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Abstract

Safety Analysis of the Baihetan Dam By Investigating
the Pressure Distribution on the Plunge Pool Floor

Viktor Gårdö, Yasmin Lindholm

Baihetan Dam is sited on the lower
reaches of the Jinsha River in the
southwest of China. The dam is scheduled
to be taken into operation in the year
of 2020 with an installed generation
capacity of 14 GW which will put
Baihetan Dam on the map as the third
largest hydropower station in the world
considering installed power output.

To ensure a sufficient safety evaluation
in terms of erosion (scour) formation at
the bottom of the plunge pool, pressure
simulations on the plunge pool floor in
an experimental model at the Department
of Hydraulic Engineering in Tsinghua
University, Beijing has been performed.
Data from two experiments with two
different outflow configurations has
been obtained and analyzed together with
three earlier performed experiments on
the same experimental model.

The results from outflow configuration
one had an incomplete data set and could
not be compared to the other
experiments. The results retrieved from
the other experiments however showed the
importance of a sufficient plunge pool
water cushion and spillway design with
nappe splitters and blocks implemented.
These outflow configurations held a
hydrodynamic pressure below the
recommended maximum pressure value of 15
cm water head (experimental model scale)
stated by the East Asian Investigation
and Design Institute. The design of
outflow configuration two uses four
nappe splitters and two nappe blocks in
four spillways. In this thesis, this
configuration has proven to be the most
suitable one in terms of maximum
pressure minimization and pressure
distribution at the plunge pool floor.
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SAMMANFATTNING  

Baihetan är ett vattenkraftverk som håller på att byggas i Jinshaflodens nedre del i sydvästra 

Kina, på gränsen mellan Sichuan- och Yunnanprovinsen. Dammen beräknas tas i bruk år 

2020 och kommer då att ha en installerad effekt på 14 GW, vilket kan jämföras med Three 

Gorges Dam som har en installerad effekt på 22,5 GW, vilket är den största kapaciteten i 

världen. 

För att försäkra att dammen kommer att få en tillförlitlig hållfastighet, har risken för 

erosionsbildning på nedslagsbassängens botten analyserats genom utförandet av 

trycksimuleringar i en experimentell modell anlagd vid avdelningen för vattenbyggnad på 

Tsinghua Universitet, Peking, Kina. Data från två experiment med två olika 

utskovskonfigurationer har samlats in och analyserats tillsammans med data från tre tidigare 

utförda experiment på samma modell. 

En utskovskonfiguration visade sig innehålla ofullständig data och kunde inte jämföras med 

de andra experimenten. Resultaten visade på vikten av en utskovsdesign med delare (nappe 

splitters) implementerade vid utskovsmynningen samt vikten av att ha en tillräckligt hög 

vattenkudde i nedslagsbassängen. Alla fyra utskovskonfigurationer som designades med 

delare resulterade i ett hydrostatiskt tryck under det rekommenderade värdet av en 15 cm 

vattenpelare (experimentell skala) som är givet av East Asian Investigation and Design 

Institute. Den utskovskonfiguration som inte hade någon delare fick däremot ett maximalt 

tryckvärde som översteg det rekommenderade värdet. Utskovskonfiguration två är designad 

med dubbla delare på de två mittenutskoven och en konstant upphöjning på de två yttersta av 

totalt sex övre utskov. I denna undersökning har denna konfiguration visat sig mest lämplig 

med avseende på minimeringen av maximalt tryck och tryckdistribution på botten av 

nedslagsbasängen.  
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 VOCABULARY 

The red-marked numbers in Figure 1 below describes the properties of the Baihetan Dam and 

will later on be described more thoroughly.   

 

Figure 1. A simulation picture of Baihetan Dam when ready built (Zhang, 2012). 

    1. Surface spillways (outflows) 

    2. Deep orifices (outflows) 

    3. Plunge pool 

    4. Downstream river, riverbed 

    5. Upstream river, reservoir 

    6. Dam structure 

    7. Dam crest (the upper part of the dam structure) 

 



Additional technical language of this thesis is compiled in Table 1 below and will be 

described more thoroughly in the theory section of this thesis.  

Table 1. Technical language in this thesis (compilation of technical language more 

thoroughly described in the theory section). 

Vocabulary Explanation 

Jets Jets fall from the outflows into the plunge 

pool. 

Working conditions The experiments in this report are using 

different conditions in regards of water flow 

and outflow operation. 

Water Cushion The water in the plunge pool when no 

discharge from the outflows occurs. The 

amount of water in the cushion is dependent 

on the specific working condition that is 

used. 

Water Cushion pressure The water cushion is acting a static 

pressure on the plunge pool floor, which in 

this thesis will be referred to as water 

cushion pressure. 

Nappe Splitter A block implemented on the outer edge of 

the outflow, directing and splitting the jets 

flowing on the nappe splitter in a certain 

angle. 

Nappe Block A block that covers the whole last part of the 

outflow, which causes the jet to leave at a 

higher angle and elevation, without splitting 

the jet. 

Scour Can be considered as erosion in the plunge 

pool floor, in where mass is being 

transported by certain forces such as water 

movement and gravitational forces. 

Energy Dissipation The conversion of energy in the jets 

happening in the plunge pool 

Water Head A measure of the pressure distribution in the 

plunge pool. Because the scale of the 

experimental model is 1:100, the 

experimental pressure will be represented in 

[cmH2O].   

Overtopping When water is pouring over the dam crest. 

Masl Meters above sea level (scale 1:1). 



RESEARCH CONTRIBUTIONS AND SUGGESTIONS FOR 

FURTHER RESEARCH 

The research work that has been retrieved from the experimental model at Tsinghua 

University has resulted in a choice of the most suitable outflow configuration along with a 

discussion of its advantages and disadvantages. The work that has been performed in this 

thesis also leaves a few remarks on the previous methods used in the three earlier performed 

experiments to obtain and analyze the data from the experimental model. 

One remark that the authors of this report regard as the most important one to look further 

into, is the difference of the static pressure (water cushion pressure) in the plunge pool during 

outflow operation versus no outflow operation. Until now, as far as the authors of this report 

knows, the water cushion pressure has been regarded as the same when the outflows is 

operating and when there is no outflow operation. The water cushion pressure has 

deliberately been set to a lower value since the downstream river is slightly sloped which 

creates a constant error. This constant error is contributing to results that in the end shows 

quite fair and reasonable values. The authors of this report claims that this constant error 

should be abolished and that the water cushion (and thereby the water cushion pressure) 

definition should be regarded differently when the experimental model is operating.  

Furthermore, during visual observation of the plunge pool, it could be seen that the water 

cushion contains air trapped in the plunge pool. This leaves the question about how this 

entrainment affects the total density of the water cushion and thus the pressure that the water 

cushion really is acting on the plunge pool floor. 
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1. INTRODUCTION 

In the introduction, the concept of hydroelectricity will be introduced as well as the 

Baihetan Dam and the experimental model of the dam at Tsinghua University in Beijing, 

China.  

Energy as a concept was from the very first beginning derived from the Greek “en” and 

“ergon” which in daily use could be translated to “in work”. The scientific concept and 

translation of the word energy is more complex and diversified in where the definition serves 

to reveal common features in processes and diverse forms of energy. (Boyle, 2012) 

Asia holds the world’s largest resource of hydroelectric power and has, compared to Europe, 

a triple value of the total potential and output. China has on a national scale the largest 

technical hydroelectric annual output potential of 2,5 PWh compared to the second largest 

nation Russia who only holds two thirds of the potential, 1,67 PWh. But the future prospects 

for hydroelectric energy in China is looking very prosperous as for the country’s developing 

speed and promising hydroelectric resources. (Boyle, 2012) 

1.2 HYDROELECTRICITY 

A series of scientific developments and disclosures within the area of electro-technology, 

foremost during the nineteenth century, has led to a significant growth within the electric 

power industry. In 1827 Benoit Fourneyron managed to get a patent on the first successful 

water turbine and the nearly two thousand year old traditional waterwheel was with that 

superseded. Fourneyron’s turbine were used to provide mechanical power and tests showed 

that as much as 80% of the energy in water could be converted into useful energy output (as 

electricity). (Boyle, 2012) 

Ever since the introduction of the water turbine, the electrical industry has grown essentially. 

The world's two largest hydro plants are the Three Gorges in China and Itaipu in Brazil whose 

main purpose is for power generation. (Boyle, 2012) The Three Gorges Dam lies in the 

Yangze River south of China and has been in operation since 2003 but it was not until 2012 

that the dam was considered to be fully completed. It counts to the world’s largest power 

station in regards of installed electric generation capacity which is 22,5 GW. (Chinese 

Government, 2013)  

The Itaipu dam is considered to be the world’s largest in terms of annual electric generation.  

Located in the Parana River at the border between Paraguay and Brazil, the total electric 

production in 2012 was measured up to be 98,3 TWh. (Itaipu Binacional A, 2013) In 

comparison, the Three Gorges Dam had an annual generation of 80 TWh. The power station 

holds 20 generators in where 10 of them produces electricity for Paraguay and the residual 

for Brazil. (Boyle, 2012) 

Hydroelectric plants today do not operate in pure isolation but is considered to be a useful 

part of a supply system, interacting with the elements within it. Most hydropower plants 

today score well on being able to have a rapid response to a changing demand as well as to 
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having an output that matches the annual variation in demand. For instance, a large-head 

installation like the Baihetan Dam in southern China would have little difficulty in 

maintaining a constant output even during a dry period. However, the hydroelectric 

generation does not come without environmental issues. Hydroelectric plants have a certain 

effect on hydrological matters such as effects on water flows, water supply, irrigation and 

groundwater as well as to social and physical effects. The socio-technical system in which 

the hydro plant operates in affects all the coherent elements in the system and vice versa. For 

instance, environmental issues does not occur independently and issues will most likely affect 

all parts of the system. Thus, a hydrological change caused by a hydroelectric plant may 

affect the surrounding ecology which in turn also affects the local community that in turn 

also affects the plant. (Boyle, 2012) 

This interconnection of elements within a system makes safety evaluation of hydroelectricity 

plants crucial. It is important to prevent dam failure as it will cause substantial damage to the 

environment as to buildings and people living close to the dam site most likely will be 

effected. Banqiao Dam on the river Ru in China suffered a great loss of casualties in 1975 

when a typhoon caused it to collapse, killing an estimated number of 171 000 people in its 

way and destroying around 11 million people’s homes. (Zhihong, 2006) 

Besides dam failure caused by natural disasters, hydro plants can embody long-lasting effects 

on the ecosystem starting from the early construction process to when the plant is ready-built, 

in operation or demolished. Since the early 1960’s, 35 dam failures have occurred resulting 

in severe material damage and deaths. The social effects is at the greatest for the local 

population geographically close to hydro plants. A recent estimation showed that about ten 

million people during the last half of the twentieth century were displaced by the construction 

of reservoirs in China. The Three Gorges alone submerged about 100 towns, displacing over 

a million people in the southern parts of China. (Boyle, 2012) 

Environmental issues of hydropower are no less controversial than those for other energy 

sources. Hydropower is nevertheless seen as a more eco-friendly alternative to other power 

plants. For instance, hydropower releases no C02, has no risk of emitting radioactivity and 

lack of particulates or chemical compounds emissions while in operation. (Boyle, 2012) 

1.3 BAIHETAN HYDROELECTRIC PLANT  

The Baihetan Dam is sited on the lower reaches of the Jinsha River in the southwest of China 

between the borders of Sichuan and Yunnan. Upon the completion of the Baihetan 

hydroelectric plant in 2020, the dam will be taken into production and will then complement 

three other stations nearby to the altogether estimated production capacity of twice as much 

electricity as the Three Gorges project. (Zhihong, 2006) 

The newly built hydro power stations Baihetan, Xiluodu, Wudongde and Xiangjiaba in the 

southwestern parts of China will not only contribute to an increased electricity generation but 

will also help to moderate the country's dependency on fossil energy resources such as coal, 

oil and natural gas. In China, coal is considered to be a fairly rich fossil energy resource 
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counted as the most dominating source of energy in the country. The coal extraction in the 

north combined with a high energy demand in the south has led to an imbalanced energy 

distribution, imbedding the country in a highly developed infrastructure for long-distance 

energy transportation from the north to the south. China pays great attention to loosen up this 

dependency to fossil energy resources and the country aims to invest in other forms of energy 

such as renewable energy. (The State Council Information Office, 2007) 

Baihetan, with its main purpose to generate electric power, is not only geographically close 

to the demand in the south but also contributes to mitigate the dependency of fossil energy 

sources in China (The State Council Information Office, 2007). The hydroelectric plant will 

have a total installed capacity of 14 GW and an anticipated annual output of 60 TWh, making 

it the third largest hydroelectric plant in the world considering both installed generation 

capacity and annual output (Itaipu Binacional A, 2013) (Chinese Government, 2013). Not 

only will the dam generate electricity, its construction also opens up for miscellaneous tasks 

such as preventing floods and controlling segmentation as well as to improving of the 

shipping conditions downstream of the dam (Zhang, 2012).  

The magnitude and investment of Baihetan Dam puts focus on a well-functioning safety 

evaluation. It is important to prevent total dam failure hence to the overwhelming damage it 

can cause. The design and construction of the dam holds many aspects, one of them being 

the estimation of flooding. By anticipating when and where a flood would occur, the 

construction of the dam can be designed so that it can withhold a severe flooding. In order to 

avoid dam-breaking flood waves, the dam design often includes safety implementations such 

as surface spillways and deep orifices. These design components are described as the safety 

valves of the dam reservoir system and allows water to leave the upstream reservoir to the 

downstream river in a safe manner, preventing dam failure. (Khatsuria, 2004) 
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1.4 EXPERIMENTAL MODEL OF THE BAIHETAN HYDROELECTRIC PLANT  

In 2010, an experimental model of the Baihetan Dam was built for the sole purpose of 

research. The model is situated at the Department of Hydraulics Engineering at Tsinghua 

University in Beijing, China in the scale of 1:100. Ever since its completion, several 

simulations have been made in order to evaluate the safety aspects of the dam in where a lot 

of focus has been on the downstream impact of scour and erosion of the jets falling from the 

outflows. For instance, the impact of scour at the bottom of the plunge pool below the dam 

has been one of the contributing factors to the current energy dissipation and outflow design 

at the Baihetan Dam. (Yifu, 2013) (Zhang, 2012)  

 

 

Figure 2. The experimental model of Baihetan Dam at Tsinghua University in Beijing, 

China.  
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2. PROJECT DESCRIPTION 

In this chapter, the purpose and goal for this thesis will be described as well as its limitations. 

Further on, an overall method of approach description will be presented and followed by a 

thesis layout.  

2.1 PURPOSE  

The purpose of this thesis is to create an assessment for safety analysis of the Baihetan Dam 

by examining the possibility of scour formation at the bottom of the plunge pool caused by 

the pressure impact that occurs when jets are falling from the outflows.   

2.1.1 GOAL 

The aim of this thesis is, given a set of outflow configurations, to perform experiments on an 

experimental model of Baihetan Dam at the Department of Hydraulics Engineering at 

Tsinghua University to find the most suitable configuration in terms of lowering the pressure 

distribution peaks at the bottom of the plunge pool.  

2.1.2 LIMITATIONS 

The thesis does not take into account the silt elevation in the reservoir discharged from 

bottom sediment tunnels, neither does it consider the impact of power generation during flood 

discharge since the experimental model lack power generation simulation possibilities.  

Due to the thesis framework, no economic considerations will be taken into account 

regarding the construction as well as to the maintenance of the dam site.  

2.2 METHOD 

A safety evaluation of the Baihetan Dam regarding the onset of scour at the bottom of the 

plunge pool has been conducted on an experimental model of the dam at the Department of 

Hydraulic Engineering at Tsinghua University in Beijing, China. Two experiments with two 

different outflow configurations have been performed in order to choose the best suited 

configuration for the minimization of scour impact in the plunge pool.  

The experiments were conducted through measurements of the hydraulic pressure at the 

bottom of the plunge pool of the experimental model when in operation. The water from the 

upstream reservoir would then fall from the surface spillways and deep orifices, causing 

pressure to occur at the bottom of the plunge pool at the moment of impingement. The 

extracted data from the experiments were concluded in tables representing the pressure 

distribution that would occur at the bottom of the plunge pool. The tables were uploaded into 

MATLAB and presented in both 3D-plots, pressure location graphs and maximum shock 

pressure tables, see 5. Results. The complete data acquisition of the experiments can be seen 

in 4.3.2 Data Acquisition and the data handling in 4.3.3 Managing Data.  
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In order to increase the credibility of this study, the retrieved and converted data was 

compared to three earlier performed experiments on the same experimental model. All the 

data was then analyzed through a theoretical framework tool predominantly based on a 

thorough literature study and a suitable outflow configuration was thereafter chosen. 

A more detailed description of the method used in this thesis can be seen in 4.2 Experimental 

Model.  

