 

    (
  

    
)

 
 ⁄

 (10) 

 

For the above relationships for the jet length to be valid the following 
conditions must be fulfilled 

                                      and there 
should be no significant transverse slope (Bhosekar et al. 2009).  

 

Kökpınar and Göğüş 

The analysis done by Kökpınar and Göğüş (2002) resulted in Equation 
(11) for the jet length 

 

                                          
    

 
                      (

     
 

)
    

[        
  

  
]
      

 (11) 

 

Aa Entrance area of air supply system (m2) 

Aw Water flow area before the aerator (m2) 
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In their report Kökpınar and Göğüş (2002) states that Equation (11) is 
valid for the following limits of the relevant parameters 

                
       

 
                   

          and         
  

  
  . (Bhosekar et al. 2009) 

Bhosekar et al. (2009) reviewed a number of approaches dealing with the 
design of an aerator system, among them the method developed by 
Hager and Rutschmann (1990) as well as the one developed by Kökpınar 
and Göğüş (2002). They conclude that the design of an aerator system is 
complex due to many involved parameters, such as the chute slope, vari-
ety in aerator geometry and variation in the Froude number. Further-
more, it is difficult to assess the cavity sub-pressure. 

Despite the limitations from the research done so far, Bhosekar et al. 
(2009) finds the ICOLD approach to be the most rational one. For a 
more thoroughly presentation of the methods applied in this report, see 
Appendix III. 

3.4. The direct step method 
The flow characteristics along the spillway chute were determined using 
the direct step method, which is based on the energy equa-
tion. (Häggström, 2006)  

The energy equation, Equation (12), (Fig. 16) is applied between Sections 
1 and 2  

       
  

 

  
        

  
 

  
 

  
  

    
 

 ⁄
 (12) 

z Elevation of bed (m) 

 y Depth of flow, the pressure head (m) 

 U Flow velocity (m/s) 

 α Correlation factor for uneven velocity distribution (-) 

 L Distance between Section 1 and 2 (m) 

M Manning coefficient (m1/3/s) 

R Hydraulic radius =      where A is the cross-sectional 
area (m2) and P is the wetted parameter (m), (m) 

Um Average flow velocity            (m/s) 

Rm Average hydraulic radius            (m) 

Fig. 16. The energy equation. 
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By re-arranging the parameters in the energy equation the expression for 
the direct step method, Equation (13), is obtained 

 

 Sb Bottom slope           , Δm/m (-) 

 

This is an approximation of the length L between Sections 1 and 2, as it 
is not accounting for the slope of the channel affecting the pressure 
head. By looking at the depth of flow along a steep channel reach (Fig. 
17) it becomes clear how the slope affects the pressure head. The effect 
of the channel slope on the depth of flow is usually neglected 
in river hydraulics since the slope normally is very small.  

The pressure head in the energy equation is usually approximated as  
 

  
   (14) 

 

 p Pressure (Pa)   

 

The actual pressure head becomes (see Fig. 17) 

 

  
 

         

    
       (15) 

 

 Δx Length of element of water (m) 

 θ Bottom slope (°) 

 

Putting Equation (15) in Equation (13) gives the following expression 
for the distance L 

  

(    
  

 

  )  (    
  

 

  )

(   
  

 

    

 
 ⁄
)

 (13) 

Fig. 17. Figure demonstrating the effect of the channel slope on 
the pressure head. 
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 ⁄
)

 (16) 

 

Further, the gate is either open or partly open as water is released 
through the spillway.  

Open gate 

When the gate is open it is assumed that the depth is critical on the crest 
since the dam crest is almost horizontal.  

   
 

 
  √

  

   

 

 (17) 

 

 yk Critical depth (m) 

 H Energy level above the spillway crest (m) 

 Q Flow (m3/s) 

 g Acceleration of gravity (m/s2) 

 B Width of channel (m)  

Partly open gate 

When the gate is partly open a contraction coefficient, Cc is applied as 
can be seen in Fig. 18 and determined according to Fig. 19.  

The flow downstream of a spillway gate is supercritical (i.e.    

  √     ) and therefore, the upstream in-flow conditions are used 

as boundary conditions in the direct step method. 

4. RESULTS  

A theoretical study has been performed in order to assess whether the 
Höljes Dam spillway is likely to suffer from cavitation damage 
and remedial measures have been investigated.  

4.1. Flow characteristics 
Using the direct step method the flow characteristics were determined 
and are presented in Tables 4-6. In Table 4 flow characteristics corre-
sponding to a discharge of 650 m3/s are presented. This is the maximum 
flow that has been discharged through the existing spillway and that 
could possibly have caused any noticeable cavitation damage. To keep 
the water level in the reservoir at the maximum detention level for this 

Fig. 18. Contraction coefficient. 
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flow, the gates must be opened 3 meters. The cavitation index drops to 
0.22 at Section 18 and 0.20 at Section 20, thus according to Falvey (1990) 
there is a possibility that minor damages could have appeared or existing 
damages could have become aggravated due to cavitation.  

However, the time of exposure the spillway was subject to such a flow 
was not long enough to cause any damages of the size that can be seen in 
the spillway today. The flow was discharged during 24 hours and as can 
be seen in Fig. 8, this time of operation would not be sufficient to cause 
any cavitation damage. 

In Tables 5 and 6 the flow characteristics after reconstruction are pre-
sented. The left spillway chute seems to be slightly more prone to be 
subject to cavitation damage than the right spillway chute. This has to do 
with differences in the geometry and the design of the chutes. As was 
show in Equation (3) the cavitation index along a spillway chute 
takes into account the curvature of the spillway, if any. In the Höljes 
Dam spillway chute there is a significant convex curvature between Sec-
tion 10 and Section 19, afterwards the slope is constant. Because of this 
the cavitation index might increase slightly at Section 19 compared to 
Section 18 even though the velocity has increased and the flow depth has 
decreased. 

The cavitation index decreases for increasing discharges and drops below 
0.20 in Section 18 in the left chute for a total discharge of 2000 m3/s. 
From Fig. 8 it can be seen that the time of operation needed to cause any 
visible damage would be at least 3-4 month. 

The velocities and cavitation index values indicate that there could be a 
flood in the future when the risk for cavitation damages should not be 
neglected. Even though it would necessitate many hours of operation for 
any significant damage to appear remedial actions ought to be investi-
gated prior to such a situation. 

Table 4. Flow characteristics for the existing spillway. 

Section Discharge [m
3
/s] Velocity [m/s] Depth [m] Fr [-] Cavit. index. σ [-] 

18 650 29,5 1,43 7,88 0,215 

19 650 30,8 1,37 8,40 0,225 

20 650 32,4 1,31 9,03 0,203 

Fig. 19. Determination of contraction coefficient. 
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4.2. Remedial measures  
It could be interesting to see how the shape of the spillway chute 
(the existing one which has a slightly flatter overall shape than the new 
one) relates to that of a free jet, Equation (4), in order to tell if the flow 
is prone to separate from the chute. In Appendix IV it is shown how the 
existing chute has a steeper shape than Equation (4) (i.e. so will the new 
chute), it is even steeper than a free trajectory. As a consequence a sub-
atmospheric pressure is built up in order to enable the water flow to stay 
attached to the concrete. The risk of flow separation due to small surface 
irregularities is apparent. Without physical hydraulic model tests it 
is difficult to assess whether the jet trajectory would reconnect to the 
chute if an aerator was installed. If it reconnects, would there be enough 
length of the chute left for the flow to settle before entering the stilling 
basin?  