2.3 THESIS LAYOUT 

The layout of this thesis has been organized into three main sections, namely the theoretical 

framework, the empirical framework and an analytical part in where the findings and 

conclusions are presented.  

The theoretical framework starts with an introduction of dam engineering and holds a 

presentation of dams and the two major types of dams used today. Furthermore, the 

determinants of a dam failure is introduced and followed by a section about energy 

dissipation. In this part, energy dissipation in both a plunge pool and a stilling basin is 

introduced. The next segment depicts the estimation of a flood standard followed by the three 

different flood handling requirements: normal-, design- and check condition. In the next part, 

outflows such as surface spillways and deep orifices are introduced and the factors governing 

the outflow design and the impact of cavitation in the outflows are explained. Here, there is 

also a section that brings up the aspects of mid-air collision of jets. Furthermore, scale 

considerations between an experimental model and a real dam is brought up and last but not 

least, the impact of scour in both a plunge pool and a stilling basin is introduced.  

In the empirical framework, both the Baihetan Dam and the experimental model of the dam 

at Tsinghua University are described. In order to distinguish the validity of the model, hence 

how close the experimental model of Baihetan is an exact representation, a calculation of the 

Reynolds number is also made in this chapter. A description of the experiments regarding 

outflow configurations, working conditions, data acquisition and data handling is also 

presented in the empirical framework.  

In the last section of this thesis, analysis, final conclusions and a final discussion are 

introduced. In the analysis, the theoretical framework is compared to the results and 

summarized in the final conclusions. Finally, a discussion about the thesis credibility and 

method criticism are brought up to light, encouraging for further research within this field of 

study. The layout of this thesis can be described as in Figure 3 below.  

 

Figure 3. An overall layout of this thesis. 

Theortical 
Framework

Empirical 
Framework

Analysis 
and 

Discussion
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3. THEORETICAL FRAMEWORK 

In the theoretical framework chapter, the underlying theory for analysis and final 

conclusions will be presented. Firstly, the term dam engineering will be presented and 

followed by a description of dams and a section of energy dissipation for both plunge pools 

and stilling basins. Furthermore, estimation of flood standard is introduced and different 

types of outflows are described. In the last sections of the theoretical framework, scale effects 

and scour will be presented.   

It is important to keep in mind that in the energy dissipation section, both a stilling basin and 

a plunge pool is introduced. In the analysis however, only the plunge pool will be considered 

since the design of Baihetan Dam is that of a plunge pool.  

3.1 DAM ENGINEERING 

Dam engineering is said to be one of the most fundamental civil engineering activities 

through all times. All great civilizations have in an early stage been characterized by the 

construction of dams. In the beginning, the dams mostly functioned as storage reservoirs but 

they were also intended to satisfy an arising need for irrigation when the agriculture became 

increasingly developed and organized. The most successful civilizations with great economic 

power were closely linked to an excessive knowledge within water construction and the 

ability to store and direct water within the civilization. (Novak, et al., 2004) 

Still today, utilization of water resources remains as one of the contemporary civil engineer’s 

most vital tasks. In an international context, each nation needs to invest in and maintain the 

basic infrastructure of water management and the completion rate in the world for dams is 

constantly growing, especially in China. (Novak, et al., 2004) 

The main purpose of a dam today is to provide a safe detainment and storage of water. In 

order to maintain this, proper dam engineering design needs to be applied and the design of 

the dam needs to satisfy each site’s local, technical and economic circumstances. (Novak, et 

al., 2004) 

3.2 DAMS 

Depending on the construction material used, dams are defined and classified into two 

generic groups: concrete dams and embankment dams (Novak, et al., 2004). 

Dams made out of earth fill and/or rock fill are called embankment dams. The natural 

materials are obtained close by and are placed or compacted without any addition of a binding 

agent. Both the upstream and downstream slopes are similar, making the angle on both sides 

of the slope moderate. The design of embankment dams has a high construction volume 

relative to its height and due to technical and economic reasons, an estimated value of 85-

90% of the world’s dams are constructed this way. (Novak, et al., 2004) 

Concrete dams on the other hand are usually made of mass concrete and are characterized by 

dissimilar slope angles upstream and downstream of the dam. Generally, the slope is steep 
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downstream and close to vertical upstream, also with a slender profile. Originally these dams 

were constructed out of masonry but were for economic reasons as well as to construction 

easement for more complex dam profiles replaced by concrete in the early 1900’s. (Novak, 

et al., 2004) 

3.2.1 DIFFERENT DAM PROFILES 

Depending on geographical, technical and economic matters, different dam profiles are 

chosen. The embankment dams today are characterized by one specific profile, defined by 

equally tilted slope angles both upstream and downstream of the dam. Modern concrete dams 

on the other hand are divided into three major groups, i.e. arch, gravity and buttress dams. 

(Novak, et al., 2004) 

An arch dam has a significant upstream crest curvature in where the water load is transmitted 

to the valley sides of the horizontal arch. Its construction allows the required concrete volume 

to be less than that of the gravity and buttress dam construction. (Novak, et al., 2004) 

Gravity dams solely depend on its own mass for stability. The dam design is characterized 

by a triangular profile in order to avoid overstressing of the dam and its foundation, 

guaranteeing the stability of the dam. A buttress dam may be considered as a light version of 

the gravity dam for conceptual purposes. Its construction design also consists of a triangular 

face but the difference is that a buttress dam in addition is supported by downstream 

buttresses at regular intervals. (Novak, et al., 2004) For a visual representation of an 

embankment, arch, gravity and buttress dam, see Figure 4 below.  

 

Figure 4. Four different dam profiles (Pettersson & Pettersson, 2010). 
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3.2.2 DAM FAILURE 

Reservoirs always impose a potential hazard to life and property downstream. The area at 

risk may be extensive and densely populated, causing unacceptable fatalities and huge 

economic damage if a dam failure were to occur. (Novak, et al., 2004) 

The possibility of dam failure depends largely on the type of dam. Embankment dams made 

of earth-fill are considered to be the most sensitive type of construction as a dam failure can 

be caused even by a small overtopping. (Khatsuria, 2004) In a dam failure caused by 

overtopping, the overstressing forces has the ability to overcome dam safety measures and 

henceforth remove a portion of, or all of the embankment structure. Another type of dam 

failure for embankment dams is when erosion occurs downstream. (MacDonald & 

Langridge-Monopolis, 1984) There are different types of erosion but all have a common 

factor of working in the dam structures disadvantage, making preventive and corrective 

measures against erosion of significant importance. For instance, a seepage erosion, also 

called a concealed internal erosion, may cause internal cracking of the dam structure and 

leakage along a perimeter of some dam structure components such as tunnels, pipework and 

culverts. In order to prevent this kind of erosion, a detailed dam design needs to be 

implemented with the use of filters, collars, fill and internal drainage which will prevent the 

erosion to cause a seepage to occur. (Novak, et al., 2004) Scour is considered to be one kind 

of internal erosion which occurs at the foundation contact, also described as local erosion 

(Fell, et al., 2003). Scour can for instance occur at specific areas at the bottom of a plunge 

pool or in a stilling basin (Zhang, 2012).  

Arch dams as well as gravity dams can withstand a flooding to a certain extent before 

excessive stress on the dam causes it to fail (Khatsuria, 2004). Historical dam failures 

indicates that inadequate design or excessive forces such as deterioration of foundation 

material, earthquakes and flood flows can cause the dam to suffer from congestion. The 

overload then causes the dam structure to overturn, slide or suddenly collapse. (MacDonald 

& Langridge-Monopolis, 1984) For instance, as a direct result of an extreme flood event, a 

time interval of progressively increased distress within the structural parts of the dam and its 

foundation will be preceded (Novak, et al., 2004). As well as in an embankment dam, erosion 

and scour are important to consider in terms of dam failure. For instance, scour could 

undermine an adjoined concrete section of the dam structure and cause it to suddenly collapse. 

(MacDonald & Langridge-Monopolis, 1984) 

It is for dam safety and dam surveillance procedures today to detect these kinds of structural 

distresses at the earliest possible stage so that abnormalities in behavior can be prevented 

from developing into serious incidents or failures. It is however rare that large modern dams 

fail. In addition to the Banqiao disaster in 1975, six hugely disastrous failures occurred 

between the years of 1959 and 1993. The dam failures influenced all matters of dam safety 

practice today in where dam safety and surveillance regarding hydroelectric plants became 

more of an international matter than just a local one. These five major dam disasters are 

depicted in Table 2 below, showing a number of more than 4800 causalities and a large 

impact on the surrounding area to huge economic costs. (Novak, et al., 2004) 
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Table 2. Selected major dam disasters 1959-1993 (Novak, et al., 2004). 

 

 

3.3 ENERGY DISSIPATION 

The main purpose of energy dissipation at dam sites is to bring the flow downstream of the 

dam to the same condition as it was in the upstream reservoir in as short of a distance as 

possible. A satisfactory choice of energy dissipation can have the effect of limiting the impact 

of scour downstream of the dam, making energy dissipation a very important matter of dam 

safety evaluation. (Khatsuria, 2004)  

Khatsuria (2004) and Zhang (2013) states that there are two types of energy dissipaters in a 

dam structure, namely hydraulic jump in stilling basin and jet impingement in plunge pool. 

Depending on the current circumstances at the dam site, either a stilling basin or a plunge 

pool is chosen. Current circumstances involves several aspects, some of them being the dam 

site’s hydrology, topography, geology, utility and operational as well as constructional and 

structural aspects. (Khatsuria, 2004) The two energy dissipation choices at a dam site will be 

presented below.  

3.3.1 ENERGY DISSIPATION IN PLUNGE POOL 

Many concrete dams today are equipped with surface spillways and deep orifices to reduce 

the excess water in the upstream reservoir. This type of design generates high-velocity 

rectangular jets that impinge downstream and it is common to have an extra structure 
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downstream of the dam for the jets to drop into. This structure forms a pool that receives the 

jets and breaks down the energy in the falling jets. By the implementation of a plunge pool 

at a dam site, the energy will predominantly be dissipated in the plunge pool. (Puertas & Dolz, 

2005) 

Novak et al (2004) presents a general energy dissipation model for a plunge pool, stating that 

the passage of water from the reservoir upstream into the downstream reach involves a 

number of hydraulic phenomena or stages as presented in Figure 5 below.  

The first stage involves the flow of water through the outflow which ends up in the second 

phase characterized by jets leaving the dam structure and falling towards the plunge pool. 

The third stage represents the moment of impact into the plunge pool, creating hydrodynamic 

turbulence in the pool at stage four. In the last stage, the flow reaches the outflow of the 

plunge pool further downstream. (Novak, et al., 2004) 

 

Figure 5. Stages of energy dissipation in a plunge pool (Novak, et al., 2004). 

3.3.1.1 Pressure Acting on the Plunge Pool Floor 

The plunge pool floor may be exposed to pressures from the core jet impact which may occur 

for shallow plunge pool depths, or from a macro turbulent shear layer impact that occurs for 

pool depths greater than four to six times the jet diameter. The macro turbulent shear layer is 

the turbulent region which can be found in the pool under the area of jet impingement. 

(Bollaert & Schleiss, 2003) 

The requirements made by EAIDI regarding the highest allowed pressure impact at the 

plunge pool floor is that the maximum shock pressure cannot exceed 15 cm water head 

(experimental model scale). Since one m water head equals to 9,8 kPa, it cannot exceed 147 

kPa. The maximum shock pressure value is calculated by taking the maximum absolute 
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pressure value at the bottom of the plunge pool caused by the jets impinging the pool 

subtracted by the static pressure of the water. The water cushion pressure at the plunge pool 

floor is a constant pressure that differs depending on the water elevation downstream. (Zhang, 

2012)  (Douglas, et al., 2005) 

3.3.1.2 Fluid Velocity Acting on the Plunge Pool Floor 

The velocity at the plunge pool floor is difficult to obtain and high velocities acting on the 

floor can result in low measured pressure distributions. This happens when the fluid is not 

hitting the opening of the measuring point in a perpendicular way.  In other words, when the 

gradient of the pressure head will not be in pure vertical z-direction. Due to this measurement 

uncertainty and also due to lack of sufficient data retrieval equipment, the procedure of 

measuring the fluid velocity in the plunge pool has been excluded from this report. (Norrlund, 

2013) 

3.3.1.3 Jet Aeration  

Ervine, Flakey, & Withers (1997) all describe different flow regimes of a free falling jet. 

Figure 6 below shows three major flow states A to C of a free falling jet with a vertical 

impingement in a plunge pool.  

Zone A is characterized by an initial wave formation on the surface of the jet caused by 

internal turbulence inside the jet and can be divided into three different modes from A1 to 

A3. The inner surface of the outflow is designed to be smooth and “glass-like” so that the jet 

that flows over the surface better can withstand the growth of internal turbulences in the jet. 

In zone A1, the jet has just left the outflow, heading to zone A2 which is characterized by a 

formation of regularly spaced waves that amplifies in the direction of the flow, causing a 

growth of instabilities on the water surface. In Zone A3, the surface waves are developed 

into circumferential vortex elements. (Ervine, et al., 1997) 

Zone B starts with the breakdown of the circumferential vortices into turbulence in where the 

surface of the jet takes on a random character. In this zone, the surface disturbances ξ grows 

linearly with the square root of the distance from the beginning of the jet formation (eq. 1): 

(Ervine, et al., 1997) 

𝜉 𝛼 √𝑋    (1) 

 

Where 

ξ =  Turbulent zone of the jet [m] 

X =  Distance from the beginning of the jet formulation [m] 

The air within the turbulent disturbances in the jet is now moving with approximately the 

same velocity as the falling water. The volume of air in the jet is also increasing with the fall 

distance. (Ervine, et al., 1997) 
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When the jet enters zone C it can no longer be regarded as a continuous mass. The core of 

the jet is penetrated by turbulent surface fluctuations large enough to break up the jet into 

individual water clumps. The discrete water drops will then hit the surface of the plunge pool. 

(Ervine, et al., 1997) 

 

Figure 6. Flow regimes of a jet with a vertical plunge pool impingement (Ervine, et al., 

1997). 

3.3.2 ENERGY DISSIPATION IN STILLING BASIN 

In a stilling basin, the water leaves the upstream reservoir by following the dam structure into 

the downstream reach. Hence, the water is led down by the dam structure and is never in the 

air by itself. The concept of energy dissipation is for a hydraulic jump to occur in the stilling 

basin. (Yifu, 2013) 

Figure 7 below shows a hydraulic jump that occurs between y1 and y2. The properties of the 

water before and after the hydraulic jump can be divided into three different stages: 

subcritical, critical and supercritical. (Novak, et al., 2004) 
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Figure 7. Stages of energy dissipation in stilling basin (Novak, et al., 2004). 

Just before the hydraulic jump, the behavior of the water flow changes from supercritical to 

subcritical. The water then goes from flowing faster than the wave in the supercritical mode 

to be flowing slower than the wave in a subcritical mode. In the transition between the super- 

and subcritical mode, the water will be in a critical state in where the water is flowing in the 

exact same speed as the wave. (Novak, et al., 2004) 

The water properties holds a Froude number to describe the state of the water flow. The 

Froude number is dimensionless and represents the ratio of inertial forces to gravitational 

forces and is calculated by the use of Equation 1 below. (Texas Department of Transportation, 

2011) 

𝐹𝑟 = 𝑣𝑚/√𝑔𝑑𝑚      (1) 

Where 

Fr =  Froude number [ratio] 

vm =  Mean velocity [ms-1] 

g =  Acceleration of gravity [9,81 ms-2] 

dm =  Hydraulic mean depth = A/T [m] 

A =  Cross-sectional area of flow [m2] 

T =  Channel top width at the water surface [m] 

The Froude number is dependent on the mean velocity and depth of the water flow and can 

be used to describe the water flow states supercritical, critical and subcritical. If the Froude 

number is above one, the state is considered to be supercritical and critical if the Froude 

number is equal to one. A subcritical state occurs when the Froude number is below one. 

(Novak, et al., 2004) 



15 

 

The amount of energy that is being dissipated in the hydraulic jump is dependent on the 

Froude number just before the jump. The higher Froude number in the supercritical state, the 

more energy is being dissipated in the jump. For instance, a hydraulic jump with a visual 

slight ruffle on the water surface can be described with a decreasing Froude number of 1,7 in 

the supercritical state before the jump to a number equal to 1 in the critical state followed by 

a Froude number below one in the subcritical state. In this jump, 25% of the energy upstream 

is being dissipated downstream.  A desirable jump is considered to have a Froude number of 

4,5 – 9,0 in the supercritical state before the jump. The table below shows different Froude 

numbers before the hydraulic jump and the appurtenant amount of energy dissipation in 

percent. (Khatsuria, 2004) 

Table 3. Hydraulic jump classifications for different Froude numbers in a supercritical state 

(Khatsuria, 2004). 

Froude Number Classification Energy Dissipation 

1,7 – 2,5 Pre-jump < 25% 

2,5 – 4,5 Transition or oscillatory jump 25 - 50 % 

4,5 – 9,0 Steady or good jump 50 - 70 % 

> 9 Effective but rough jump >70 %  

 

The hydraulic jump represented in Table 3 above can also be described in a conceptual 

picture below, see Figure 8. In the picture it can be seen that the water depth in the stilling 

basin alters to a greater depth when the water goes from super- to subcritical state, a 

phenomena that can be observed by looking at the hydraulic jump occurrence in the basin.  

 

Figure 8. Different hydraulic jump classifications depending on the Froude number in the 

supercritical state (in this picture referred as F1) (Khatsuria, 2004, p. 388). 
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3.4 ESTIMATION OF FLOOD STANDARD 

Hydrological simulation and analysis consists of both deterministic and stochastic modeling 

that considers both physical laws and empirical relationships as well as probability functions. 

The deterministic point of view reflects a conceptual model of physical processes regarding 

the hydrologic cycle whilst the stochastic models more are based on a premise that 

hydrological processes are more or less stochastic in nature. The data in stochastic models 

are often based on historical observed data in an attempt to synthetically generate probable 

outcomes by looking at combinations of patterns. (Khatsuria, 2004) 

Flood estimation is applied in the very early phase of dam construction in order to settle a 

consistent standard for the safety of the dam when it comes to hydrological matters. There is 

no single method today that can take all factors into account to predict floods, especially 

when flows are greatly variable and when data are scarce. Thus, the standard method is to 

base the prediction mainly on rainfall data and create a Probable Maximum Flood (PMF). 

The PMF represents a possible maximum flow into the reservoir that may occur in the 

location of where the hydroelectric plant is built. By using this method, a combination of 

hydrological and critical meteorological conditions are taken into account to predict a 

reasonable and probable maximum flood. (Khatsuria, 2004) 

3.4.1 ESTIMATION OF FLOW CONDITIONS 

More than one third of all dam failures are caused by overtopping of dams. There are many 

contributing factors to the occurrence of overtopping including equipment malfunctioning 

and operational errors but the principal cause is inadequate outflow capacity. It is therefore 

of great importance to select an outflow design that can withhold overtopping of the dam. An 

implemented spillway that ends up too small involves a high risk of dam failure by 

overtopping whilst an excessively large capacity of the spillway can endanger inhabitants 

living downstream due to faulty reservoir operation or malfunctioning spillway gates. Many 

different design factors govern the choice of outflow capacity design including hydrological, 

moral, economic and technical matters. (Khatsuria, 2004) 

The outflow design should not only be able to handle normal flow conditions but also 

exceptional floods. The flood handling is usually divided into three sections namely normal, 

design and check condition. In the normal condition, the water is anticipated to flow through 

the outflows in a standard manner without any unexpected floods and in the design condition, 

the normal flow holds a safety margin. In the check condition, the water that enters the 

outflow is on the verge of causing it to fail. (Khatsuria, 2004) 

The design and check condition both holds a flooding frequency that defines when a flooding 

in each condition would occur. For instance, a flooding frequency of 1:100 means that a 

flooding is anticipated to occur once every 100 years and a flood frequency of 1:1 000 is a 

flooding expected to happen once every 1 000 years. (Khatsuria, 2004) 
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3.4.1.1 Normal Condition 

In the normal condition, no unexpected events are anticipated to occur and the condition is 

therefore characterized by an outflow utilization in where no significant damage to the 

structure or downstream of the dam occurs. In this scenario, there is no risk for total dam 

failure since a flooding is not considered to happen. (Khatsuria, 2004) 

3.4.1.2 Design Condition 

The design condition represents the highest flow of water into the outflows during normal 

working conditions and holds a safety margin. The most common way to determine the 

flooding frequency in the design condition is by taking a certain percentage out of the PMF. 

(Khatsuria, 2004) 

3.4.1.3 Check Condition 

When the check condition is reached, the dam exhibits a marginally safe performance with 

an accepted risk of damage without total failure. The check condition handles extraordinary 

conditions and is usually made equal to the PMF. In general, the check condition for an 

embankment dam is designed with a flooding frequency of happening once every 300 to 10 

000 years and for a concrete dams it is predicted to occur once every 200 to 5000 years. 

(Khatsuria, 2004) 

3.5 OUTFLOWS 

The Baihetan Dam will upon its completion be an arch dam with both surface spillways 

and deep orifices. The prototype of the dam is built in a steep and narrow canyon in 

where the chosen energy dissipation is that of a plunge pool. A stilling basin with a 

hydraulic jump will therefore not be implemented in the dam structure at Baihetan. 

(Zhang, 2012) In these conditions the most suitable types of surface spillways are ski-

jump and trajectory buckets with nappe blocks and splitters implemented (Khatsuria, 

2004). The chapter 3.5.3.1 Different Types of Spillways will therefore only describe the 

properties of ski-jump, trajectory buckets and nappe blocks and splitters suited for arch 

dams.  

Dam outflows generally consists of surface spillways and deep orifices. The main purpose 

of outflows is to ensure a safe passage of floods from the upstream reservoir to the 

downstream river. The outflow design depends on many different factors but primarily on 

the flow conditions, type of dam and its location, reservoir size and utilization frequency. 

(Novak, et al., 2004) For instance, it may be advantageous for a steep arch dam to let the jets 

from the surface spillways collide in mid-air with jets from the deep orifices in order to 

facilitate the energy dissipation in the downstream plunge pool (Khatsuria, 2004). 

3.5.1  FACTORS GOVERNING THE SELECTION OF OUTFLOWS 

In the same way as the selection of either a stilling basin or plunge pool at a dam site, various 

aspects for the choice of surface spillway and deep orifice design needs to be considered. The 
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main aspects are hydraulic considerations, topography, geology, utility and operational 

aspects. Also to be considered are constructional and structural aspects. (Khatsuria, 2004) 

In terms of hydrology, the frequency of outflow use as well as the determination of outflow 

discharge needs to be decided. The frequency of outflow use is based on the capacity of the 

flood storage reservoir as well as to the characteristics of the drainage area. In order to 

determine the outflow discharge, an analysis needs to be made in where the water elevation 

in the reservoir, dam crest elevation, number of outflows and an approximate discharge rating 

curve for the outflow is to be determined. In addition to the analysis, various design elements 

are being based on the outflow discharge such as crest profile, sidewalls, energy dissipater 

and downstream protection. (Khatsuria, 2004) 

Topography and geology are the two aspects that has the most impact on the outlook of the 

outflows in terms of outflow location and type. The outflow design in regards of topography 

and geology depends much on the type of foundation, allowed bearing pressures and the 

anticipated occurrence of scour formation. Topography influences the design in regards of 

which type that is more or less favorable in certain areas. For instance, for gravity or arch 

dams located in steep and narrow canyons, ski-jump buckets are the most favorable spillway 

type given that the problems regarding spray, landslide and resulting bank erosion can be 

dealt with. (Khatsuria, 2004) 

Outflows implemented in a dam structure can be of different purposes and when considering 

utilization and operational aspects, the serviceability of the outflows needs to be defined. For 

instance, a spillway defined for the purpose of a frequent use differs from a spillway design 

with a purpose of being utilized more infrequently. An emergency spillway is only to be used 

in order to avoid major damage to the dam structure and the area downstream. In the initial 

planning and design stage of a reservoir project, all the advantages and disadvantages 

considering serviceability of the outflows needs to be considered. (Khatsuria, 2004) 

Lastly, the constructional and structural aspects also have to be kept in remembrance. Major 

dams involves large amounts of excavation, earthwork and concreting when constructed and 

much of the outflow design is depended on these construction facets. (Khatsuria, 2004) 

The various aspects mentioned above are all important for the outflow design and all the 

factors involved in the process have to be applied comprehensively rather than on their own 

individual merits. It is however not likely that all the factors unanimously point to a unique 

choice. In most cases, a choice so obviously apparent as favored by a majority of factors 

could still be a subject of rejection as dictated by some other factors. It can also happen that 

personal preference of the designer also may govern the selection. By introducing a hydraulic 

model study, the above mentioned aspects can be visualized and a suitable outflow design 

can be chosen. (Khatsuria, 2004) 
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3.5.1.1 Bucket lip Design 

The bucket lip of an outflow is defined by the part of an outflow that goes from the minimum 

elevation (masl) all the way to the lip of it (Zhang, 2013). There are many design components 

present when the bucket lip design is considered but the main components are the following: 

shape of the bucket, elevation above the plunge pool, bucket radius and bucket lip angle. The 

guidelines for bucket lip designs has mainly emerged from practical utilization experiences 

of existing dams but they are also derived from theoretical analysis. (Khatsuria, 2004) 

Figure 9 below represents the bucket radius, bucket lip and bucket lip angle. 

 

Figure 9. Design parameters in outflow design. 

3.5.1.1.1 Shape of the Bucket 

There are several existing bucket shapes but the most preferred one is generally of a circular 

shape. A few dam designers would have confidence in a bucket design that is formed by 

anything other than smooth curves. Designers therefore tend to favor a circular arc shape 

bucket. (Khatsuria, 2004) 

3.5.1.1.2 Elevation above the Plunge Pool  

The elevation of the bucket is given by the distance between the bucket lip and the water 

surface of the plunge pool. The elevation will affect the position of jet impingement in the 

plunge pool and will therefore be designed in consideration to the shape of the bucket, the 

bucket radius and lip angle to achieve a desirable position of jet impingement. (Khatsuria, 

2004) 
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3.5.1.1.3 Bucket Radius 

As can be seen in Figure 9, the bucket radius is the radius of the last part of the outflow, 

where the water leaves the bucket. The bucket radius is very important in order to provide 

proper hydraulic action in the bucket. The optimal flow occurs when the flow in the bucket 

is concentric and when there is a proper contact pressure on the bucket surface. The radius 

of the bucket is depending on the supercritical flow depth of the water that is entering the 

bucket. The recommended radius values varies from three to seven times the flow depth of 

the water entering the bucket. The radius can be calculated by the use of the following 

equation: (Khatsuria, 2004) 

𝑅 =
 𝑦1(𝐹𝑟

0.5 − 1.96)

0.06
     (2) 

Where  

R = Radius of the bucket [m] 

y1 = The depth of flow entering the bucket [m] 

Fr = Froude number of the water entering bucket [ratio] 

3.5.1.1.4 Lip Angle 

The bucket lip angle is given by the requirements of the throw distance of the jet and the 

angle of the jet impingement in the plunge pool. The theoretical maximum water throw 

distance is given by a lip angle of 45°. If the lip elevation were to be the same as the water 

surface level in the plunge pool, the angle of the jet impinging the plunge pool will be the 

same as the angle of the jet that is leaving the bucket. For downstream water levels lower 

than the lip elevation, the angle of impingement in the plunge pool will increase. In case of 

a ski-jump bucket implementation set high above the downstream reach, the lip angle may 

be quite small, sometimes even horizontal. A very rough estimation of the lip angle could be 

described in the following equations: (Khatsuria, 2004) 

𝛳 =  0.1𝑅 𝐿𝑖𝑝 𝑎𝑛𝑔𝑙𝑒 𝑓𝑜𝑟 ℎ𝑖𝑔ℎ 𝑑𝑎𝑚𝑠 [°]     (3) 

𝛳 = 0.125𝑅 𝐿𝑖𝑝 𝑎𝑛𝑔𝑙𝑒 𝑓𝑜𝑟 𝑙𝑜𝑤 𝑑𝑎𝑚𝑠 [°]  (4) 

Where: 

ϴ  = Lip angle [°] 

R = Bucket radius [m] 

A more detailed equation for lip angle estimation is based on existing structures and can be 

described as following: (Khatsuria, 2004) 

𝛳 = √
ℎ1(7,8− 𝐹𝑟) 

0,000091𝑅

3
     (5) 
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Where 

Fr  = Froude number of the water entering bucket [ratio] 

R = Bucket radius [m] 

h1 = Elevation above plunge pool [m] 

ϴ  = Lip angle [°] 

In most of the existing installations today, the lip angle has been chosen to be between 20° 

to 40° degrees (Khatsuria, 2004). 

3.5.1.1.4.1 Effective Lip Angle 

The angle of the jet immediately after the bucket lip exit is in practice not exactly equal to 

the bucket lip angle and is called the effective angle. The radius of the bucket may be too 

small and not be able to turn the jet completely, making the angle of the water exiting the 

bucket a little bit smaller than in theory. The effective jet angle of the exiting jet tends to 

depend on the depth of the water that is entering the bucket and the radius of the bucket. The 

relationship is described below in Figure 10 and can only be applied when the water level 

downstream is below the bucket lip elevation, which is the case for high arch dams. The 

figure below shows an example of effective lip angles in where the water in the bucket fails 

to turn around the water completely due to a narrow bucket design. The result is a water jet 

that leaves the bucket lip with a lower angle than the bucket lip angle. (Khatsuria, 2004)  

In the figure, θ [°] represents the lip angle whilst θ1 [°] is the effective lip angle. Y1 [m] is the 

supercritical flow depth entering the bucket with the bucket radius R[m].  

 

Figure 10. The effective lip angle (Khatsuria, 2004). 
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The relationship represented in Figure 10 can also be represented in an equation, which 

instead includes the water elevation properties at the dam site: (Khatsuria, 2004) 

 

𝑡𝑎𝑛𝛳2  =  √
sin2 𝛳 + 

ℎ1
ℎ0

cos 𝛳
     (6) 

Where 

ϴ2 = Angle of jet impinging the plunge pool water surface [°] 

ϴ  = Lip angle [°] 

h1 = Difference between downstream water level and bucket lip [m] 

h0 = Difference between upstream water level and bucket lip [m] 

3.5.2 CAVITATION IN OUTFLOWS 

Cavitation occurs when the pressure on the fluid has been lowered from the atmospheric 

pressure down to vapor pressure which in turn is dependent on the temperature of the fluid. 

Low pressures that is well below the atmospheric pressure will occur at points where 

separation of water flowing alongside fixed boundaries occurs. The parameters velocity and 

pressure will influence the impact of cavitation in outflows. Together with density, it is 

possible to calculate a coefficient that is called the cavitation number. The cavitation number 

can be represented in the equation below: (Novak, et al., 2004) 

𝜎 =
2(𝑝 − 𝑝𝑣)

𝜌𝑢2
     (7) 

Where 

σ  = Cavitation number [ratio] 

p  = Pressure [kPa] 

pv = The pressure that will make the water vapor given a certain water temperature [kPa] 

ρ = Density of water [km-3] 

u = Velocity of water [ms-1] 

By the use of this equation, it is possible to give a critical value on the cavitation number, σ. 

This critical value represents cavitation occurrence given the certain geometry of the place 

in where the water is flowing through. For surface spillways, cavitation could occur at a 

velocity of 35 ms-1 and more, depending on the shape of the spillway. For a “smooth” and 

well-constructed surface inside the spillway, an σ-value around 0,25 sometimes is considered 

as fair. (Novak, et al., 2004) 
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3.5.3 SURFACE SPILLWAYS 

A spillway is designed to prevent overtopping of a dam in a construction that is not 

constructed for overtopping. The main purpose of spillways is therefore to let the excess 

water in the upstream reservoir flow to the downstream river in a safe manner. For the 

spillway design, the following questions are important to take into consideration: (Khatsuria, 

2004) 

Is overtopping of the reservoir possible? 

Could overtopping cause a dam failure? 

Could overtopping cause any other damage? 

A reservoir will overflow when the water elevation is so high that the water flows over the 

edge of the dam crest which will occur when the inflow into the reservoir is larger than the 

outflow during a certain time period. A Full Supply Level (FSL) is the maximum water 

elevation level that can occur in a reservoir and it is dependent on the PMF. The dam crest 

elevation can be designed to exceed the FSL when the turbine or sluice is in operation. It is 

however not practical to construct a dam large enough to store this amount of water, and 

spillways are therefore in common practice incorporated to the dam design to prevent 

overtopping of the dam. (Khatsuria, 2004) 

3.5.3.1 Different Types of Spillways 

Different types of buckets can be used to send the discharge water in a jet away from the dam 

construction. There are different kinds of names for these buckets such as for example roller 

buckets, ski-jump buckets and trajectory buckets. (Khatsuria, 2004) Further on in this thesis, 

spillways with a bucket lip angle of 0° and below will be called trajectory buckets and buckets 

with a lip angle higher than 0° ski-jump buckets.  

3.5.3.1.1 Nappe Splitters or Nappe Blocks 

Both the trajectory and ski-jump buckets can be equipped with nappe splitters or nappe 

blocks. The splitters represents dents or grooves at the end of the spillway bucket lip, causing 

the jet to split up just before it leaves the bucket lip. Because of the nappe splitters higher lip 

angle, the water that flows on the splitter will also have a higher exit elevation and the water 

that flows along the original bucket will leave the bucket with the bucket lip angle. An 

example of a nappe splitter can be seen in Figure 11 in where the nappe splitter has a lip 

angle of 30°. (Huang & Qi, 1998) The nappe splitter implementation in our thesis is presented 

in chapter 4.3.1.1 Outflow Configurations in Experiments of this Thesis.  