Any form of improved concrete or material replacement, as mentioned 
earlier in the report, is a measure taken for repair work rather than re-
construction. It would be cost-prohibitive to replace the existing con-

 Table 5. Flow characteristics for the left (existing) spillway chute after reconstruc-
tion.  Discharge refers to total discharge in both spillways; the value in brackets 
refers to the discharge in the left spillway. 

Section Discharge [m
3
/s] Velocity [m/s] Depth [m] Fr [-] Cavit. index. σ [-] 

17 3000 (1867) 29,5 4,05 4,68 0,195 

 2000 (1244) 28,6 2,78 5,48 0,222 

 1000 (622) 28,1 1,42 7,54 0,241 

 642 (400) 26,5 0,97 8,59 0,278 

 420 (249) 24,7 0,67 9,61 0,323 

18 3000 30,9 3,89 5,01 0,166 

 2000 30,0 2,67 5,87 0,194 

 1000 29,3 1,37 8,01 0,218 

 642 27,6 0,93 9,14 0,252 

 420 25,8 0,65 10,2 0,295 

19 3000 32,5 3,72 5,38 0,230 

 2000 31,6 2,55 6,30 0,229 

 1000 30,7 1,31 8,55 0,227 

 642 28,9 0,90 9,75 0,249 

 420 26,9 0,62 10,9 0,283 

20 3000 34,2 3,54 5,81 0,204 

 2000 33,3 2,43 6,81 0,205 

 1000 32,2 1,26 9,18 0,204 

 642 30,4 0,86 10,5 0,225 

 420 28,3 0,60 11,7 0,256 

Table 6. Flow characteristics for the right (new) spillway chute after reconstruc-
tion.  Discharge refers to total discharge in both spillways; the value in brackets 
refers to the discharge in the right spillway. 

Section Discharge [m
3
/s] Velocity [m/s] Depth [m] Fr [-] Cavit.index. σ [-] 

18 3000 (1133) 29,9 2,90 5,60 0,196 

 2000 (756) 28,8 2,01 6,49 0,223 

19 3000 31,4 2,78 6,02 0,234 

 2000 30,3 1,92 6,98 0,240 

20 3000 33,2 2,65 6,50 0,209 

 2000 32,0 1,83 7,56 0,214 
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crete in the area possibly subject to cavitate with cavitation resistant ma-
terials. Instead aeration of the flow was investigated as a remedial meas-
ure.  

 Location of the first aerator 4.2.1.

The geometry of the existing spillway chute and the new one is rather 
similar. The design of an appropriate aerator and the location of it would 
not differ particularly between the two. 

The first aerator must be located upstream Section 18 where the cavita-
tion index drops below 0.20.  

The aerator cannot be located too far downstream as the jet could end 
up in the stilling basin instead of reconnecting with the spillway chute.  

The Froude number is relatively low along the spillway chute until the 
downstream part of the curvature, e.g. at Section 10 the Froude number 
is 4.1 corresponding to the design discharge 2000 m3/s. This would indi-
cate that this part of the chute is not suitable for locating the first aera-
tor. It is desirable to install the aerator where the Froude number is not 
less than 6, due to the risk of aerator submergence. For the design dis-
charge 2000 m3/s this would be just downstream of Section 18.  

The flow velocity is relatively high along the whole spillway 
chute, indicating the possible risk for cavitation. A flow velocity of 15 
m/s is enough to cause cavitation damages. 

As it is desirable to install the aerator at a grade change, it 
should preferable be located upstream of the spillway curvature, i.e. 
around Section 10. 

 Spacing between aerators 4.2.2.

The bottom slope of the chutes exceeds 20° as far upstream as Section 
11 and as the flow is being aerated the mean air concentration should 
become greater than 30% since the condition expressed in Equation (7) 
is fulfilled (see calculations in Appendix III) just downstream of the aera-
tor, thus only one aerator would be needed (Khatsuria, 2005). 

Besides, a second aerator would probably, according to previous aerator 
designs, be located in the stilling basin as the spacing between aerators, 
as mentioned earlier in the report, varies between 30-90 m. 

 Design of the aerator system 4.2.3.

Dimensions of the aerator 

By inspecting existing spillway aerators in Table 2 as seen in Chanson 
(1988) it became clear that a ramp alone is not usually chosen. It is com-
bined either with an offset or a groove, or both. A ramp together with an 
offset or just a ramp or an offset alone was considered to be an appro-
priate design of the aerator.  

The dimensions of the aerator are determined by the risk of 
the cavity getting submerged and the risk of the jet reaching the 
stilling basin before reattaching to the chute bottom. Depending on the 
location of the aerator, the demands for minimum and maximum ramp 
and offset heights varies. In accordance with Table 3 the following mini-
mum dimensions were established (Table 7 and 8). 

To determine the maximum allowable dimensions of the aerator, the 
length of the jet trajectory was calculated with the ICOLD-
approach developed by Hager and Rutschmann (1990) and compared 
with the result gained from the method developed by Kökpınar and 
Göğüş (2002). The ramp and offset heights were chosen as a 1:4 relation, 
i.e. with the offset height four times as big as the ramp height. A maxi-
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Table 7. Aerator dimensions to prevent the cavity of getting 
submerged for a total discharge of 1000 m3/s, i.e. 622 m3/s in 
the left chute and 378 m3/s in the right chute. 

 Aerator with ramp 

Section tr,min ts,min 

12 0.12 0.44 

14 0.07 0.38 

16 0.04 0.33 

18 0.02 0.25 

 Aerator without ramp 

Section tr,min ts,min 

12 - 0.99 

14 - 0.95 

16 - 0.91 

18 - 0.85 

 

Table 8. Aerator dimensions to prevent the cavity of getting 
submerged for a total discharge of 2000 m3/s i.e. 1244 m3/s in 
the left chute and 756 m3/s in the right chute. 

 Aerator with ramp 

Section tr,min ts,min 

12 0.68 1.86 

 Aerator without ramp 

Section tr,min ts,min 

12 - 1.98 

 

mum acceptable jet length of 25 m was chosen if the aerator was to be 
located in Section 12 where the Froude number and flow velocity are 
slightly higher than in Section 10. This should provide a few meters for 
the flow to reattach to the chute bottom before entering the stilling ba-
sin. In Table 9 the maximum acceptable aerator dimensions are present-
ed for a discharge of 1000 m3/s which seemed to give the longest jet 
lengths. The ICOLD-approach calculates the maximum jet length, as-
suming atmospheric pressure in the cavity (Khatsuria, 2005). 

Suggestion for the design of the aerator system 

The aerator is suggested to be designed with a 0.20 m high ramp with a 
ramp angle θ = 2.16° and a 0.80 m high offset (Fig. 20).  With these di-
mensions the aerator should not get submerged according to the condi-

tion expressed in Equation (5);       (for 1000 m3/s as well as for 
2000 m3/s) and the jet trajectory should get an acceptable maximum 
length with a considerable part of the chute left as the jet reattaches to 
the chute bottom (Fig. 21). The aerator is proposed to be located in Sec-
tion 12. The calculations can be seen in Appendix III. 

Air inlet system 

Since the spillway chute has either rock or an already existing concrete 
retaining wall on its sides it is suggested that the air inlet system 
is designed as a ramp on a sidewall, a wedge (Fig. 22). Alternative solu-
tions would necessitate actions being taken to construct inlet tun-
nels/towers in the walls. This would be more expensive than building 
wedges, but the air could have been distributed more evenly. 

When a wedge is used to supply the air an approximation of the area 
where air can enter the aerator has to be made (Fig. 22). It is assumed 
that the point of reattachment is located a distance ≈ 5a downstream of 
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Table 9. Acceptable aerator dimensions to prevent the jet from entering the 
stilling basin for a total discharge of 1000 m3/s calculated by the ICOLD-
approach and Kökpınar and Göğüş (2002). 

Section 12 Method tr [m] ts [m] Jet length [m] 

Aerator with ramp and offset ICOLD 0.25 1.0 25.1 

 K&G 0.25 1.0 16.7 

Aerator with only ramp ICOLD 0.37 - 25.2 

 K&M 0.37 - 10.0 

Aerator with only offset ICOLD - 4.5 25.0 

 K&M - 4.5 17.1 

     

the wedge. The calculated required air inlet area is approximately 2 m2 
which would necessitate a width of the wedge to be around 0.8 m, taking 
into account the steep spillway and high flow velocity. Further, 
in Section 12 there is no middle-wall separating the left spillway from the 
right spillway (though they are on different elevations) allowing only one 
wedge to be built in each chute, thus the aeration will be asymmetrical. 
The design of the proposed aerator as it would be integrated in the 
Höljes Dam spillway can be seen in Appendix V. In Table 10 the dimen-
sions of the aerator system including the air supply system are summa-
rised. 

5. DISCUSSION  

The maximum discharge through the spillway of the Höljes Dam has 
been about 650 m3/s. This flow generated a cavitation index of roughly 
0,20. The necessary time of operation to develop any damage to 
the concrete lining due to that cavitation index would have to be at least 
3-4 month. The actual time of exposure was 24 hours. This is the only 
flow that could have caused any cavitation damage to the concrete. Con-
sequently it is unlikely that the damages in the spillway chute are caused 
by cavitation. A new spillway chute is about to be built parallel to the ex-
isting structure in order to handle the new design discharge 2000 m3/s. 

Aerator dimensions 

As 2000 m3/s and above seem to be the only total discharge that is likely 
to cause any noticeable damages due to cavitation to the concrete, one 
would think that the aerator should be designed according to such a 
flow. But if the aerator was to be designed with dimensions corre-

Fig. 20. Proposed aerator design. 
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sponding to Table 12 the jet trajectory would be unacceptably long. The 
jet would most definitely end up in the stilling basin. The water 
could also plunge over the retaining wall; endanger the stability of the 
embankment dam. Instead, the aerator is suggested to be designed to 
handle a discharge of 1000 m3/s, thus the aerator will not work perfectly 
for the design flood 2000 m3/s and because of the low Froude number 
corresponding to this flood, the risk of aerator submergence is signi-
ficant.  

Though with that said, the damages to the concrete that could occur 
from cavitation corresponding to the calculated cavitation index, 
is probably negligible since it would appear when the design flood would 
have to be released in the spillway chute. This is an extreme situation, 
corresponding to the 10 000 year flood. For that reason, measures to 
prevent cavitation damage could be considered uncalled for. 

The options of building the aerator just using a ramp or just an offset 
were rejected as it seems to be more common to build the aerator with a 
combination of both and without the help of a physical hydraulic model 
this seemed to be the most rational idea.  

Fig. 21. Jet trajectory. 

5a 

a 

Fig. 22. The air inlet system seen from above. 
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Table 10. Dimensions of aerator design and air supply details. 
Aerator design details 

Type Ramp and offset 

Numbers used 1 

Spacing (m) - 

Ramp height, tr (m) 0.20 

Ramp angle, θ (°) 2.16 

Step/offset height, ts (m) 0.80 

Air supply design details 

Head above aerator (m) 36.3 (Section 12) 

Intake size/type Wedge, a = 0.8 m, asymmetrical 

Lateral distribution  Natural  

  
  
 

Location of the aerator 

Where to place the aerator was under long discussion as there are many 
factors that must be accounted for. As already mentioned in the report, 
the Froude number has a high influence on the location since it gives an 
indication whether the aerator could get submerged. It is desirable to 
place the aerator were the Froude number is high. The further down-
stream the chute, the higher the Froude number gets because 
of increasing velocities and the smaller dimensions to prevent aerator 
submergence are needed for the aerator, which is desirable. On the other 
end, the aerator must be located far enough upstream to make sure that 
the jet reconnects with the chute bottom before entering the 
stilling basin. Consequently the aerator should be located as far down-
stream as possible. Another idea to consider would be to combine the 
last “step” along the flat part of the chute (located in Section 9, Fig. 3) 
with the aerator system. It might seem as the most rational approach to 
transform the last step into an aerator by adding an offset and since this 
step is located where there will be a middle-wall separating the left chute 
from the right, aeration could be performed symmetrically. But 
the model tests showed that at discharges which cause cavitation index 
numbers around 0.20, the flow depth in the right spillway chute is higher 
than the middle-wall, which would lead to the aerator getting submerged. 
The aerator would not work as intended. That is why it is suggested 
to place the aerator in Section 12 where the Froude number is slightly 
higher. Slightly smaller dimensions are then required and the jet should 
still be able to reattach to the bottom, but aeration will be performed 
asymmetrically. 

 The jet trajectory 

As mentioned in the section regarding the length of the jet trajectory, the 
ICOLD-approach used to calculate the jet trajectory is approximated for 
a chute bottom which is parallel to the energy level of the chute, 
i.e. uniform flow. This is not the case of Höljes Dam as the chute bot-
tom has a relatively constant and flat gradient before it curves rather 
dramatically in a convex slope. To compensate for this in the calculations 
of the jet trajectory, the ramp angle was increased significantly. This is an 
assumption that has been made by the author of this report and is not 
confirmed in the literature studies. 

Further, as a consequence of the choices made regarding the design and 
placement of the aerator, the limitations accompanying the ICOLD-
approach are not completely fulfilled, which could affect the result in 
one way or the other. 
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Other possible causes to the damages 

The aim of this report has been to determine the susceptibility of the 
spillway chute in the Höljes Dam to cavitate with the observed damages 
as a result and to present appropriate measures to be taken. Above is 
shown that the damages are probably not caused by cavitation. It seems 
to be more likely that another phenomenon or a combination 
of several actually has caused the damages. High stagnation pressure is 
known to tear of concrete slabs from spillway chutes and erode the 
foundation material, seriously reducing the stability of the structure. 
Stagnation pressure is initiated when water is allowed to enter beneath 
the concrete through cracks and joints in the surface. The flow velocity 
then becomes zero; building up a high up-lift pressure. The stagnation 
pressure 

            
   

 
         (21) 

 

where p is the pressure, ρ is the fluid density and U is the local 
flow velocity. In the spillway chute where the flow velocity reaches 25-30 
m/s this would correspond to a pressure around 400 kPa, enough to lift 
concrete slabs and erode foundation material. If the spillway chute has a 
properly functioning draining system and waterstops, high stagnation 
pressures could be avoided (Frizell, 2007).  