Nappe blocks are similar to nappe splitters, it causes the jet to leave the bucket with another 

lip angle and elevation. The difference is that it does not cause the jet to split up before it 

leaves the bucket lip, the whole jet will leave the bucket in one piece. Both nappe splitters 

and nappe blocks can be seen in Figure 11, in where spillway one and six has nappe blocks 

and three and four has nappe splitters. Figure 11 below shows experiment two and is a part 

of Figure 24. The water is flowing “out of the paper” in this representation. 
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The nappe block is an experimental term that is used in the report, in the real dam structure 

the nappe block will likely be built homogenously with the rest of the outflow, the same goes 

for nappe splitters. In the experimental model, the blocks and splitters are easy to remove to 

set up different outflow configurations. 

 

Figure 11. Outflow configuration two. 

3.5.3.1.2 Ski-jump Bucket 

The concept of this type of construction was invented in France in the early 20th century when 

the roof of a power plant was formed as an upturned circular arc. The roof was able to serve 

as a spillway that could send the high velocity water in a trajectory jet down on the riverbed. 

The water trajectory was formed in a way so that the water plunged into the riverbed at a 

considerable far distance from the dam structure. Water discharge from the upstream river 

has always been problematic due to the occurrence of scour at the position of jet impact in 

the plunge pool. With this bucket design, scour could now develop at a far distance from the 

dam structure, making the scour formation downstream less harmful for the dam structure. 

(Khatsuria, 2004) 

This arrangement, later to be named ‘‘Saut de ski’’ became very popular in France, Spain 

and Portugal, and the first spillways of this kind were built in the years 1930 - 1940. This 

type of construction is considered suitable for dams build in deep, narrow and rocky gorges 

with limited waterways. (Khatsuria, 2004) 

Huang & Qi (1998) have investigated two different kinds of ski-jump buckets. One type of 

ski-jump bucket is the continuous bucket which is simple and resistant to cavitation damages 

inside the bucket. Figure 12 below depicts an example of a continuous bucket with a bucket 

lip angle of 20°. 
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Figure 12. An example of a continuous bucket in where the lip angle is 20° (Huang & Qi, 

1998). 

Another type of ski-jump bucket is a differential bucket. It is equipped with nappe splitters 

which deflects the jet in a certain angle. Some splitters splits the jet resulting in an increased 

diffusion in the air. (Huang & Qi, 1998) Figure 13 below shows an example of a differential 

bucket with a bucket radius of 80 m and nappe splitter radius of 100 m. The bucket lip angle 

is 20° and the nappe splitter lip angle is 30°.  

 

Figure 13. An example of a differential bucket (Huang & Qi, 1998). 

  



26 

 

3.5.3.1.3 Trajectory Bucket 

The only difference between a trajectory bucket and a ski-jump bucket made in this thesis is 

that of the lip angle whereas the trajectory lip angle is set to 0° or below.   

The horizontal or negative angle directs the jet exiting the bucket to impinge in the plunge 

pool closer to the dam structure (Khatsuria, 2004). The purpose of the utilization of trajectory 

buckets can be variant but is predominately used for the sake of a more effective energy 

dissipation. By giving the surface spillways lip angles of zero or below, the jets from the 

spillways will collide with jets exiting the deep orifices in mid-air early on, causing a 

decrease of energy in the water flow at an early stage. As for the ski-jump buckets, the 

trajectory buckets can also be equipped with nappe splitters at the lip of the bucket. (Novak, 

et al., 2004) 

3.5.4 DEEP ORIFICES 

Deep orifices are constructed with a profile that is shaped like an upturned bucket. The angle 

is causing an upward inclination of the water that flows through the outlet, as can be seen in 

Figure 14 below. The orifices can be equipped with nappe splitters and nappe blocks at the 

end of the outlet to improve the dissipation of energy before hitting the water cushion in the 

plunge pool or the jets from the surface spillways. As pointed out earlier, an important aspect 

of this kind of construction is to have the water impinge the riverbed at a safe distance from 

the main dam construction. This will influence the eventual scour hole at the bottom of the 

downstream river to occur further away from the main dam structure. It is also of great 

importance to make the energy dissipation of the water flow as effective as possible before 

the water impinges downstream, so that the scour impact at the bottom of the river 

downstream is as small as possible. (Khatsuria, 2004) 

For this reasons, various concepts of bottom outlets is incorporated for air entrainment in the 

jet, spreading the jet in an as effective way as possible. The number, size and elevation of the 

bottom orifices in a dam construction is given by the flow conditions at the dam site which 

are defined by the total amount of discharge, the upstream water level and also conditions 

downstream. The number of implemented bottom outlets in a dam structure are often more 

than one since it is more efficient to build several bottom outlets with smaller capacity. A 

conceptual figure of deep orifices can be seen in Figure 14 below. (Khatsuria, 2004) 
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Figure 14. A conceptual description of bottom orifices in an arch dam (Khatsuria, 2004). 

3.5.5 COLLISION OF DIFFERENT ELEVATED JETS 

Two dams in France, La Berthe and Sainte-Croix, have been constructed with the concept 

of jet-collision. In these cases, two deep orifices at the same elevation have been 

implemented so that they will collide with the aerated jets falling from the surface 

spillways. (Khatsuria, 2004) 

Khatsuria (2004) has analyzed the existing dam construction with this type of arrangement 

and observed that the collision of water in the air enhances the energy dissipation but will 

cause the jet to hit the water cushion at a longer distance from the dam structure in where a 

longer plunge pool is needed. The theoretical relationship is for the plunge pool to be 1,67 

to 2,04 times the difference in water level upstream and downstream or 1,34 to 1,37 times 

the height of the dam. A demonstration of a mid-air collision and a non-existing mid-air 

collision can be seen in Figure 15 below.  
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Figure 15. Two different outflow configurations in where (a) a mid-air collision occurs and 

(b) no mid-air collision occurs (Khatsuria, 2004).  

 3.6 SCALE MODEL 

A scale model considering hydraulic engineering holds the purpose of solving a hydraulic 

matter by performing experiments on a physical simulation of the hydraulic phenomena. The 

scale model is designed and operated in pursuant to the existing scaling laws which are the 

requirements to be fulfilled so that the similarity between model and prototype is close 

enough. (Novak, et al., 2004) 

When performing an analysis of a flow, even for a geometrically similar model almost 

inevitably a certain degree of distortion of flow and some scale effect will arise. For instance, 

free falling jets from the outflows in the experimental model may have less air entrainment 

and reduced air resistance than in the prototype of the real dam, also causing the jet to obtain 



29 

 

a higher velocity.  As a result, the jets in the experimental model would impinge further 

downstream than it would in the real dam, making the possible scour to occur further 

downstream in the model than in the real prototype. Despite the fact of flow distortion and 

scale effect occurrences, most design problems today associated with hydraulic structures are 

usually investigated on geometrically similar scale models. (Novak, et al., 2004) 

3.6.1 REYNOLDS NUMBER 

The Reynolds number is a measure of how close to an exact scale model the experimental 

model is. The number is dimensionless and used to test the validity of certain hydraulic 

phenomena in simulations. When performing a safety analysis, it is for many reasons more 

practical to build a small scale model to obtain analysis data from than to build and analyze 

the real system. For the results from the simulations in the experimental model to be valid, 

the Reynolds number for the model and prototype must have the relationship represented in 

Equation 8 below. Once the Reynolds number for the scale model is calculated, the number 

for the prototype can be obtained according to the equation or vice versa. The Reynolds 

number for the experimental model is presented as Rem, and the prototype Rep. λ defines the 

scale in which the model operates in. In the case of Baihetan Dam and the experimental 

model at Tsinghua University, λ is equal to 100 since the model is in scale 1:100. (Novak, et 

al., 2004) 

𝑅𝑒𝑝 = λ3/2𝑅𝑒𝑚    (8) 

As mentioned above, even an exact geometrically similar model can have scale effects, some 

of them being the effects of aeration and flow distortion. By giving a sufficiently high 

Reynolds number to a model, these scale effects can be mitigated. A minimum Reynolds 

number of 105 is needed in the model in order to reduce energy dissipation scale effects such 

as turbulence-, aeration- and friction effects. For instance, the flow leaving the outflows, also 

referred to as open-channel flow, may be turbulent depending on the Reynolds number. 

(Novak, et al., 2004) The number can be calculated according to Equation 9 below (McNeil, 

1979).  

𝑅𝑒 =  𝑣𝑚 ∗
𝑅ℎ

𝑣𝑐
      (9) 

Where 

Re = Reynolds number [ratio] 

vm = Mean velocity [ms-1] 

Rh = Hydraulic radius [m] 

vc = Coefficient of kinematic viscosity [sm-1] 

The kinematic viscosity of water shows the shearing-rate resistance of the flow independent 

of its density and is in room temperature defined as 10-6 m2s-1  (Hillel, 1998).  
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The mean velocity can in turn be calculated by dividing the amount of discharge with the 

cross-sectional area of the flow in the following equation: (Novak, et al., 2004) (Douglas, et 

al., 2005) 

𝑣 𝑚 =
𝑄

𝐴
     (10) 

Where 

vm = Mean velocity [ms-1]   

A = Cross-sectional area of the flow [m2] 

Q = Discharge of water through A [m3s-1] 

The hydraulic radius in an open channel considers the length of the object along the direction 

of movement (McNeil, 1979) and is furthermore calculated by the utilization of the cross-

sectional area of the flow and the wetted perimeter as followed in Equation 11 below: (Novak, 

et al., 2004) 

𝑅𝑜𝑐  =
𝐴

𝑃
     (11) 

Where 

Roc = Hydraulic radius in an open channel [m] 

A = Cross-sectional area of the flow [m2] 

P = Wetted perimeter [m] 

In a rectangular channel, like the shape of the outflows in Baihetan Dam, the hydraulic radius 

is calculated according to Equation 12, taking the width and the height into account (Melvyn, 

2008) (Featherstone & Nalluri, 1995).  

𝑅𝑟𝑐 =
𝐴

𝑃
=

4𝑤ℎ

2(𝑤 + ℎ)
     (12) 

Where 

Rrc = Hydraulic radius in a rectangular channel [m] 

w = Width of the rectangular channel [m] 

h = Height of the rectangular channel [m] 

There are three main contributors influencing the impact of scale effects, namely the rock 

mass, aeration and time scale effects (Bollaert & Schleiss, 2003). 

3.6.2 ROCK MASS SCALE EFFECTS 

One of the challenges in laboratory tests on downsized models of plunge pools is to simulate 

the rocky foundation by a material that correctly represents the dynamic behavior of jointed 

rock. For this reason, most scour tests on experimental models assume that the rock mass at 
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the plunge pool floor already is broken-up which is never the case in the real dam. Therefore, 

the experimental model will favor the occurrence of mounding, which is when the pressure 

impact on the pool floor influences the rock mass to be lifted up and transported further down 

the river or placed beside the edge of the scour hole as seen in Figure 16. This fact can result 

in an underestimation of the total scour depth. (Bollaert & Schleiss, 2003) 

Despite this fact, a scaled down model have proven to be useful in order to obtain reasonable 

test results in terms of calculating the ultimate scour depth. For instance, during laboratory 

conditions, one of the biggest problems has been to provide the correct slope of the scour 

hole in the experiments. In order to bypass this problem, slightly binding material have been 

used such as cement, clay or paraffin. (Bollaert & Schleiss, 2003) 

3.6.3 AERATION SCALE EFFECTS 

The aeration of jets that fall into a plunge pool mainly depends on the initial jet turbulence 

intensity that in turn is causing the spread of the jet, and also the gravitational joint of the jet. 

The correct modeling of aeration and its influence on rock mass scour on the plunge pool 

floor still remains uncertain due to scale effects and the random character of air entrainment. 

Aeration significantly influences several processes that contributes to the scour formation 

process, making the aeration a hard task to simulate. Some of the basic processes affected by 

aeration are jet aeration during the jet’s fall, plunge pool aeration in connection with jet 

impact and rock mass uplift and breakup by transient air-water pressure inside the joints on 

the plunge pool floor. (Bollaert & Schleiss, 2003) 

3.6.4 TIME SCALE EFFECTS 

Time scale effects could be considered as less significant, given that the ultimate scour hole 

is completely generated during the peak discharge and that the rock mass is already broken 

which means that the progressive rock mass break up process is excluded (Bollaert & 

Schleiss, 2003). 

 3.7 SCOUR  

The following episode will explain the phenomena of scour in both a plunge pool and stilling 

basin. But the type of energy dissipation at Baihetan Dam is that of a plunge pool and the 

analysis of this thesis will therefore not consider the scour formation in a stilling basin.  

For a long time, engineers have thought of excess water from hydraulic structures as a major 

concern. A big worry has been the different kinds of erosion such as scour, which is 

considered to be local erosion. (Fell, et al., 2003) Scour may occur downstream, increasing 

the risk of possible undermining of the dam (Novak, et al., 2004). The water transfer may 

scour the dam foundation downstream, creating structural safety problems along the way. It 

is therefore of great importance to be able to predict the impact of scour, both as a time-

varying instance but also in terms of structural design. (Bollaert & Schleiss, 2003) 
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Scouring is defined as a dynamic process ruled by the interaction between air, water and rock 

(Bollaert & Schleiss, 2003). It is important to take action towards scour near to the base of 

the dam since it in the worst case scenario can undermine the whole base (Khatsuria, 2004). 

Two physical processes are of importance for the safety evaluation of the hydraulic structure 

when it comes to scour, namely hydrodynamic jacking and hydrodynamic uplift.  The former 

process causes a break-up of the rock mass by a progressive and cumulative impact of its 

joints and faulty locations whilst the latter describes a process that ejects distinct blocks of 

rock from their mass. Both these processes are of a complex nature, often described by the 

involvement of a significant transient pressure wave phenomena such as oscillations and 

resonance conditions inside the rock’s joints and faults. (Bollaert & Schleiss, 2003) 

3.7.1 SCOUR IN PLUNGE POOL 

When scour formation occurs in a plunge pool, the impact is usually at the site of where the 

free falling jets impinge the water and a successive series of six physical-mechanical 

processes takes place, see Figure 16 below. (Bollaert & Schleiss, 2003) 

The initial event is the plunging jet impact when the jet reaches the surface of the water in 

the plunge pool. A diffuse shear-layer then occurs in the plunge pool, creating turbulence 

along the way. When the jet reaches the bottom of the pool in the third phase, fluctuating 

dynamic pressures will occur followed by a fourth phase of propagation of these pressures 

into underlying joints in the bottom and hydraulic fracturing in the mass. In the fifth phase, 

a hydrodynamic uplift of single mass blocks occur, resulting in the last process which is 

downstream transportation and displacement and/or mounding of the broken-up material. 

(Bollaert & Schleiss, 2003) 

 

 

Figure 16. Important parameters and physical-mechanical processes responsible for scour 

formation (Bollaert & Schleiss, 2003). 
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3.7.1.1 General Formulae of Scour Impact in Plunge Pool 

Bollaert & Schleiss (2003) states that today, there is no solitary general formulae for the 

prediction of scour depth at the location of the impinging jet and many different formulas 

have under the years been developed. One of the recent formulas however calculates the 

ultimate scour depth caused by the impact, estimated by the calculation of the cavity depth 

below the initial bed level caused by scour and adding the water elevation downstream.  

This is in turn calculated by the use of the specific discharge, the jet’s falling height, the water 

elevation downstream, the mean grain size/block size and the gravitational acceleration: 

(Bollaert & Schleiss, 2003) 

𝑌 = 𝑡 + ℎ = (6,42 −  3,10 ∗  𝐻0,1) ∗ (
𝐻

0,15−
𝐻

200∗𝑞
0,6−

𝐻
300∗ℎ0,15

𝑔0,3∗𝑑0,1 )   (15) 

Where  

 Y = Ultimate scour depth [m] 

t = Scour depth beyond the original bed level [m] 

h = Water elevation downstream [m] 

H = Falling height of the jets [m] 

q = Specific discharge [m2s-1] 

g = Gravitational acceleration [m2s-1] 

d = Mean grain size/block size [m] 

3.7.2 SCOUR IN STILLING BASIN 

Downstream of the stilling basin, there will always be a certain proportion of scour. Just 

before the water runs out of the basin, a hydraulic jump will occur, causing a certain amount 

of energy to be dissipated and making the elimination of scour downstream almost impossible 

at this location. Instead of trying to eliminate the impact of scour, focus lies in trying to 

localize and reduce it. (Novak, et al., 2004) 

3.7.2.1 General Formulae of Scour Impact in Stilling Basin 

The scour depth in stilling basins depends a lot on its geological structure and basin geometry 

as well as to hydraulic parameters. As for the many different scour formulas for plunge pools, 

there are also many ways to calculate the scour depth in stilling basins including model 

studies. The easiest way to assess the impact of scour is to take a certain percentage of the 

depth that would occur if no stilling basin was implemented. (Novak, et al., 2004) 

One way to calculate the scour depth downstream can also be by using Jaeger’s formulae. 