Another possible cause to the damages would be freeze-thaw damage. 
The Höljes Dam is located in the northernmost part of the county 
Värmland. With a long winter-season ice can still cover parts of the 
spillway in the middle of May. Crevices and holes on the spillway surface 
could be the result of high pressures created as ice finds its way into 
small cracks and irregularities and expands. 

A combination of these phenomena could be the cause of the damages 
as high stagnation pressures and freeze-thaw damage could create surface 
irregularities which in turn could trigger a cavitation mechanism locally.  

The dam was completed in 1962. During a normal year water is dis-
charged through the gates during less than one month, i.e. the spillway 
has approximately been in use during 50 months during its life-
time. Water containing small fractions of gravel and dirt is able to erode 
concrete on its own seen over a long time period. This may have con-
tributed to the formation of the damages that can be seen in the chute 
today. 

Naturally aerated flow 

It is worth mentioning that even though natural aeration of the whole 
flow is not likely to occur in spillways from high head dams, the flow in 
the lower part of the spillway in the Höljes Dam seemed to be aerated by 
inspecting the flow during a test release of 900 m3/s. As a consequence 
this could possibly remedy the risk of cavitation damage without the use 
of an aerator device. 

6. CONCLUSIONS AND FUTURE STUDIES  

Cavitation is a phenomenon that could cause severe damages to 
and seriously reduce the stability of a hydraulic structure such as the 
spillway chute of a dam. 

Calculations show that the Höljes Dam spillway in theory is susceptible 
to cavitate, but it would necessitate a very high flow and many hours of 
operation and the size of the resulting damages would due to such an un-
likely event be negligible. The surface damages observed are more likely 



Kristoffer Pettersson  TRITA LWR Degree Project 12:03 

 

32 

to be the cause of high stagnation pressure, as a result of insufficient 
drainage of the concrete bottom of the spillway chute and surface irregu-
larities such as cracks and holes, in a combination with freeze thaw dam-
age. Gravel in the discharging water could possibly have worn 
the concrete too.  

In the process of the Höljes Dam being subject to increased dam safety 
measures, damaged concrete in the spillway chute will be removed and a 
new layer of 500 mm concrete will be added on the surface. With careful 
construction finish not leaving easily accessible contraction joints and a 
functioning draining system, the risk for build-up of stagnation pressures 
can be reduced, avoiding the risk of concrete blocks being lifted away. 

If an aerator device would be added to the spillway there is a fair chance 
that future possible cavitation damages could be avoided. At the same 
time, the actual functionality of such a device would be uncertain 
to asses without the use of a physical hydraulic model. In such a model, 
the optimum aerator design could be determined, eliminating the risk of 
the cavity getting submerged as well as avoiding an unacceptably long jet 
length. 

Whether the Höljes Dam is truly subject to cavitation damage could also 
be investigated in a physical hydraulic model. Experiments could 
be performed including only a small part of the spillway chute to enable 
a scale of 1:10 or bigger. This would require many hours of testing and it 
is a full-time study on its own, not relevant to the project being under-
taken at the moment. 

Even though studies and research concerning the aeration of flows and 
the use of aerators on spillways have been going on for many decades 
and despite all literature available in the field, there is still much work to 
be done. Developed methods to estimate and assess aerator systems are 
all semi-empirical, based on specific model studies, with limitations of 
the relevant parameters. A more general approach would be appreciated. 

Numerical modelling, both mathematical and by using finite element 
methods, has in more recent years become a more frequently used tool 
in order to design and assess the use of aerator devices. Though this far 
it has been used rather as a complementary tool to physical models than 
on its own. Further development and research in this field could 
lead to a most welcoming next step in the advance towards a 
more general approach in the design of aerators. 
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APPENDIX I  –  DIRECT STEP METHOD  
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I 

 

Free discharge 
Q 
[m

3
/s] 1244,444 

 
Total 2000 m

3
/s 

      Left spillway chute 
            

Section b [m] y [m] U [m/s] A [m
2
] P [m] R [m] θ [°] 

Sb=sinθ 
[-] 

Sb=ΔZ/L 
[-] 

Um 
[m/s] Rm [m] L [m] Z [m] 

Doorstep 28,00 5,86 7,58 164,08 39,72 4,1309 15,00 0,26 0,26 9,48 3,59 6,62 295,3 

Doorstep-1 28,00 3,91 11,38 109,34 35,81 3,0533 8,00 0,14 0,14 11,93 2,95 7,64 293,6 

1 28,00 3,56 12,48 99,69 35,12 2,8386 7,00 0,12 0,12 13,08 2,77 12,34 292,54 

2 26,76 3,40 13,69 90,92 33,55 2,7098 9,00 0,16 0,16 14,21 2,64 8,81 291,00 

3 26,53 3,19 14,72 84,51 32,90 2,5690 8,00 0,14 0,14 15,32 2,58 15,74 289,60 

4 23,54 3,32 15,92 78,19 30,18 2,5904 9,00 0,16 0,15 16,55 2,59 16,30 287,40 

5 21,09 3,43 17,19 72,38 27,95 2,5892 11,00 0,19 0,20 17,96 2,56 15,64 284,90 

6 19,29 3,44 18,73 66,43 26,18 2,5379 13,00 0,22 0,22 19,50 2,51 15,63 281,80 

7 17,80 3,45 20,26 61,42 24,70 2,4866 13,00 0,22 0,22 20,99 2,46 15,66 278,40 

8 16,67 3,44 21,71 57,32 23,54 2,4345 14,00 0,24 0,25 22,45 2,40 15,71 274,90 

9 15,94 3,37 23,20 53,65 22,67 2,3664 7,00 0,12 0,13 23,25 2,36 1,67 271,00 

10 15,86 3,37 23,31 53,38 22,59 2,3629 17,00 0,29 0,29 23,57 2,34 4,36 270,78 

11 15,87 3,29 23,83 52,21 22,45 2,3258 20,00 0,34 0,34 24,19 2,30 5,31 269,50 

12 15,87 3,20 24,54 50,71 22,26 2,2783 23,00 0,39 0,39 24,95 2,25 5,42 267,70 

13 15,82 3,10 25,35 49,08 22,03 2,2283 28,00 0,47 0,47 25,64 2,21 3,05 265,60 

14 15,80 3,04 25,92 48,01 21,88 2,1945 33,00 0,54 0,50 26,15 2,18 2,66 264,17 

15 15,77 2,99 26,38 47,17 21,75 2,1688 33,00 0,54 0,54 26,93 2,14 5,94 262,85 

16 15,69 2,89 27,48 45,28 21,46 2,1099 35,00 0,57 0,58 28,09 2,08 6,13 259,65 

17 15,61 2,78 28,69 43,38 21,17 2,0493 41,00 0,66 0,66 29,37 2,02 6,63 256,10 

18 15,54 2,67 30,06 41,40 20,87 1,9842 45,00 0,71 0,71 30,82 1,95 7,11 251,75 

19 15,46 2,55 31,59 39,40 20,56 1,9166 52,00 0,79 0,79 32,45 1,88 8,12 246,70 

20 15,38 2,43 33,32 37,35 20,24 1,85 52,00 0,79 
    

240,30 

21 15,30 
           

233,53 

 
 
 

  



 

II 

Gate opening 2,84 m 
Q 
[m

3
/s] 622,2222 

 
Total 1000 m

3
/s Cd = 0,55 

     Left spillway chute 
            

Section b [m] y [m] U [m/s] A [m
2
] P [m] R [m] θ [°] 

Sb=sinθ 
[-] 

Sb=ΔZ/L 
[-] 

Um 
[m/s] Rm [m] L [m] Z [m] 

Doorstep 28,00 1,56 14,23 43,74 31,12 1,41 15,00 0,26 0,26 14,77 1,36 6,62 295,3 

Doorstep-1 28,00 1,45 15,31 40,64 30,90 1,32 8,00 0,14 0,14 15,57 1,30 7,64 293,6 

1 28,00 1,40 15,84 39,29 30,81 1,28 7,00 0,12 0,12 16,16 1,28 12,34 292,54 

2 26,76 1,41 16,48 37,75 29,58 1,28 9,00 0,16 0,16 16,79 1,26 8,81 291,00 

3 26,53 1,37 17,10 36,38 29,27 1,24 8,00 0,14 0,14 17,49 1,28 15,74 289,60 

4 23,54 1,48 17,88 34,80 26,50 1,31 9,00 0,16 0,15 18,33 1,34 16,30 287,40 

5 21,09 1,57 18,77 33,15 24,23 1,37 11,00 0,19 0,20 19,35 1,38 15,64 284,90 

6 19,29 1,62 19,93 31,22 22,52 1,39 13,00 0,22 0,22 20,53 1,39 15,63 281,80 

7 17,80 1,66 21,13 29,45 21,11 1,40 13,00 0,22 0,22 21,70 1,40 15,66 278,40 

8 16,67 1,68 22,26 27,95 20,02 1,40 14,00 0,24 0,25 22,86 1,39 15,71 274,90 

9 15,94 1,66 23,46 26,52 19,27 1,38 7,00 0,12 0,13 23,49 1,38 1,67 271,00 

10 15,86 1,67 23,53 26,45 19,19 1,38 17,00 0,29 0,29 23,73 1,37 4,36 270,78 

11 15,87 1,64 23,94 25,99 19,14 1,36 20,00 0,34 0,34 24,23 1,34 5,31 269,50 

12 15,87 1,60 24,52 25,37 19,06 1,33 23,00 0,39 0,39 24,86 1,32 5,42 267,70 

13 15,82 1,56 25,20 24,69 18,94 1,30 28,00 0,47 0,47 25,43 1,29 3,05 265,60 

14 15,80 1,53 25,66 24,25 18,87 1,28 30,00 0,50 0,50 25,88 1,28 2,65 264,17 

15 15,77 1,51 26,09 23,85 18,79 1,27 33,00 0,54 0,54 26,57 1,25 5,94 262,85 

16 15,69 1,47 27,06 22,99 18,62 1,23 35,00 0,57 0,58 27,58 1,22 6,13 259,65 

17 15,61 1,42 28,11 22,14 18,45 1,20 41,00 0,66 0,66 28,72 1,18 6,63 256,10 

18 15,54 1,37 29,32 21,22 18,27 1,16 45,00 0,71 0,71 30,00 1,14 7,11 251,75 

19 15,46 1,31 30,67 20,29 18,08 1,12 52,00 0,79 0,79 31,45 1,10 8,12 246,70 

20 15,38 1,26 32,23 19,31 17,89 1,08 52,00 
     

240,30 

21 15,30 
           

233,53 

  



 

III 

 

Free discharge 
Q 
[m

3
/s] 755,5556 

 
Total 2000 m

3
/s 

      Right spillway chute 
            

Section b [m] y [m] U [m/s] A [m
2
] P [m] R [m] θ [°] 

Sb=sinθ 
[-] 

Sb=ΔZ/L 
[-] 

Um 
[m/s] Rm [m] L [m] Z [m] 

Doorstep 17,00 5,86 7,58 99,62 28,72 3,47 15,00 0,26 0,26 9,36 3,09 6,62 295,3 

Doorstep-1 17,00 3,99 11,13 67,90 24,99 2,72 8,00 0,14 0,14 11,69 2,63 7,64 293,6 

1 17,00 3,63 12,26 61,63 24,25 2,54 6,00 0,10 0,10 12,79 2,46 12,30 292,54 

2 17,15 3,31 13,32 56,72 23,76 2,39 6,00 0,10 0,10 13,64 2,35 8,74 291,35 

3 17,18 3,15 13,96 54,12 23,48 2,30 6,00 0,10 0,10 14,46 2,25 15,66 290,51 

4 17,04 2,96 14,96 50,50 22,97 2,20 7,00 0,12 0,11 15,51 2,15 16,21 289,00 

5 16,70 2,82 16,05 47,07 22,34 2,11 9,00 0,16 0,15 16,69 2,06 15,51 287,15 

6 16,24 2,68 17,33 43,59 21,61 2,02 13,00 0,22 0,22 18,17 1,97 15,63 284,80 

7 15,58 2,55 19,01 39,75 20,68 1,92 13,00 0,22 0,22 19,76 1,90 15,66 281,40 

8 14,67 2,51 20,51 36,84 19,69 1,87 14,00 0,24 0,25 20,50 1,87 0,11 277,90 

9 14,63 2,52 20,49 36,88 19,67 1,87 7,00 0,12 0,13 21,34 1,81 37,84 274,00 

10 14,83 2,30 22,19 34,06 19,42 1,75 17,00 0,29 0,29 22,43 1,75 4,36 273,78 

11 14,53 2,29 22,67 33,33 19,12 1,74 20,00 0,34 0,34 23,01 1,73 5,31 272,50 

12 14,20 2,28 23,34 32,37 18,76 1,73 23,00 0,39 0,39 23,74 1,71 5,42 270,70 

13 13,90 2,25 24,13 31,31 18,41 1,70 28,00 0,47 0,47 24,39 1,69 3,05 268,60 

14 13,76 2,23 24,66 30,64 18,21 1,68 30,00 0,50 0,50 24,90 1,67 2,66 267,17 

15 13,65 2,20 25,14 30,05 18,05 1,66 33,00 0,54 0,51 25,66 1,65 5,94 265,85 

16 13,42 2,15 26,17 28,87 17,73 1,63 35,00 0,57 0,61 26,80 1,61 6,13 262,85 

17 13,24 2,08 27,44 27,54 17,40 1,58 41,00 0,66 0,66 28,12 1,56 6,63 259,10 

18 13,08 2,01 28,80 26,23 17,09 1,53 45,00 0,71 0,71 29,56 1,51 7,11 254,75 

19 12,97 1,92 30,31 24,93 16,81 1,48 52,00 0,79 0,79 31,17 1,45 8,12 249,70 

20 12,88 1,83 32,03 23,59 16,54 1,43 52,00 
     

243,30 

21 12,83 
           

236,53 

 