The scour depth is in the formula calculated by the utilization of the upstream and 

downstream water level difference, the water elevation downstream, a specific discharge and 

the 90% grain size of sediment that forms the downstream river bed. (Novak, et al., 2004) 
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𝑦𝑠 = 0.55 (6H0.5 ∗ 𝑞0.5 (
𝑦0

𝑑90
)

1

3
∗ 𝑦0)    (16) 

Where  

 ys = Scour depth downstream [m] 

 H = Difference between the water level upstream and downstream [m] 

 q = Specific discharge [m2s-1] 

 y0 = Depth of downstream water [m] 

 d90  = The 90% grain size of sediment forming the downstream river bed [mm] 

3.7.3 SCOUR PROTECTION MEASURES AT A DAM SITE 

To hold knowledge about scour formation downstream is of vital value for the safety 

evaluation arising issues such as prediction, reduction and protection against scour. But there 

is today little available information about different relationships for the depth of scour 

concerning prototype structures. (Khatsuria, 2004) 

It is however known that an effective energy dissipation of a jet before the moment of 

impingement downstream can reduce the impact of scour (Khatsuria, 2004). It has also been 

noted that the impact of scour downstream of the dam can be limited not only by the jet’s 

ability to dislodge material from the bed but also its ability to remove that material from the 

scour hole location (Mason, 1989). A plunge pool is an effective method to furthermore 

control the magnitude and extent of scour formation, providing a water cushion for the free 

falling jets to land on. The scour protection measures in this case are of common practice a 

small concrete apron laid in rock and well anchored close to the base of the dam. In stilling 

basins, the main activity is to protect the end sill from scour in where the hydraulic jump 

occurs, often designing the basin to encourage sediment accumulation rather than scour 

formation. (Khatsuria, 2004) Both a plunge pool and a stilling basin can reduce the formation 

of scour. For instance, a stilling basin is estimated to be able to reduce the potential scour 

formation by a percentage of 45-50% (Novak, et al., 2004). 

The pressure fluctuations in a plunge pool and in a stilling basin depends much on the flow 

properties and the percentage of air entrainment in the water. The field of air entrainment is 

subject to a very active research in where the degree of air entrainment in a jet is much 

dependent on the eventual outlet arrangements such as the design of the surface spillways 

and the deep orifices. (Mason, 1989) 

Modeling of the jet characteristics and the degree of jet breakup in a plunge pool is usually 

difficult because of its dependency upon the pool’s inner turbulence and stability (Ervine, et 

al., 1997). Especially small-scale models have difficulties in simulating flow turbulence, 

surface tensions and are also affected by significant scale effects (Bollaert & Schleiss, 2003). 
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4. EMPIRICAL FRAMEWORK 

In the empirical framework chapter, the Baihetan Dam will be introduced followed by a 

presentation of the experimental model of the dam. Lastly, a more detailed description of the 

experiments will be presented along with how the data was retrieved and managed.  

4.1 BAIHETAN DAM 

Baihetan Dam is situated in the southwest of China in the Jinsha-river between the reach of 

Panzhihua and Yibin. The left bank of the dam is located in the Sichuan province whereas 

the right river bank lies in the Yunnan province. The Jinsha-river holds several hydroelectric 

plants that are densely built, altogether controlling around 91% of the watershed which 

corresponds to just about 430 000 km2 of the river. The Baihetan Dam lies 195 km away 

from Xiluodu hydroelectric plant and is built in between both Xiluodu and Wudongde dam. 

(Zhang, 2012) A part of the Jinsha-river with the implemented hydroelectric plants is 

depicted in Figure 17 below (Society, 2013).  

 

Figure 17. A map of where the dams Wudongde, Baihetan, Xiluodu and Xiangjiaba are 

situated (Society, 2013). 

The hydroelectric plant’s main purpose is for power generation but its construction also opens 

up for miscellaneous tasks such as preventing floods and controlling segmentation as well as 

to improving of the shipping conditions downstream of the dam. The prototype of the dam is 

finished but it won't be until 2020 that the dam will be in operation. The anticipated annual 

produced energy will upon its completion meet up to around 60 TWh and the installed 

capacity of the dam is calculated to be 14 GW, guaranteeing an annual discharge of 4 190m3s-

1. (Zhang, 2012) 

The reservoir has a total capacity of 20,6 billion m3 with the water level in the reservoir at a 

height of 825 masl in the normal condition. The anticipated water level in the reservoir during 

design condition is 828 masl and check condition 832 masl. The design condition is 

calculated by a flooding frequency of 1 000 years which means that once every 1 000 years 

the design condition is anticipated to be reached. The check condition has a flooding 
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frequency of 10 000 years. Table 4 below depicts the different flow conditions at Baihetan 

Dam: (Zhang, 2012) 

Table 4. Flow conditions for Baihetan Dam (Zhang, 2012). 

Flow Condition Water Level in Upstream Reservoir (masl) 

Check 832 

Design 828 

Normal 825 

4.1.1 TYPE OF DAM 

Baihetan Dam is built in an alpine gorge and is characterized by a large water head with great 

flood discharge in a narrow river valley. The dam is made of concrete and is characterized 

by an arch dam whereas the water load is transmitted to the valley sides of the horizontal 

arch. The dam’s horizontal crest length is 704 m and the crest elevation counts to 834 masl. 

(Zhang, 2012) 

4.1.2 CHOICE OF ENERGY DISSIPATION  

Many different factors have govern the choice of energy dissipation at the Baihetan Dam. 

For instance the geographical placement of the dam in a narrow river valley and the desire to 

minimize the impact of scour in the downstream river. The choice of energy dissipation at 

the dam has resulted in a plunge pool with impinging jets falling into the pool from the 

outflows. (Zhang, 2012) 

The desire to let the water flow from upstream to downstream in an as fast as possible 

restoring rate of the water properties as it was upstream has led to the implementation of a 

400 meter long plunge pool, creating a water cushion for the free falling jets to land on at the 

moment of impact downstream. At a distance of 370 m from the dam structure, a slope occurs 

which makes the end of the pool more shallow. In addition, the pool is not symmetrical. As 

can be seen in Figure 18 below, the plunge pool walls are sloped differently. In the figure, Z 

is defined as the center of the plunge pool in where the Y value is zero. The side of the pool 

that is more shallow holds positive Y values whilst negative Y-values is situated where the 

pool walls are more steep. (Zhang, 2012) 
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Figure 18. Different plunge pool wall slopes at Baihetan Dam (Pettersson & Pettersson, 

2010). 

The plunge pool will stand for ~70% of the energy dissipation at the dam site at full operation. 

The remaining ~30 % of the energy that needs to be dissipated will be dissipated when the 

jets hit each other in mid-air collision. (Yifu, 2013) 

4.1.3 TYPES OF OUTFLOWS  

The Baihetan Dam holds six surface spillways with the dimension of 14 m×15 m and seven 

deep orifices with the measures 5,5 m×8 m. The x,y position of the outflows that is used in 

the dam can roughly be seen in Figure 24. The maximum flood discharge from these outflows 

is approximately calculated to 30 000 m3s-1 which corresponds to approximately 70% of flow 

from the upstream reservoir to the downstream river, the residual percentage goes through 

the turbines. (Zhang, 2012) 

In the direction of the flow, both the spillways and orifices holds a number counted from the 

left. The surface spillways are numbered from one to six and the deep orifices have the 

numbers one to seven, see Figure 19 below. (Zhang, 2012) 
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Figure 19. Numbering of surface spillways (picture to the left) and deep orifices (picture to 

the right) (Pettersson & Pettersson, 2010). 

The outflows are elevated at different heights which is represented in Figure 20 below. The 

height in the figure represents the height of the outflow lip bottom. The picture is taken of 

the experimental model but the elevations represents the actual ones in the prototype.  

The surface spillways are elevated at two different heights in where spillway number three 

and four holds a height of 788,38 masl and the remaining spillways 800,61 masl. The deep 

orifices are elevated at four different elevations. Orifice number one and seven is 

implemented at a height of 614,18 masl and number two and six is located at 719,75 masl. 

The middle orifice has a height of 726,11 and orifice number three and five is at 722,66. The 

figure below shows the full scale elevations of the outflows. (Yifu, 2013) 

 

Figure 20. Different outflow elevations (Yifu, 2013). 

The contemporary amount of water discharge from both the surface spillways and the deep 

orifices in the prototype depends mainly on the water condition at the moment of utilization. 

At the normal condition, the total discharge from a simultaneous usage of all the outflows 

counts to 21 029 m3s-1 whilst a design condition has a discharge that reaches 25 090 m3s-1 
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and a check condition 31 104 m3s-1. Table 5 below displays the amount of discharge for both 

surface spillways and deep orifices in the flow conditions check, design and normal. (Zhang, 

2012) 

Table 5. Amount of discharge Q for surface spillways and deep orifices during different flow 

conditions (Zhang, 2012). 

Flow Condition Q per surface 
spillway [m3s-1] 

Q per deep Orifice 
[m3s-1] 

Q (total)  
[m3s-1] 

Check 2999 1730 30104 
Design 2091 1792 25090 
Normal 1574 1655 21029 

 

Both the surface spillways and deep orifices used in Baihetan Dam have two main profiles, 

namely trajectory and ski-jump buckets. The trajectory bucket directs the jets to impinge the 

plunge pool closer to the dam structure whereas the ski-jump bucket’s main purpose is to 

deflect the jet further away downstream in the pool. In addition, some of the surface spillways 

are also equipped with nappe splitters that spreads the jets over a larger area, often forcing 

jets to collide in mid-air to enhance the energy dissipation. (Zhang, 2012) 

To further describe the design of the surface spillways and the deep orifices at Baihetan Dam, 

the drawings in Figure 21 and 22 below describes the different outflow shape properties. The 

figures are retrieved from the software AutoCad by the use of Baihetan model drawings and 

are simplified to focus on important dimensions related to the purpose of this thesis such as 

lip angle and bucket radius. This, in order to find the outflow configuration which acts the 

least stress on the plunge pool floor in regards of scour formation.  

4.1.3.1 Surface Spillway Dimensions 

Figure 21 below shows the bucket lip angles for the surface spillways at Baihetan Dam. In 

the figure, spillway (b) holds a nappe splitter which is an example of how the splitter could 

be implemented. The experiments in this thesis holds the same bucket lip angles but with 

nappe splitters implemented in different spillways, see Figure 25 and 26 for nappe splitter 

location for each experiment. In the figure the flow goes from left to right.  

The first (a) spillway in the figure represents spillway one and six and is designed to be a 

trajectory bucket with the angle -15°. (Zhang, 2012) 

The second (b) spillway has a steeper trajectory bucket design and is equipped with a nappe 

splitter. The splitter in the picture is used in spillway number three and four for all 

experiments performed in this thesis as well as for two of the earlier performed experiments. 

The radius R of the splitter is two m and the jets that goes along the nappe splitter holds a lip 

angle of 20˚. The water that does not follow the nappe splitter will instead have the lip angle 

of the trajectory bucket which is -35°. (Zhang, 2012) 
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The third (c) spillway is equipped with a ski-jump bucket with a radius R of 22 m which 

applies for spillway number two and five in all five experiments of this thesis. (Zhang, 2012) 

 

Figure 21. Selected surface spillway dimensions at Baihetan Dam (Zhang, 2012). 

Table 6 below shows the bucket lip angles of the surface spillways with the associated 

spillway number. (Zhang, 2012) 

Table 6. Bucket lip angles of the surface spillways at Baihetan Dam (Zhang, 2012). 

Surface 

Spillway No. 
1(a) 2(c) 3(b) 4(b) 5(c) 6(a) 

Angles -15° 5° -35° -35° 5° -15° 

 

4.1.3.2 Deep Orifices Dimensions 

During all the experiments performed on the experimental model of Baihetan Dam at 

Tsinghua University, the deep orifices dimensions has never been changed. There are four 

different kinds of orifice dimensions as presented in Figure 22 below. No deep orifice has a 

nappe splitter incorporated, as also can be seen in the figure. The last depicted orifice (d) is 

a trajectory bucket with an angle of -5° whilst the other three are considered to be ski-jump 

buckets with different bucket lip elevations. R in the figure stands for the bucket radius. The 

flow goes from left to right. (Zhang, 2012) 
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Figure 22. Dimensions of the deep orifices at Baihetan Dam (Zhang, 2012). 

All the bucket lip angles for the deep orifices are compiled in Table 7 below. In the table, the 

associated dimension is also shown (a,b,c,d). (Zhang, 2012) 

Table 7. Bucket lip angles of the deep orifices at Baihetan Dam (Zhang, 2012). 

Deep 

Orifices 

No. 

1(d) 2(c) 3(a) 4(b) 5(a) 6(c) 7(d) 

Angle -5° 3° 12° 25° 12° 3° -5° 

4.2 EXPERIMENTAL MODEL OF BAIHETAN DAM 

The experimental model of Baihetan Dam is built by the direction of the East Asian 

Investigation and Design Institute (EAIDI). It is built at a scale of 1:100 and includes one 

kilometer of the upstream reservoir, the plunge pool below the dam and two kilometers 
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downstream of the dam. The experimental model of the Baihetan Dam was built in 2010 at 

the Department of Hydraulics Engineering at Tsinghua University in Beijing and has ever 

since been utilized for research and safety evaluation of the Baihetan Dam (Zhang, 2012). 

All the measures that is taken up in this chapter and in the result chapter will be in model 

scale measures. 

The experimental model is aimed to be an exact small scale copy of Baihetan Dam but holds 

some differences in the construction and design. One of the differences is the material of the 

plunge pool and in the spillways and orifices where it is made of plexiglas in the model and 

concrete in the real prototype. Furthermore, in an attempt to depict the river downstream, the 

material used is concrete whereas the downstream river at Baihetan Dam consists of a non-

solid riverbed. (Zhang, 2012) 

The main purpose of the Baihetan Dam is for power generation but the experimental model 

at Tsinghua University lack this utilizing option since it is solely for research purposes. The 

model depicts six tunnels downstream that, under power generation, is supposed to emit 

water but the model does not have this option of water discharge. (Zhang, 2012) 

The experimental model’s physical features applied for simulation are that of a main power 

source, two pumps that flow water into the reservoir through two valves, a needle attached 

to the ridge of the reservoir for manual control of the water elevation in the reservoir, a 

measuring device that measures the water elevation automatically in the reservoir and 

piezometric tubes attached to the bottom of the plunge pool, also called the measuring points 

for measuring hydrological pressure in the model. (Zhang, 2012)  

4.2.1 MEASURING POINTS 

The hydrodynamic pressure at the bottom of the plunge pool in the model is measured using 

piezometric tubes attached to the bottom of the pool, leading to a gridded board in where 

they are vertically attached. When the model is in operation, the tubes attached to the boards 

show a certain water level that can be translated into a hydraulic pressure, see Figure 23 

below. (Zhang, 2012)  
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Figure 23. To the left: piezometric tubes attached to the bottom of the plunge pool. To the 

right: An example of a pressure distribution board that has been used in the experiments of 

this thesis. This board represents the absolute pressure values for 33 measuring points at 

130 cm, 140 cm and 150 cm from the dam structure.  

In Figure 24 below, the distribution of measuring points in the plunge pool is shown. The red 

marked tubes are malfunctioning tubes or tubes not sufficient to the results of this thesis and 

are therefore not used. When performing the experiments, the first measuring point in the 

model starts at a distance of 100 cm downstream at the center of the dam structure and the 

last point at a distance of 360 cm away from the structure. Along the x-axis 100 to 200 cm 

away from the dam structure, there are eleven measuring points in y-axis and from 210 cm 

up to 360 cm from the dam structure, there are five tubes. Looking at the y-axis, the 

measuring points from 100 to 200 cm in x-axis lies ten centimeters from each other and 20 

cm apart from 210 to 360 cm in x-axis. All the measuring points for all y-axis values in the 

experimental model are considered to be symmetrical since they are located before the slope 

differences in the plunge pool walls occur. (Zhang, 2012) 
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Figure 24. Measuring points at the bottom of the plunge pool in the experimental model 

(Zhang, 2012). The arch formed structure represents the outflows position in x and y 

direction, the exact x,y position for the outlets could not be obtained. 

4.2.1.1 Additional Measuring Points 

In addition to the measuring points in the plunge pool mentioned above, there are additional 

measuring points at selected areas of the pool. The extra measuring points are situated in 

selected areas in where the hydraulic pressure is very variant with a high pressure impact. 

EAIDI’s main purpose of adding these points were to be able to retrieve a more credible 

pressure value from these critical areas (Zhang, 2012). The MATLAB code that was used to 

represent the data was not enable to be compatible with these slightly sporadic extra 

measuring points and they have therefore been excluded in the result and analysis. 

4.2.2 CALCULATIONS OF THE REYNOLDS NUMBER 

By using the equations 8, 9, 11 and 12 presented in 3.6.1 Reynolds Number, the Reynolds 

number for the experimental model and prototype can be calculated. The model should hold 

a Reynolds number of at least 105 in order to eliminate or reduce energy dissipation scale 

effects such as turbulence-, aeration- and friction effects.  

The Reynolds number in the prototype of this thesis will be calculated at the inlet of the 

surface spillways by the usage of Equation 10 and 12 inserted into Equation 9. When the 

Reynolds number for the prototype is calculated, the Reynolds number for the experimental 

model will be computed by the use of Equation 8.  
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The  parameters width and height of the surface spillways and the amount of discharge per 

spillway are used in the equations and are taken from chapter 4.1.3 Types of Outflow whilst 

the coefficient of kinematic viscosity equal to 10-6 sm-1 is taken from chapter 3.6.1 Reynolds 

Number. The mean velocity of the water at the surface spillway inlet of the prototype 

retrieved from Equation 10 and the hydraulic radius for the rectangular channel in Equation 

12 as well as the Reynolds number for the prototype is depicted in Table 8 below. Since the 

discharge for different flow conditions is different, the Reynolds number for the prototype 

will also be different for each flow condition accordingly.  

Table 8. The mean velocity vm, hydraulic radius Rrc and the Reynolds number Rep for the 

prototype at the location of the inlet in the surface spillways. 

Flow condition vm [ms-1] Rrc [m] Rep [ratio] 

Check 14,28 14,48 2,07 * 108 
Design 9,96 14,48 1,44 * 108 
Normal 7,50 14,48 1,09 * 108 

 

The Reynolds number at the inlet of the surface spillway in the experimental model can now 

be calculated by the use of Equation 8. The experimental model’s Reynolds number is hence 

calculated: 

𝑅𝑒𝑚  =  
𝑅𝑒𝑝

𝜆
3
2

 (𝑎 𝑟𝑒𝑤𝑟𝑖𝑡𝑒 𝑜𝑓 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8) 

 

in where λ is 100 as described in 3.6.1 Reynolds number.  

Rem for the flow condition Check is calculated to 2,07 * 105, Design to 1,44 * 105 and Normal 

to 1,09 * 105. The Reynolds number for all flow conditions in the experimental model have 

a value over 105 and the energy dissipation scale effects can be considered as enough 

mitigated for the results from the experimental model to be valid to apply on the prototype. 

The results from the experiments of this thesis can henceforth be applied to the real Baihetan 

Dam.  

4.3. DESCRIPTION OF EXPERIMENTS 

The experiments have been carried out in order to satisfy the goal of this thesis, to find the 

most suitable outflow configuration in terms of lowering the pressure distribution peaks at 

the bottom of the plunge pool, hence choosing the configuration that minimizes the formation 

of scour the most.  

All ten working conditions described in the table below have been used for each experiment 

described in this thesis, including the experiments performed in this thesis as well as in the 

earlier performed experiments. For each experiment, an iteration of all ten working 

conditions have been made. All these working conditions are related to real dam scenarios. 
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The working conditions are given by the EAIDI and is based on the flow condition, number 

of surface spillways and deep orifices in use, water elevation downstream and the inflow of 

water upstream in the reservoir. The method of data acquisition is further described in 4.3.2 

Data Acquisition. Both the flow conditions normal and energy dissipation have the same 

water level in the upstream reservoir and the only difference is the water level downstream 

in where the latter condition have a higher elevation. All ten working conditions are described 

in Table 9 below.  

Table 9. Ten different working conditions used in all five experiments described in this thesis 

(Zhang, 2012). 

Working 

Condition 

Flow 

Condition 

Outflows in Use Water 

Level 

Reservoir 

[cmasl] 

Water Level 

Downstream 

[cmasl] 

1 Check 6 Spillways + 7 

Orifices 

832,34 627,11 

2 Design 6 Spillways + 7 

Orifices 

827,84 623,45 

3 Energy 

Dissipation 

6 Spillways + 7 

Orifices 
825 

619,82 

4 Normal 6 Spillways 825 601,49 

5 Normal 7 Orifices 825 604,16 

6 Normal 6 Spillways + 7 

Orifices 

825 614,51 

7 Normal 2 Spillways(1,6) 825 591,64 

8 Normal 2 Spillways(2,5) 825 591,64 

9 Normal 2 Spillways(3,4) 825 591,64 

10 Normal 3 Spillways(1,3,5) 825 591,64 

 

The water level downstream is based on the fact that the downstream part of the dam is 

dredged and that there is no segmentation where the water flow runs. The outflows in use for 

each working condition represents the outflows that are open during simulation. For instance, 

working condition seven have spillway one and six open and all the deep orifices are closed. 

Working condition one, two, three and six have all the outflows open.  

4.3.1 OUTFLOW CONFIGURATIONS IN EXPERIMENTS 

All experiments in this thesis will use all ten working conditions mentioned in Table 9. Hence, 

for each experiment, all ten working conditions will be used but with a different outflow 

configuration. The difference between the five outflow configurations in this thesis is the 

nappe splitter and nappe block design in the surface spillways. Each experiment holds an 

outflow configuration with an assigned nappe splitter and nappe block implementation which 

will be presented below.  
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The outflow configurations of the experiments made in this thesis will further on be referred 

to outflow configuration one and two whilst the already performed experiment’s outflow 

configurations will be named configuration three, four and five.  

4.3.1.1 Outflow Configurations in Experiments Performed in this Thesis 

For outflow configuration one, eight nappe splitters were used on four different spillways. 

Spillway number one and six holds the same nappe splitter design and the same applies for 

spillway three and four that both holds another splitter design. Spillway two and five has no 

nappe splitters 

In outflow configuration two, four nappe splitters were used on two different spillways. 

Spillway number one and six both have a nappe blocks that goes along the whole lip of the 

spillway. Spillway three and four on the other hand both holds two nappe splitters each. As 

in outflow configuration one, spillway two and five lack of nappe splitters.  

For a visual explanation of the nappe splitters in both outflow configurations, see Figure 25 

below. The figures should be regarded as looking at the dam from a downstream position. 

 

Figure 25. Implemented nappe splitters in outflow configuration one and two. The first row 

represents the first configuration whilst the second row represents the second configuration 

(Zhang, 2012). 

4.3.1.2 Outflow Configurations in Earlier Performed Experiments 

In the earlier performed experiments, three different outflow configurations were used. In 

configuration three, five nappe splitters were attached to three different spillways in where 

spillway number one held one nappe splitter and spillway three and four each held double 

splitters.  
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The fourth outflow configuration had four nappe splitters on two spillways, namely spillway 

number three and four which both had double splitters. In the fifth and last configuration, no 

nappe splitters were implemented on any spillway. The design of nappe splitters in the earlier 

performed experiments can be seen in Figure 26 below.   

 

Figure 26. Outflow configurations in earlier performed experiments. The first row represents 

the third configuration whilst the second row represents the fourth. The fifth configuration 

can be seen in the last row (Zhang, 2012). 

The bucket lip angles for both the spillways and orifices in the already performed 

experiments are the same as for this thesis and can be seen in 4.1.3 Types of Outflows.  

4.3.2 DATA ACQUISITION 

When performing the simulations, the experimental model needed to be turned on in a proper 

order. In order for the water to flow freely from the pumps into the reservoir, two valves had 

to be opened. Also, a needle mounted on the top of the reservoir ridge had to be set to a value 

corresponding to the flow condition level, allowing the water level in the reservoir to be 

checked manually. The number of outflows in use was then set up according to the working 

condition, allowing water to flow only through the selected spillways and orifices.  

After these preparatory tasks, the main power source could be turned on and a chosen water 

level could be adjusted. The inverter then, in Hz, initiated the first pump to start and pass 

water on to the reservoir. When the pump’s maximum speed of 50 Hz was reached, the 
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second pump began to pump, letting two pumps run simultaneously. By the time both pumps 

reached a total maximum speed of 50 Hz each, water at full speed streamed through the pipes 

and into the reservoir. At the same time, a built-in throttle in the pipes steered the inflow of 

water, controlling the amount of water passing through the pipe outlet. By the utilization of 

the throttle, a control of the flow could be held, letting the water inflow to the reservoir and 

the outflow through the spillways and orifices to be held at a constant level.  The throttle can 

be seen in Figure 27 below.  

 

Figure 27. The throttle that was used to gain the desired water level upstream. 

The water level in the reservoir was throughout the simulation automatically checked and 

displayed through a device who served two purposes: to measure and display the water 

elevation in the reservoir and to serve as an input to the automatic controller, helping the 

operator to gain the right upstream water level. But during the work with data retrieval that 

this report will be based upon, the automatic controller did not operate correctly during the 

main part of the data retrieval. This malfunction led to difficulties in retrieving data from the 

first outflow configuration.  In the second outflow configuration however, the throttle 

controlling the inflow of water into the reservoir could be used instead to adjust the water 

flow manually and to obtain the desired water level upstream.  

The water level upstream could also be checked manually by looking at the needle attached 

to the ridge in the reservoir, see Figure 28 below. When the water level in the reservoir could 

be held stable, the water level downstream of the dam could be set to a given value by the 
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use of wooden boards that plugged the outflow downstream in the experimental model, also 

shown in the figure below.  

 

Figure 28. To the left: the needle to manually check the water level upstream. To the right: 

the wooden boards to control the water level downstream. 

The wanted downstream level could be read off by marks made on the concrete ridge in touch 

with the water level downstream as can be seen in Figure 29.   

 

Figure 29. The measuring of the water level downstream which in this example picture is 

623,45 cmasl. 

When a satisfactory water level downstream was reached, and when the current water 

condition in the upstream reservoir could be held at a stable level, data from the simulation 

could be retrieved. To retrieve data of the hydraulic pressure in the plunge pool, photos of 

the water level in the piezometric tubes attached to a board with a gridded background were 

taken, see Figure 23. The photos were later manually converted into absolute pressure values.  
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A few measuring points in the model were insufficient due to broken piezometric pipes or 

leakage somewhere along the pipe surface and was therefore excluded, see Figure 24. The 

piezometric tubes attached to the different boards showed a great variety of pressure peaks, 

often oscillating between a maximum and a minimum value in an average time of five 

seconds. Therefore, three different readings for each measuring point that was exceeding a 

variation of two cm water head in five seconds were taken in where the chosen board was 

photographed three times. The authors of this report tried to take a photo of the board when 

the pressure was at the highest, lowest and in the middle.  

Only a few pressure distributions values exceeded this level of variation. Since the manual 

inspections of the boards can be regarded as an uncertain method of retrieving data, the only 

data that is going to be used in the report is the mean value of the pressures, read from the 

pressure distribution boards. The peak values that occurs can be interesting to draw 

conclusions about the model and its performance, but the authors of this report claims that 

this data acquisition model does not allow accurate acquisition of this data and will thereby 

not be regarded in this report. 

 One cm water head equals to a pressure value of 0,098 kPa, hence, three photos were taken 

for those tubes when the pressure variation during five seconds exceeded 0,196 kPa. All other 

measuring points were photographed once. An example of a photo can been seen in the 

picture to the right in Figure 23. 

When the absolute pressure values were retrieved from the photos of the pressure distribution 

boards, the data was transferred into an Excel document by manual inspection of the photos. 

All retrieved data was stored in Excel as two-dimensional vectors with the measuring points 

in y-axis stored in a Y vector and the measuring points in x-axis stored in a vector X, see 

Appendix 1 – Retrieved Data from First Outflow Configuration or Appendix 2 - Retrieved 

Data from Second Outflow Configuration.  

The data acquisition from the earlier performed experiments were obtained in similar tables 

as two-dimensional vectors Y and X (Zhang, 2012). The same format made the management 

of data from the earlier experiments and the performed experiments in this thesis simpler and 

the comparison of data easier.   

4.3.2.1 Acquisition of the Water Cushion Pressure 

The water cushion pressure is the static water pressure acting on the bottom of the pool when 

the experimental model is not in operation and is different depending on the working 

condition in use. Each measuring point in the bottom of the pool holds a certain pressure 

which depends on the location of the measuring point in cmasl. The water cushion pressure 

is the general pressure value for all the measuring points at the pool floor. The water cushion 

pressure in the pool is therefore considered to be constant and is not dependent on the 

elevation of the measuring point at the bottom of the plunge pool.   

The acquisition of the water cushion pressure in the experiments of this thesis as well as in 

the earlier performed experiments were conducted by taking the plunge pool water level and 
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subtract it with the water level downstream for each working condition accordingly. (Zhang, 

2012) The riverbed of the experimental model has a slight slope which creates a safety margin 

when calculating the water cushion pressure. (Chunbo, 2013)  

For the low water levels downstream in working conditions seven to ten, the water cushion 

was measured by sticking a ruler into the plunge pool at x = 360 cm and y = 0 cm, this 

allowed a rough estimation of the water cushion water level to be obtained. The reason for 

using a ruler in the low discharge cases, instead of taking the plunge pool water elevation 

subtracted with the downstream water level, is mainly because of the design of the plunge 

pool. At a distance of 370 cm in x-axis, there is a wall implemented that marks the end 

position of the plunge pool as can be seen in Figure 30 below. The wall is a contributing 

factor to making the water level in the plunge pool higher elevated than the downstream river 

bed. (Zhang, 2012) 

 

Figure 30. Water cushion for working conditions one to six (Pettersson & Pettersson, 

2010). 

4.3.3 MANAGING DATA  

The acquired data of the hydraulic pressure at the plunge pool floor was further on presented 

using four different approaches, namely by presenting the data in maximum shock pressures, 

3D-graphs, pressure location graphs and tables representing all the absolute pressure values. 

The data retrieved from the experimental model from earlier experiments will also be 

presented in 5. Results but only by two approaches, maximum shock pressure tables and in 

pressure location graphs. The data retrieval from the experimental model will be represented 

by these four concepts below. 

4.3.3.1 Maximum Shock Pressure 

The maximum shock pressure is presented in a table with the purpose of giving the reader a 

fast overlook of which positions in the plunge pool floor that is being exposed to the largest 

amount of pressure under a given working condition. According to specifications from 

EAIDI, the allowed maximum shock pressure cannot exceed 15 cm water head (experimental 

model scale), otherwise dam structure failure is at risk. The following parameters are used in 

order to calculate the maximum shock pressure. 
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 Absolute Pressure [cmH2O] represents the pressure that has been measured from the 

piezometric tube boards. The absolute pressure is represented for every working condition 

and can be seen in tables in Appendix One and Two. 

 Elevation [cmasl] represents model scale elevation from sea level to the measuring point in 

the plunge pool. In the experimental model the measuring point is where the absolute pressure 

at the bottom of the pool is measured.  

 Mean Pressure [cmH2O] represents the mean value of the absolute pressure at the plunge pool 

floor. The mean pressure represents the mean of all the measured points in the pool and is 

time invariant. 

 Water Cushion Pressure [cmH2O] represents the static pressure that the water is acting on the 

plunge pool floor.  

The maximum shock pressure represents the pressure that the falling jets from the outflows 

are acting on the bottom of the plunge pool. It is calculated by taking the absolute pressure 

and subtract it by the water cushion pressure. Maximum shock pressure values beneath one 

cmH2O is not regarded as useful for the result, and is therefore omitted. The pressure beneath 

one cmH2O has no possibility of harming the dam structure. 

4.3.3.2 3D-Graph Representation 

The calculated shock pressures are also presented in 3D-graphs by the usage of MATLAB. 

The MATLAB code used can be seen in 10.3.1 3D-Graphs.  

In this report a slightly modified 3D-representation model will be used compared to the past 

experiments. The representation in this thesis only show the shock pressure values equal to 

or above zero, the pressure values beneath zero is not regarded as relevant. This is done by 

looking at every pressure value in MATLAB and set every pressure value below the water 

cushion pressure to zero. 

4.3.3.3 Pressure Location Graphs 

In order to present all working conditions in one graph for different outflow configurations, 

pressure location graphs have been made. This, to illustrate the location of high pressure 

values in a time aspect, when the configuration is in use. The authors of this report has come 

up with this idea by themselves and the main reason for this is the lack of information about 

the time duration for the different working conditions when they are in operation. With this 

graphical representation all of the working conditions for a specific outflow condition is 

gathered in one graph. 

In this report, only outflow configuration two is represented in a pressure location graph 

whilst in the previously performed experiments, all three different outflow configurations, 

namely configuration three, four and five are represented.  

The pressure location graphs are done in MATLAB and uses 100 pressure values as input. 

These 100 pressure values represents the ten highest absolute pressure values from each of 

the ten working conditions. Every position in the pool that holds one of these 100 top-values 
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is marked with a blue dot in the graph representation. If any of the ten highest absolute 

pressure values for each working condition is the same as another working condition, the dot 

grows. Also, the maximum value for each working condition is marked by a red dot and 

grows if two or more values lies within the same area of occurrence.   