  



 

IV 

Gate opening 2,85 m 
Q 
[m

3
/s] 377,7778 

 
Total 1000 m

3
/s Cd = 0,55 

     Right spillway chute 
            

Section b [m] y [m] U [m/s] A [m
2
] P [m] R [m] θ [°] 

Sb=sinθ 
[-] 

Sb=ΔZ/L 
[-] 

Um 
[m/s] Rm [m] L [m] Z [m] 

Doorstep 17,00 1,56 14,23 26,55 20,12 1,32 15,00 0,26 0,26 14,74 1,28 6,62 295,3 

Doorstep-1 17,00 1,46 15,26 24,75 19,91 1,24 8,00 0,14 0,14 15,52 1,23 7,64 293,6 

1 17,00 1,41 15,78 23,95 19,82 1,21 6,00 0,10 0,10 16,00 1,19 12,30 292,54 

2 17,15 1,36 16,22 23,29 19,86 1,17 6,00 0,10 0,10 16,37 1,16 8,74 291,35 

3 17,18 1,33 16,51 22,88 19,84 1,15 6,00 0,10 0,10 16,74 1,14 15,66 290,51 

4 17,04 1,31 16,97 22,26 19,65 1,13 7,00 0,12 0,11 17,26 1,12 16,21 289,00 

5 16,70 1,29 17,56 21,52 19,28 1,12 9,00 0,16 0,15 17,96 1,11 15,51 287,15 

6 16,24 1,27 18,37 20,56 18,77 1,10 13,00 0,22 0,22 18,99 1,08 15,63 284,80 

7 15,58 1,24 19,61 19,26 18,05 1,07 13,00 0,22 0,22 20,17 1,06 15,66 281,40 

8 14,67 1,24 20,73 18,22 17,15 1,06 14,00 0,24 0,25 21,31 1,07 15,71 277,90 

9 13,63 1,27 21,89 17,26 16,17 1,07 7,00 0,12 0,13 21,93 1,03 1,67 274,00 

10 14,83 1,16 21,98 17,19 17,15 1,00 17,00 0,29 0,29 22,17 1,00 4,36 273,78 

11 14,53 1,16 22,36 16,89 16,86 1,00 20,00 0,34 0,34 22,64 1,00 5,31 272,50 

12 14,20 1,16 22,91 16,49 16,52 1,00 23,00 0,39 0,39 23,24 0,99 5,42 270,70 

13 13,90 1,15 23,56 16,03 16,21 0,99 28,00 0,47 0,47 23,79 0,98 3,05 268,60 

14 13,76 1,14 24,02 15,73 16,05 0,98 30,00 0,50 0,50 24,23 0,98 2,66 267,17 

15 13,65 1,13 24,44 15,46 15,91 0,97 33,00 0,54 0,51 24,88 0,96 5,94 265,85 

16 13,42 1,11 25,32 14,92 15,65 0,95 35,00 0,57 0,61 25,88 0,94 6,13 262,85 

17 13,24 1,08 26,44 14,29 15,40 0,93 41,00 0,66 0,66 27,04 0,91 6,63 259,10 

18 13,08 1,04 27,64 13,67 15,17 0,90 45,00 0,71 0,71 28,30 0,89 7,11 254,75 

19 12,97 1,01 28,96 13,05 14,98 0,87 52,00 0,79 0,79 29,72 0,85 8,12 249,70 

20 12,88 0,96 30,48 12,39 14,81 0,84 52,00 
     

243,30 

21 12,83 
           

236,53 
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I 

Free discharge Q [m
3
/s] 1244,444444 

 
Total 2000 m

3
/s 

  Left spillway chute 
        

Section y [m] θ [°] U [m/s] Rc [m] Pb [m] 
Pv 
[m] σ [-] Control 

Froude No 
[-] 

Doorstep 5,86 15,0 7,58 1000000 10,3 0,233 5,364302 OK! 1,000314477 

Doorstep-1 3,91 8,0 11,38 1000000 10,3 0,233 2,110475 OK! 1,838871665 

1 3,56 7,0 12,48 1000000 10,3 0,233 1,712592 OK! 2,112109807 

2 3,40 9,0 13,69 1000000 10,3 0,233 1,405784 OK! 2,370639898 

3 3,19 8,0 14,72 1000000 10,3 0,233 1,196488 OK! 2,633783911 

4 3,32 9,0 15,92 1000000 10,3 0,233 1,033733 OK! 2,788392744 

5 3,43 11,0 17,19 1000000 10,3 0,233 0,891753 OK! 2,96319944 

6 3,44 13,0 18,73 1000000 10,3 0,233 0,750457 OK! 3,222737047 

7 3,45 13,0 20,26 1000000 10,3 0,233 0,641783 OK! 3,482384893 

8 3,44 14,0 21,71 1000000 10,3 0,233 0,557869 OK! 3,737925162 

9 3,37 7,0 23,20 80,467 10,3 0,233 0,405285 OK! 4,036748562 

10 3,37 17,0 23,31 80,467 10,3 0,233 0,395891 OK! 4,057228454 

11 3,29 20,0 23,83 80,467 10,3 0,233 0,372694 OK! 4,195133377 

12 3,20 23,0 24,54 80,467 10,3 0,233 0,344396 OK! 4,382372101 

13 3,10 28,0 25,35 80,467 10,3 0,233 0,313758 OK! 4,596100232 

14 3,04 33,0 25,92 80,467 10,3 0,233 0,292867 OK! 4,747594547 

15 2,99 33,0 26,38 80,467 10,3 0,233 0,280154 OK! 4,869483272 

16 2,89 35,0 27,48 80,467 10,3 0,233 0,251151 OK! 5,165160193 

17 2,78 41,0 28,69 80,467 10,3 0,233 0,220939 OK! 5,49445158 

18 2,67 45,0 30,06 80,467 10,3 0,233 0,19329 FAIL! 5,878735654 

19 2,55 52,0 31,59 100000 10,3 0,233 0,228753 OK! 6,317353632 

20 2,43 52,0 33,32 100000 10,3 0,233 0,20431 OK! 6,826154302 

 

  



 

II 

Gate opening 2,84 m Q [m
3
/s] 622,2222222 

 
Total 1000 m

3
/s 

  Left spillway chute 
        

Section y [m] θ [°] U [m/s] Rc [m] Pb [m] 
Pv 
[m] σ [-] Control 

Froude No 
[-] 

Doorstep 1,56 15,0 14,22677479 1000000 10,3 0,233 1,122109 OK! 3,634389242 

Doorstep-1 1,45 8,0 15,30877805 1000000 10,3 0,233 0,963127 OK! 4,056790152 

1 1,40 7,0 15,83568889 1000000 10,3 0,233 0,896607 OK! 4,268027359 

2 1,41 9,0 16,48152208 1000000 10,3 0,233 0,827773 OK! 4,429954912 

3 1,37 8,0 17,10259879 1000000 10,3 0,233 0,766368 OK! 4,662531532 

4 1,48 9,0 17,88178698 1000000 10,3 0,233 0,707276 OK! 4,695929482 

5 1,57 11,0 18,7712204 1000000 10,3 0,233 0,646451 OK! 4,780574459 

6 1,62 13,0 19,93032911 1000000 10,3 0,233 0,575146 OK! 5,00145981 

7 1,66 13,0 21,12519464 1000000 10,3 0,233 0,513478 OK! 5,242847389 

8 1,68 14,0 22,264866 80,467 10,3 0,233 0,421155 OK! 5,489408179 

9 1,66 7,0 23,46286512 80,467 10,3 0,233 0,376287 OK! 5,807939511 

10 1,67 17,0 23,52676932 80,467 10,3 0,233 0,371923 OK! 5,816298568 

11 1,64 20,0 23,942843 80,467 10,3 0,233 0,356512 OK! 5,973342402 

12 1,60 23,0 24,52464107 80,467 10,3 0,233 0,336665 OK! 6,191797803 

13 1,56 28,0 25,20278769 80,467 10,3 0,233 0,314731 OK! 6,441841324 

14 1,53 33,0 25,66383402 80,467 10,3 0,233 0,300083 OK! 6,614600019 

15 1,51 33,0 26,08630781 80,467 10,3 0,233 0,289231 OK! 6,771090941 

16 1,47 35,0 27,05939199 80,467 10,3 0,233 0,265493 OK! 7,135979257 

17 1,42 41,0 28,10756668 80,467 10,3 0,233 0,24134 OK! 7,536036163 

18 1,37 45,0 29,32476933 80,467 10,3 0,233 0,217775 OK! 8,012538912 

19 1,31 52,0 30,67086277 1000000 10,3 0,233 0,226815 OK! 8,547879246 

20 1,26 53,0 32,22780412 1000000 10,3 0,233 0,204436 OK! 9,183983539 

 

  



 

III 

Free discharge Q [m
3
/s] 755,5555556 

 
Total 2000 m

3
/s 

  Right spillway chute 
        

Section y [m] θ [°] U [m/s] Rc [m] Pb [m] 
Pv 
[m] σ [-] Control 

Froude No 
[-] 

Tröskel 5,86 15,00 7,584376185 1000000 10,3 0,233 5,364302 OK! 1,000314477 

Tröskel-1 3,99 8,00 11,12780282 1000000 10,3 0,233 2,221737 OK! 1,777750819 

1 3,63 6,00 12,2605364 1000000 10,3 0,233 1,784493 OK! 2,055989829 

2 3,31 6,00 13,31980218 1000000 10,3 0,233 1,477143 OK! 2,338017199 

3 3,15 6,00 13,96107638 1000000 10,3 0,233 1,328703 OK! 2,511436658 

4 2,96 7,00 14,96144039 1000000 10,3 0,233 1,140208 OK! 2,774689918 

5 2,82 9,00 16,05021531 1000000 10,3 0,233 0,978772 OK! 3,052100437 

6 2,68 13,00 17,33306723 1000000 10,3 0,233 0,828261 OK! 3,377419047 

7 2,55 13,00 19,00946918 1000000 10,3 0,233 0,68157 OK! 3,799523977 

8 2,51 14,00 20,50715794 82,531 10,3 0,233 0,522504 OK! 4,131056692 

9 2,52 7,00 20,48725094 82,531 10,3 0,233 0,526446 OK! 4,119836569 

10 2,30 17,00 22,18521082 82,531 10,3 0,233 0,433194 OK! 4,674259853 

11 2,29 20,00 22,67066056 82,531 10,3 0,233 0,410996 OK! 4,779267768 

12 2,28 23,00 23,34409876 82,531 10,3 0,233 0,382759 OK! 4,93589214 

13 2,25 28,00 24,13163809 82,531 10,3 0,233 0,351598 OK! 5,133574864 

14 2,23 30,00 24,65808331 82,531 10,3 0,233 0,333115 OK! 5,27551307 

15 2,20 33,00 25,14410056 82,531 10,3 0,233 0,316361 OK! 5,409700505 

16 2,15 35,00 26,16835379 82,531 10,3 0,233 0,286792 OK! 5,696678286 

17 2,08 41,00 27,4360162 82,531 10,3 0,233 0,252904 OK! 6,072845745 

18 2,01 45,00 28,80058876 82,531 10,3 0,233 0,223066 OK! 6,493637101 

19 1,92 52,00 30,31132661 1000000 10,3 0,233 0,240248 OK! 6,979526676 

20 1,83 52,00 32,03453938 1000000 10,3 0,233 0,214017 OK! 7,558779347 

 

  



 

IV 

Gate opening 2,85 m Q [m
3
/s] 377,7777778 

 
Total 1000 m

3
/s 

  Right spillway chute 
        

Section y [m] θ [°] U [m/s] Rc [m] Pb [m] 
Pv 
[m] σ [-] Control 

Froude No 
[-] 

Doorstep 1,56 15,00 14,22677479 1000000 10,3 0,233 1,122109 OK! 3,634389242 

Doorstep-1 1,46 8,00 15,26146708 1000000 10,3 0,233 0,969483 OK! 4,037998746 

1 1,41 6,00 15,77610551 1000000 10,3 0,233 0,904027 OK! 4,243961705 

2 1,36 6,00 16,22398648 1000000 10,3 0,233 0,851061 OK! 4,444801807 

3 1,33 6,00 16,50892539 1000000 10,3 0,233 0,820064 OK! 4,567063809 

4 1,31 7,00 16,97095024 1000000 10,3 0,233 0,774114 OK! 4,740548389 

5 1,29 9,00 17,55636319 1000000 10,3 0,233 0,721823 OK! 4,937923525 

6 1,27 13,00 18,37327025 1000000 10,3 0,233 0,656809 OK! 5,212745337 

7 1,24 13,00 19,60968731 1000000 10,3 0,233 0,57512 OK! 5,629829021 

8 1,24 14,00 20,72997213 82,531 10,3 0,233 0,484556 OK! 5,937669437 

9 1,27 7,00 21,88653264 82,531 10,3 0,233 0,43312 OK! 6,210241027 

10 1,16 17,00 21,98112878 82,531 10,3 0,233 0,425707 OK! 6,519398015 

11 1,16 20,00 22,36161268 82,531 10,3 0,233 0,409689 OK! 6,621170645 

12 1,16 23,00 22,9110191 82,531 10,3 0,233 0,388096 OK! 6,787058648 

13 1,15 28,00 23,56462253 82,531 10,3 0,233 0,363727 OK! 7,005601404 

14 1,14 30,00 24,01852405 82,531 10,3 0,233 0,348346 OK! 7,172328991 

15 1,13 33,00 24,43615987 82,531 10,3 0,233 0,334541 OK! 7,329654423 

16 1,11 35,00 25,32421334 82,531 10,3 0,233 0,308903 OK! 7,669658606 

17 1,08 41,00 26,43605581 82,531 10,3 0,233 0,279334 OK! 8,123078717 

18 1,04 45,00 27,6386411 82,531 10,3 0,233 0,252219 OK! 8,633283307 

19 1,01 52,00 28,95873412 1000000 10,3 0,233 0,250018 OK! 9,217282818 

20 0,96 52,00 30,48284297 1000000 10,3 0,233 0,225068 OK! 9,922523661 
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I 

The methods applied to calculate various parameters in the design work of an aerator system. 