The maximum shock pressure values below one is not represented in the maximum shock 

pressure tables or the 3D-graphs, but all values are used in the pressure location graphs. 

4.3.3.4 Absolute Pressure Tables 

All the absolute pressure values from outflow configuration one and two are displayed in 

Appendix One – Retrieved Data from First Outflow Configuration and Appendix Two - 

Retrieved Data from Second Outflow Configuration. The absolute pressure values 

represented in the tables has a main purpose of not only to serve as a visual presentation but 

to display all the pressure data that the hydraulic pressure representations are built upon. The 

purpose with the tables of all measured pressure values is also to enable to double check the 

highest absolute pressure values, which also is the reason that the five highest values for each 

working condition is red-marked.  
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5. RESULTS 

This chapter is divided into three parts in where each part represents both earlier performed 

experimental data and data obtained in the experiments of this thesis. Firstly, the results will 

be presented in maximum shock pressure tables and secondly in a 3D-graph representation 

of the shock pressure. Lastly, the data is presented in pressure location graphs. All retrieved 

data from outflow configuration one and two can also be found in 10.1 Appendix One – 

Retrieved Data from First Outflow Configuration and 10.2 Appendix Two – Retrieved Data 

from Earlier Performed Experiments.  

The two experiments that have been carried out in order to retrieve the hydraulic pressure 

value on the plunge pool floor in this thesis as well as in the earlier performed experiments 

will be presented below. The bucket lip angles for all outflow configurations, both the 

experiments conducted in this thesis and previously performed experiments, can be seen in 

4.1.3 Types of Outflows along with the appurtenant nappe splitters for each configuration. 

Firstly, the maximum shock pressure tables for all the outflow configurations will be 

presented. Then, 3D-graphs of the absolute pressure values for outflow configurations one 

and two will be presented, followed by pressure location graphs for configurations two to 

five. All data representation below is of data obtained from the experimental model. Hence, 

there is no prototype values.  

There is only data from two working conditions in the first outflow configuration, due to an 

experimental model fault, see 4.3.2 Data Acquisition. In the second, third, fourth and fifth 

outflow configuration however, data from all ten working conditions could be collected.    

5.1 MAXIMUM SHOCK PRESSURE 

The maximum shock pressure is defined as the maximum absolute value subtracted by the 

water cushion pressure and is for all outflow configurations displayed below. In all the 

outflow configurations, working conditions with a maximum shock pressure value below one 

cm water head have been excluded. The maximum shock pressure values below one is 

regarded as less relevant to the purpose of this thesis.  

5.1.1 FIRST OUTFLOW CONFIGURATION 

In the first outflow configuration, data from only two working conditions could be obtained, 

hence to the display of only working condition four and six. The two shock pressure values 

are well below the maximum shock pressure stated by EAIDI which is 15 cm water head, see 

Table 10 below.  
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Table 10. Maximum shock pressure values for outflow configuration one. 

Working Condition X 
[cm] 

Y 
[cm] 

Elevation 
[cmasl] 

Maximum 
Absolute 
Pressure  
[cmH2O] 

Mean 
Pressure  
[cmH2O] 

Water 
Cushion 
Pressure  
[cmH2O] 

Maximum 
Shock 
Pressure  
[cmH2O] 

4 (6S) 120 50 570,36 60,2 54,5 57,3 2,9 

6 (6S + 7D Normal) 160 50 570,36 62,1 59,7 58,51 3,59 

5.1.2 SECOND OUTFLOW CONFIGURATION 

The second outflow configuration can give a more just comparison than the first 

configuration due to a complete data collection of all ten working conditions. The working 

condition with the highest maximum shock pressure is number seven with only spillway one 

and six open. Working condition four has the second highest value and the third highest value 

can be found in working condition six, see Table 11 below.  All values are below EAIDI’s 

shock pressure value recommendation.  

Table 11. Maximum shock pressure value for outflow configuration two. 

Working Condition X 
[cm] 

Y 
[cm
] 

Elevatio
n [cmasl] 

Maximum 
Absolute 
Pressure  
[cmH2O] 

Mean 
Pressure 
[cmH2O] 

Water 
Cushion 
Pressure 
[cmH2O] 

Maximum 
Shock 
Pressure 
[cmH2O] 

1 (6S + 7D Check) 210 -40 556,00 73,5 67,3 71,45 2,05 

2 (6S + 7D Design) 350 0 556,00 69,3 61,6 67,45 1,85 

3 (6S + 7D Energy 
dissipation) 

350 0 556,00 64,9 59,6 63,82 1,08 

4 (6S) 120 -50 570,36 65,1 53,6 57,3 7,8 

5 (7D) 350 0 556,00 53,8 47,9 51 2,8 

6 (6S + 7D Normal) 350 -40 564,91 63,8 57,3 58,51 5,29 

7 (1,6S) 140 30 560,90 59,3 50,7 51 8,3 

10 (1,3,5S) 120 40 564,91 56,8 51,1 52 4,8 

5.1.3 THIRD OUTFLOW CONFIGURATION 

The third outflow configuration represents one of the three earlier performed experiments. 

The highest shock pressure value of 12,6 cm water head belongs to working condition ten, 

closely followed by number seven that holds a pressure of 11,6. Working condition four ranks 

third with 8,11 m water head. As for outflow configuration one and two, this configuration 

is also below EAIDI’s recommendation.  

  



57 

 

Table 2. Maximum shock pressure values for outflow configuration three. 

Working condition X 
[cm] 

Y 
[cm
] 

Elevatio
n [cmasl] 

Maximum 
Absolute 
Pressure 
[cmH2O] 

Mean 
pressure  
[cmH2O] 

Water 
cushion 
Pressure 
[cmH2O] 

Maximum 
Shock 
pressure  
[cmH2O] 

1 (6S + 7D Check) 180 50 570,36 80,67 72,7 76,47 4,2 

2 (6S + 7D Design) 190 -30 560,9 73,73 67,8 72,33 1,4 

3 (6S + 7D Energy 
dissipation) 

190 -30 560,9 64,47 60,1 63,47 1 

4 (6S) 130 50 556,53 59,63 54,0 51,52 8,11 

7 (1,6S) 120 50 570,36 62,6 50,4 51 11,6 

10 (1,3,5S) 130 50 556,53 64,6 51,1 52 12,6 

5.1.4 FOURTH OUTFLOW CONFIGURATION 

Table 13 below displays the maximum shock pressures for outflow configuration four. The 

highest shock pressure value is below the recommended value, represented by working 

condition one with all outflows open in check level. Working condition two holds the second 

highest value and also here all outflows are also open but now set to design level. The third 

and fourth highest value are almost the same and can be found in working condition seven 

and three.  

Table 13. Maximum shock pressure values for outflow configuration four. 

Working condition X 
[cm] 

Y 
[cm] 

Elevation 
[cmasl] 

Maximum 
Absolute 
Pressure 
[cmH2O] 

Mean 
pressure  
[cmH2O] 

Water 
cushion 
Pressure 
[cmH2O] 

Maximum 
Shock 
pressure  
[cmH2O] 

1 (6S + 7D Check) 180 40 564,91 83,18 68,1 71,41 11,77 

2 (6S + 7D Design) 180 40 564,91 76,7 64,7 67,45 9,25 

3 (6S + 7D Energy 
dissipation) 

180 50 570,36 64,83 56,5 58,51 6,32 

4 (6S) 130 -10 556,53 60,4 53,8 57,3 3,1 

6 (6S + 7D Normal) 180 50 570,36 70,12 63,3 63,82 6,3 

7 (1,6S) 120 40 564,91 57,63 50,3 51 6,63 

10 (1,3,5S) 130 30 560,9 56,2 51,2 52 4,2 

5.1.5 FIFTH OUTFLOW CONFIGURATION 

The maximum shock pressure values in this configuration can be considered as relatively 

high in comparison to all the previous configurations. The highest maximum shock pressure 

of 21,72 cm water head can be found in working condition one and is above the recommended 

value of 15 cm water head, see Table 14 below.  
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Table 14. Maximum shock pressure values for outflow configuration five. 

Working condition X 
[cm
] 

Y 
[cm
] 

Elevatio
n [cmasl] 

Maximum 
Absolute 
Pressure 
[cmH2O] 

Mean 
pressure  
[cmH2O] 

Water 
cushion 
Pressure 
[cmH2O] 

Maximum 
Shock 
pressure  
[cmH2O] 

1 (6S + 7D Check) 170 50 570,36 93,13 69,8 71,41 21,72 

2 (6S + 7D Design) 170 50 570,36 81,27 67,5 67,45 13,82 

3 (6S + 7D Energy 
dissipation) 

180 40 564,91 72,53 58,7 58,51 14,02 

4 (6S) 110 40 564,91 64,1 54,3 57,3 6,8 

6 (6S + 7D Normal) 180 40 564,91 73,03 61,1 63,82 9,21 

7 (1,6S) 120 40 564,91 57,63 50,3 51 6,63 

9 (3,4S) 120 -20 558,15 56,7 50,1 51 5,7 

10 (1,3,5S) 110 40 564,91 69,5 51,3 52 17,5 

5.2 3D-GRAPH REPRESENTATION 

A 3D-graph representation of the shock pressure from the experiments conducted in this 

thesis will be presented below. In the earlier performed experiments, there is no existent 3D-

graph representation of the shock pressure and is therefore in this report not present.  

In the 3D-graph representations, the z-axis represents the shock pressure in m water head, 

the x-axis represents the distance away from the center of the dam structure in cm and the y-

axis the distance from the center out to the plunge pool walls in cm. The data representation 

represents the experimental model’s units.  

5.2.1 FIRST OUTFLOW CONFIGURATION 

In the first outflow configuration, data from only two working conditions could be obtained. 

Therefore only working condition four and six are represented in 3D-graphs below.  

5.2.1.1 Working Condition Four 

In working condition four, all the surface spillways are open and all the deep orifices are 

closed. The flow condition is set to normal condition which implies a reservoir water 

elevation of 825 cmasl. The downstream water level is 601,49 cmasl.  

In this graph, the waves does not show fluctuations, indicating that the shock pressure values 

are not that variant. There is however a pressure peak at 160 cm in x-axis where a pressure 

variation can be seen.  
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Figure 31. 3D-graph representation of shock pressure values in working condition four. 

5.2.1.2 Working Condition Six  

Working condition six is characterized by all surface spillways and deep orifices open in 

where the flow condition is set to normal condition. The water level in the reservoir is 825 

cmasl and downstream 614,51 cmasl. 

In this 3D-graph, several shock pressure peaks can be seen, at 120 cm in x-axis which is near 

the dam structure and at the end of the plunge pool far away from the dam structure.  The 

graph shows relatively varying pressure values due to the waviness in the graph.  

 

Figure 32. 3D-graph representation of shock pressure values in working condition one. 
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5.2.2 SECOND OUTFLOW CONFIGURATION 

In the second outflow configuration, data from all ten working conditions could be obtained. 

Each 3D-graph below represents the shock pressure values for each working condition.  

5.2.2.1 Working Condition One 

All surface spillways and deep orifices are open and the flow condition is set to check 

condition. The upstream water level is 832,34 cmasl and the downstream water level in this 

working condition is 627,11 cmasl. 

In this graph there is a pressure peak at 120 cm in x-axis. The 3D-graph is not very variant 

and no significant jet penetration can be seen. 

 

Figure 33. 3D-graph representation of shock pressure values in working condition one. 

5.2.2.2 Working Condition Two  

Working condition two is characterized by all outflows open. The water level in the reservoir 

holds a design condition of 827,84 cmasl and the downstream elevation is 623,45 cmasl.  

As for working condition one, it can also here be seen that the water cushion is enough 

sufficient to resist jet penetration as the pressure peak is situated far back where no jets 

impinge the pool. 
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Figure 34. 3D-graph representation of shock pressure values in working condition two. 

5.2.2.3 Working Condition Three 

As for working conditions one, two and six, working condition three also has all outflows 

open. The water level downstream is set to 619,82 cmasl and the upstream reservoir level is 

set to normal which is 825 cmasl.  

In this graph, there are no significant pressure peaks in where the jets impinge the plunge 

pool, stating that the water cushion in the pool is satisfactory.  

 

Figure 35. 3D-graph representation of shock pressure values in working condition three. 
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5.2.2.4 Working Condition Four 

All the surface spillways are open and all deep orifices are closed in working condition four.  

The flow condition is set to normal condition which holds a reservoir water elevation of 825 

cmasl. The downstream water level is 601,49 cmasl.  

In this 3D-graph, the waves show a tendency of being variant close to the dam structure in 

where a pressure peak occurs at (120, -50).  

 

 

Figure 36. 3D-graph representation of shock pressure values in working condition four. 

5.2.2.5 Working Condition Five 

In working condition five, only the deep orifices are open. Hence, all surface spillways are 

closed. The flow condition is set to normal condition, 825 cmasl and the downstream 

elevation is 604,16 cmasl.  

For this condition, the peak pressure can be seen at a distance of 350 cmasl in x-axis. Except 

from this fact, the waves in the graph shows a non-fluctuations tendency.   
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Figure 37. 3D-graph representation of shock pressure values in working condition five. 

5.2.2.6 Working Condition Six 

Working condition six is characterized by all outflows open in normal condition in where the 

water level in the reservoir is 825 cmasl. The downstream water level is 614,51 cmasl.  

Here, the 3D-graph shows a pressure peak at the end of the plunge pool and at the middle 

part of the pool shows with varying pressure values. The pressure peak in the middle of the 

pool shows that the water cushion can absorb some of the energy from the impinging jets but 

not all of it.   

 

Figure 38. 3D-graph representation of shock pressure values in working condition six. 
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5.2.2.7 Working Condition Seven 

In this working condition, all deep orifices are closed and only spillway one and six are open. 

The flow condition is set to normal and the reservoir water level is therefore 825 cmasl. The 

downstream level is set to 591,64 cmasl.  

In this graph, two distinct pressure peaks can be seen, both situated in positive y-axis near 

the dam structure. In the middle and at the end of the pool, almost no fluctuations can be seen.  

 

Figure 39. 3D-graph representation of shock pressure values in working condition seven. 

 

5.2.2.10 Working Condition Ten  

In the last working condition, the three spillways one, three and five are the only outflows 

open. The flow condition is set to a normal condition of 825 cmasl and the downstream water 

elevation is 591,64 cmasl.  

A pressure peak can be seen close to the dam structure at 120 in x-axis. Apart from this 

section, the waves in the graph can be seen as semi-variant in where the pressure values are 

not highly variant.  
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Figure 40. 3D-graph representation of shock pressure values in working condition ten. 

5.3 PRESSURE LOCATION GRAPHS 

The ten highest absolute pressure values from every working condition, in total 100 pressure 

values, are represented in pressure location graphs below. The red dots represents the highest 

pressure value on the pool bottom for each working condition and in total there are ten red 

dots for each graph. The blue dots represents the nine highest pressure values excluding the 

top pressure value. The bigger the dot, the more top values are located at that position. Since 

data from only two working conditions in outflow configuration one could be obtained, it is 

not represented in a pressure location graph.  

5.3.1 SECOND OUTFLOW CONFIGURATION 

In the second outflow configuration it can be seen in the pressure location graph that the most 

pressure is situated at the end of the plunge pool. The last measuring point in the pool lies in 

x-axis at a distance of 360 cm from the dam structure which also is where the blue color ends. 

The pressure distribution in the pool bottom is scattered and if only the red dots are 

considered there is no occurrence at the same location, hence to the small size of the red dots.  

When considering each working condition’s top value, five out of ten values lies at the back 

of the plunge pool, two in the middle and three close to the dam structure.  
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Figure 41. Pressure location graph of outflow configuration two. 

5.3.2 THIRD OUTFLOW CONFIGURATION 

In the third outflow configuration, most of the blue dots in the pressure location graph are 

located at the end of the plunge pool floor. There is however three red dots tightly coupled at 

an x-axis distance of around 120 cm and 50 cm in y-axis which indicates that three out of ten 

of the working condition’s top values is situated close to the dam structure.  

 

 

Figure 42. Pressure location graph of outflow configuration three. 
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5.3.3 FOURTH OUTFLOW CONFIGURATION 

In the fourth outflow configuration, there is no pressure distribution on the plunge pool floor 

between the distance of 200 to 300 cm in x-axis, except from one top value at (260,40). There 

is a scattered pressure distribution along the whole y-axis at around 120 cm in x-axis 

including three top values from three different working conditions at 50 cm in y-axis. At 

around 180 cm from the dam structure there is also a clumped pressure distribution at a y-

axis value of 35 to 60 cm and one top value at -30 cm. The greatest pressure distribution is 

however at a distance far away from the dam structure at around 360 cm in x-axis.  