Note that some additions, configurations and presumptions where made in order to be able to com-

plete the calculations. This had to be done due to the lack of model test data such as the cavity sub 

pressure. The area of the air inlet system used as in-data in the Kökpınar and Göğüş (2002) approach 

was taken as the area calculated with the ICOLD-approach developed by Hager and Rutschmann 

(1990), in order to compare the two methods. 

Inspiration was taken from the examples done by The Bureau of Indian Standards (Dams and Spill-

ways sectional Committee, WRD 09, 2010) and Khatsuria (2005). 

Calculations done for the design proposal follows in the appendix. 

Parameters ICOLD (based on Rutschmann & Hager, (1990)) Kökpınar & Göğüş, (2002) 

Jet trajectory 
 
 
 

     
  

 
 

 
For aerator with ramp 
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Effective take-off angle  ̅ (θ is in radians) 
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For aerator without ramp  
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Air entrainment rate 

  
  

  
 

Maximum air entrainment rate 
                           
                              
 
Minimum Euler number 
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Air entrainment rate 
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H1 = head above aerator 
 
 

    
 [

 

 
                ] 

 

Air entrainment rate through upper nappe 

                  (  
  
 
)
    

             

 
Limitations 

                
  

 
                 and 

            
 
Air entrainment rate through lower nappe 
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II 
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Cavity sub pressure, 
air velocity in the 
intake system and 
area of air inlet  

Sub atmospheric pressure 

  ̅    

  
 

  
 

 
ρw = density of water 
 
Air velocity in the intake system 

   √
   ̅

               
 

 
ζ = total head loss coefficient of the air supply 
system  
ρa = density of air 
 
Area of air inlet 
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Air velocity in the intake system 
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III 

Left spillway chute 
      ICOLD  Hager and Rutschmann (1990) 

    
With ramp and offset 

  
Section 12 

  1000 m
3
/s in total, 622 m

3
/s in the left chute  

    Aerator design 
       NO spans [-] 1 

      Span width [m] 15,865 
      Width at toe [m] 15,3 
      Discharge [m

3
/s] 622,22222 39,21981 

     DG 304 
      Z 267,70 
      H 36,3 
      Angle of chute, α 23,00 0,401426 rad 

    Angle of ramp, θ* 10,155391 0,177245 rad 
    *Equivalent to the actual ramp angle plus an addition because of the curvature of the chute 

  Length of ramp, L 5,314 
      Also 

       U 24,524641 
      h 1,5992 
      Fr 6,1917978 
      T 0,6253127 
 

tr 0,2 
 

Tr 0,125063 

Calculate effective angle θ ̅ 
  

  
   0,138194834 radians 

      
Calculate λj 

    

Assuming atmospheric pres-
sure 

14,01514208 > 5 
   

in the air groove 
 Calculate βmax 

 
βmax = 0,03*λmax if λmax < 7 

   0,270454262 
 

βmax = 0,03*(λmax-5) if λmax > 7 
  Max Jet length 

       22,41301521 m 
      Calculate βmax 

 
βmax = 0,03*λmax if λmax < 7 

   0,270454262 
 

βmax = 0,03*(λmax-5) if λmax > 7 
  Calculate E min 

       157,4435951 
       Qair 
    

qair 
  56,67182511 or β 0,09108 

 
3,572128 

  Fq 
       0,057254681 
       Hence β/βmax 
       0,3367657 
       Calculate ΔE 
       114,8450715 
       E=Emin+ΔE 
       272,2886665 < 50^2=2500, so zero sub-pressure conditions won't prevail 

 Calculate average sub atmospheric pressure below the jet 
 

PN 
 Δp- 2208,8985 Pa 

   
0,1408 

 

 
0,225168 m 

      Calculate air velocity Va in the duct 
     41,26007474 m/s 

      Number of air ducts 
 

1 
 

Asymmetrical  
  Area of air duct required  

      1,373526962 m
2
 

      



 

IV 

Left spillway chute 
      Kokpinar & Göğüş (2002) 
      

Ramp and offset 

   
Section 12 

  With ramp and offset 
       1000 m

3
/s in total, 622 m

3
/s in the left chute 

    NO spans 1 
      Span width 15,865 
      Width at toe 15,3 
      Discharge 622,22 39,21981 

 
  

   DG 304 
      Z 267,70 
      H 36,3 
      Aw 24,46776 
      Angle of chute, α 23,000000 0,401426 

 

tan θ 0,4244 
  Angle of ramp, θ 10,155391 0,177245 

     Length of ramp, L 5,314 
      

        Also 
       U 24,5246 

      h 1,5992 
      Fr 6,1917 
      

        A duct 1,374 
 

Aduct/Aw 0,054156 
   

        T 0,6253126 
 

tr 0,2 
 

Tr 0,12506 

   
ts 0,8 

 
Ts 0,50025 

Conditions are fulfilled 
      

        Ljet 15,0179 m Ljet/h 9,390919 > 5 
  

        Conditions are fulfilled 
      

        βupper 0,170806798 
      

        βlower 0,065578456 
      

        φ' 0,0733 
      φ'' -0,1033 
      

        (PN)e 0,06668 
      

        (PN)p 0,60670 
      

        

        Δp- 9518,045477 Pa 
     

 
0,97023909 m 

     PN 0,606702783 
      

        Ua 85,64776227 m/s 
      



 

 

 

 

APPENDIX IV  –  CHUTE BOTTOM ,  FREE TRAJECTORY AND 

EQUATION (4) 

1 pages 



 

 

I 

-40

-35

-30

-25

-20

-15

-10

-5

0

-10 0 10 20 30 40 50

Chute bottom

Free trajectory

Equation (4)

This figure illustrates the chute bottom, a free trajectory and Equation 
(4) (K=1.5) at a discharge of 1000 m3/s initiating from Section 12. 

Even though no wind resistance is accounted for, it can be assumed that 
a suction head is built up between the chute bottom and the water flow 
(the free trajectory), forcing the water to stay attached to the chute bot-
tom. This could initiate pressure to, i.e. endanger the stability of, the 
concrete. 

Equation (4) indicates that the shape of the chute bottom in the Höljes 
dam spillway is a bit too steep than recommended due to the risk of flow 
separation. 
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I 

The following figures are based on drawings done at WSP Hydraulic En-
gineering in Stockholm, Sweden. The proposed aerator system is only a 
suggestion to remedy the possibility of cavitation damage to the spillway 
chute in The Höljes Dam and there is no guarantee that it will be imple-
mented. 