 

Figure 43. Pressure location graph of outflow configuration four. 
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5.3.4 FIFTH OUTFLOW CONFIGURATION 

The fourth and last pressure location graph applies for the fifth outflow configuration. As for 

all the other graphs, the greatest pressure distribution can be found at the end-part of the 

plunge pool but this graph also shows a great pressure closer to the dam structure. At the 

positive y-axis between the distance 100 to 200 cm in x-axis, the blue dots are painted densely 

and the area holds seven of the ten top values for each working condition. At the negative y-

axis, the blue dots are more scattered and fewer with one top value at (120,-20). From 200 to 

about 340 cm in x-axis, there is no visual pressure distribution that can be seen in the pressure 

location graph.  

 

 

Figure 44. Pressure location graph of outflow configuration five. 
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6. ANALYSIS  

In this chapter, the results from the experiments in this thesis as well as to earlier performed 

experiments will be connected to the theoretical framework. The analysis is split up into four 

main parts. The three first parts will be an analysis of the maximum shock pressure, the mean 

pressure values and the pressure location graphs. Further one there will be an analysis of 

the 3D-graphs for the preferred and chosen outflow configuration.  

6.1 MAXIMUM SHOCK PRESSURE 

The real dam and plunge pool structure has to take care of a tremendous discharge of jets that 

in a certain extent can act as a harmful force on the plunge pool floor. The focus of this part 

of the analysis will lay on the maximum shock pressure which is the maximum additional 

pressure acting on the plunge pool floor caused by the impinging jets falling from the surface 

spillways and deep orifices.  

6.1.1 EXCLUSION OF OUTFLOW CONFIGURATION ONE 

For the first outflow configuration, only data for working condition four and six could be 

collected. It is therefore difficult to compare the results from the first configuration to the 

remaining four configurations that has a complete data set from all ten working conditions. 

From the results in outflow configuration one however, the maximum shock pressure values 

are well below the recommended maximum value of 15 cm water head given by EAIDI. Also, 

only by looking at working condition four and six, except from working condition six in 

outflow configuration three, the pressure values are the lowest. This gives an indication that 

configuration one may be the best suited option in order to mitigate scour at the bottom of 

the plunge pool. But the statement is not certain due to the absence of a complete data set. 

The difficulties regarding the comparison to the other outflow configuration has led to the 

exclusion of outflow configuration one.  

6.1.2 EXCLUSION OF OUTFLOW CONFIGURATION FIVE 

All the maximum shock pressure values in outflow configuration five are, compared to the 

other outflow configurations considered high. In this configuration, two of the working 

conditions have pressure values above the recommended value of 15 cm water head. Also, 

all the maximum pressure values lies from 110 to 180 cm in x-axis, imposing a threat of scour 

formation occurrence close to the dam structure. For instance, the highest value of 21,72 cm 

water head is found at a distance of 170 cm in x-axis which presumably will cause a heavy 

pressure in the plunge pool floor near the structure. Due to these components, outflow 

configuration five will also be excluded from the continuous maximum shock pressure 

analysis.  
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6.1.3 EXCLUSION OF OUTFLOW CONFIGURATION THREE 

Out of the remaining outflow configurations two, three and four, the third configuration holds 

the highest maximum shock pressure of 12,6 cm water head which occurs in working 

condition ten at a position of (130,50). This measured maximum shock pressure can be 

considered to be more dangerous than other positions in the rest of the pool because of two 

reasons:  

Firstly, the x-axis position of the value increases the risk of scour near the dam structure 

hence also increasing the risk of dam failure at the dam site, as stated in the theory chapter 

of this report.  

Secondly, the pressure value in this working condition lies at y = 50 cm which is at the end 

measuring point, implying that high pressure occurs at the bottom of the plunge pool close 

to the edge of the pool. The measuring point in y-axis is farthest out and other measuring 

points exceeding y = 50 cm could in theory show even higher values. An increasing trend 

can for example be seen for working condition ten in where an increasing trend of high 

pressure values near the edge of the pool can be seen. The absolute pressure value increases 

from 49,47 cm to 64,6 cm water head at the position (130,30) to (130,50) which indicates 

that the next pressure value further out, for instance at (130,60) may be higher than 64,6 cm 

water head. The same trend can be seen for working condition one and seven where the 

maximum absolute pressure also is at the last measuring point. There is however difficult to 

say if the increasing trend will occur in working condition four at the position (120,50) since 

the shock pressure values in y-axis are invariant and very similar to each other.   

Whether or not the trend is increasing or decreasing for the next value after y = 50 cm, there 

is a fact that four of the maximum shock pressures above one m water head lies at the same 

edge of the plunge pool floor at 50 cm in y-axis which implies that a heavy pressure will 

occur in this critical position. In comparison between outflow configuration two that only 

holds one maximum shock pressure value at the end measuring point and outflow 

configuration four that holds two, outflow configuration three is the least preferred one.  

It is also important to note that all the three highest shock pressure values in outflow 

configuration three are the highest in comparison to configuration two and four which implies 

that this configuration seems to increase the pressure for certain working conditions. There 

is also important to note that the top three maximum shock pressures in outflow configuration 

three lies close to the dam structure at 120 to 130 cm in x-axis which is not desired.  

Also, if cavitation in surface spillways is considered, it would not be preferable to use the 

outflow configuration three. In this configuration, spillway number one is equipped with only 

one nappe splitter for the purpose of splitting up and aerating the jet which decreases the 

smoothness of the spillway surface. In terms of cavitation, the risk of it increases when the 

surface spillway design incorporates roughness and irregularities which is the case when a 

nappe splitter is incorporated. Therefore, this outflow configuration will not be desired in 

terms of cavitation. After considering the above mentioned facts, the third outflow 

configuration will further on be excluded.  
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6.1.4 COMPARISON BETWEEN OUTFLOW CONFIGURATION TWO AND FOUR 

Out of the two remaining outflow configurations, the second configuration is considered to 

be the most suitable one. One main reason for this is because the configuration in general has 

lower maximum shock pressure values compared to outflow configuration four. Other 

considerations are the positions of the shock pressure values and the efficiency of the water 

cushion below the dam crest which in comparison to configuration four works in 

configuration two’s advantage.  

One of the maximum shock pressure values for outflow configuration two is positioned at 

360 cm and another three at 350 cm in x-axis which concludes that five out of ten top values 

are considered to be positioned at a far distance from the dam structure. In outflow 

configuration four however, the maximum pressure values farthest out is at a distance of 180 

cm in where four shock pressure values over one m water head are situated. Both of the 

outflow configurations each holds three maximum pressure values closer to the dam structure 

at a distance of 120 to 140 cm in x-axis which is not preferred. But considering the fact that 

configuration two has more maximum pressure values further away from the dam structure, 

the configuration is also considered as the most preferred one in this aspect.  

Four of the ten working conditions in all outflow configurations are utilizing water collision 

in air in the working conditions one, two, three and six since all the surface spillways and 

deep orifices in these cases are open. For outflow configuration two, the energy dissipation 

through mid-air collision seems sufficient, since working condition two, three and six all 

have their shock pressure values situated far away from the dam structure at about 350 cm, a 

position in x-axis in where no jets are hitting the water cushion. For outflow configuration 

four, all working conditions using mid-air collision is situated in the middle of the pool at 

180 cm in x-axis, stating that the mid-air energy dissipation is not sufficient.  The shock 

pressure values at this distance also indicates that the water cushion is being penetrated and 

that parts of the jet core is hitting the bottom of the plunge pool. The process of jet penetrating 

the water cushion is, as described in the theory part, a main reason for scour formation, as 

can be seen in Figure 16. 

In both configuration two and four, the maximum shock pressure values are below the 

recommended water head value of 15 cm, stating that both configurations could be used at 

Baihetan Dam. When comparing the two however, configuration two has lower pressure 

values and in this aspect, it can be considered as the most suitable one.  

The importance of a sufficient water cushion high enough to resist jet penetration is shown 

by a comparison between the working conditions three and six in outflow configuration two. 

The working conditions both have all of the spillways and orifices open, are operating during 

the same water discharge and also have the same upstream water level. The only difference 

is that of the downstream water level in where working condition three has a larger water 

cushion. Both working conditions have the maximum shock pressure value far away from 

the dam structure at a distance of 350 cm in x-axis which indicates that both the conditions 

have a sufficient water cushion. Working condition three however, holds a significantly 
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lower shock pressure value than condition six and the water cushion in this condition is 

therefore considered to be more efficient and preferred than that of working condition six’s.  

6.2 MEAN PRESSURE VALUE ANALYSIS 

In order to evaluate the credibility of the results from the maximum shock pressure values 

and the data gathered in this thesis and earlier performed experiments, a new pressure value 

for each working condition was calculated. Instead of using the maximum absolute pressure 

value and subtract it with the water cushion value as in the calculation of the shock pressure, 

the mean pressure was used. The mean pressure value is given by the calculation of the mean 

of all the absolute pressure values for a given working condition and includes the pressure 

caused by the jets impinging the plunge pool and the static water pressure in the pool.  As for 

the maximum shock pressure analysis, working conditions with a maximum shock pressure 

value below one is regarded as less relevant to the purpose of this thesis and will also in this 

analysis be excluded.   

The third column in Tables 17 to 21 below has rows characterized by either a blue or a red 

color and represents the difference between the mean pressure value and the water cushion 

value for each working condition. A positive difference is marked blue whilst a negative has 

a red color. The tables below depicts the differences for outflow configurations one to five. 

It is important to note that the size of the red or blue color in the difference column does not 

represent the magnitude of difference. It is only to be considered as a negative or positive 

difference.  

Table 15. Difference between mean pressure value and water cushion pressure for outflow 

configuration one. The water cushion column can be regarded as the water cushion pressure. 

Because the value is obtained from the experimental model, all pressures should be regarded 

as cmH2O  

 

  

Working condition Mean pressure [m H2O] Difference [m H2O] Water cushion [m H2O] Shock pressure [m H2O]

6S + 7D Normal 59,7 1,19 58,51 3,59

6S 54,5 -2,8 57,3 2,9



73 

 

Table 16. Difference between mean pressure value and water cushion pressure for outflow 

configuration two. The water cushion column can be regarded as the water cushion pressure. 

Because the value is obtained from the experimental model, all pressures should be regarded 

as cmH2O 

 

Table 17. Difference between mean pressure value and water cushion pressure for outflow 

configuration three. The water cushion column can be regarded as the water cushion 

pressure. Because the value is obtained from the experimental model, all pressures should 

be regarded as cmH2O 

 

Table 18. Difference between mean pressure value and water cushion pressure for outflow 

configuration four. The water cushion column can be regarded as the water cushion 

pressure. Because the value is obtained from the experimental model, all pressures should 

be regarded as cmH2O 

 

 

  

Working condition Mean pressure [m H2O] Difference [m H2O] Water cushion [m H2O] Shock pressure [m H2O]

6S + 7D Check 67,3 -4,15 71,45 2,05

6S + 7D Des ign 61,6 -5,85 67,45 1,85

6S + 7D Energy diss ipation 59,6 -4,22 63,82 1,08

6S + 7D Normal 57,3 -1,21 58,51 5,29

6S 53,5 -3,8 57,3 5,4

7D 47,9 -3,1 51 2,8

1,6 S 50,7 -0,3 51 8,3

2,5 S 50,1 -0,9 51 0,6

3,4 S 50 -1 51 0,2

1,3,5 S 51,1 -0,9 52 4,8

Working condition Mean pressure [m H2O] Difference [m H2O] Water cushion [m H2O] Shock pressure [m H2O]

6S + 7D Check 72,7 -3,77 76,47 4,2

6S + 7D Des ign 67,8 -4,53 72,33 1,4

6S + 7D Energy diss ipation 60,1 -3,37 63,47 1

6S 54 2,48 51,52 8,11

1,6 S 50,4 -0,6 51 11,6

1,3,5 S 51,1 -0,9 52 12,6

Working condition Mean pressure [m H2O] Difference [m H2O] Water cushion [m H2O] Shock pressure [m H2O]

6S + 7D Check 68,1 -3,31 71,41 11,77

6S + 7D Des ign 64,7 -2,75 67,45 9,25

6S + 7D Energy diss ipation 56,5 -2,01 58,51 6,32

6S + 7D Normal 63,3 -0,52 63,82 6,3

6S 53,8 -3,5 57,3 3,1

1,6 S 50,3 -0,7 51 6,63

1,3,5 S 51,2 -0,8 52 4,2
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Table 19. Difference between mean pressure value and water cushion pressure for outflow 

configuration five. The water cushion column can be regarded as the water cushion 

pressure. Because the value is obtained from the experimental model, all pressures should 

be regarded as cmH2O 

 

In the tables above, a trend can be seen in where the shock pressure value and the difference 

value are connected. In this trend, the shock pressure values seems to decrease for working 

conditions in where the difference between the mean and water cushion pressure holds a high 

negative value which also is represented by a red staple in the row of occurrence. For instance, 

outflow configuration two has relatively low shock pressure values for the high discharge 

working conditions one, two, three and six, but relatively high negative difference, as can be 

seen when comparing table 18 to 21. This trend is barely noticeable, but gives an indication 

that the data management is sufficient but that there could be some measurement error in the 

model. There  

The data from the five outflow configurations represented above leaves the question if the 

measuring for configuration one and two has been done with the exact same procedure as the 

past experiments. The high values in the red staples in outflow configuration two along with 

low amount of shock pressure indicates that one or more steps in the procedure could have 

been made different from the earlier performed data acquisition procedure. 

As also can be seen in the tables above, the mean pressure value tends to be lower than the 

water cushion pressure, hence, giving a negative difference. Both the mean pressure and the 

water cushion pressure is defined by an average value and the indication of a negative 

difference seems remarkable. When the dam is in operation, the total pressure at the bottom 

of the plunge pool is defined by taking the water cushion pressure and adding the additional 

pressure caused by the impinging jets. Therefore, a negative difference seems strange, and a 

more reasonable value is that of a positive one. The strange behavior of negative difference 

values can occur for several different reasons. The authors of this thesis has presented some 

of the reasons regarding the negative difference values below.   

  

Working condition Mean pressure [m H2O] Differnece [m H2O] Water cushion [m H2O] Shock pressure [m H2O]

6S + 7D Check 69,8 -1,61 71,41 21,72

6S + 7D Des ign 67,5 0,05 67,45 13,82

6S + 7D Energy diss ipation 58,7 0,19 58,51 14,02

6S + 7D Normal 61,1 -2,72 63,82 9,21

6S 54,3 -3 57,3 6,8

1,6 S 50,3 -0,7 51 6,63

3,4 S 50,1 -0,9 51 5,7

1,3,5 S 51,3 -0,7 52 17,5
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6.2.1 MEASURING/MODEL ERRORS 

Measuring or model errors can be a considered as a reason or a contributing factor for this 

strange behavior. There are both constant and random errors relevant to this thesis. These 

errors are important when comparing to a fixed value like the one stated by EAIDI of a 

maximum shock pressure of 15 cm water head. The errors that should be considered in this 

thesis are described below.  

6.2.1.1 Data Acquisition Method Error  

When the jets impinge the plunge pool, pressure fluctuations will occur.  In others words, the 

waves in the pool influenced by the jets will be very variant and the pressure value will show 

both values higher and lower than the water cushion pressure. When the photos of the 

piezometric tubes were taken, varying fluctuations could be seen and in cases where 

fluctuations over two cm water head in five seconds occurred, three photos were taken and a 

mean pressure value was calculated. But to represent the fluctuations correctly by taking 

photos is a difficult task. When taking photos of a variation above two cm water head, it is 

difficult to pinpoint the exact maximum and minimum value of the fluctuation. This method 

may not be optimal, because it is not sure if the actual mean is computed by these three 

measurements. When the experiments were conducted in this thesis, the photos represented 

data in where the jets seemed to decrease the pressure more than increase it since the mean 

pressure in the tables above is below the water cushion pressure for most cases.  

6.2.2.2 Turbulent Movement in Water 

The turbulent movement of water in the pool can be considered as a complex process. As can 

be seen in the theoretical framework, the turbulent shear layer that is surrounding the core of 

the jet in the air increases as the jet falls further downstream. The turbulent movement of the 

water can imply that the maximum pressure at some positions is not possible to measure 

correctly with a vertical installed piezometric tube. The maximum absolute pressure in some 

points may appear in an oblique direction. 

The amount of pressure that is being reduced due to oblique pressure should be taken into 

consideration. The pressure is decreasing when the horizontal velocity is increasing. 

Unfortunately, the water velocity at the bottom of the plunge pool has not been measured 

during these experiments, due to time and resource limitations. 

6.2.2.3 Malfunctioning Equipment and Human Errors 

Malfunctioning parts of the experimental model may be another reason. For instance, an error 

in the piezometric tubes could cause the pressure values to be measured wrong. This source 

of error can be reduced by opening all the tubes, searching for water bubbles or other factors 

that affect the represented pressure value. This source of error could be regarded as a random 

error and it could be questioned if it should be regarded as a constant error. Another random 

source of error is human errors in where values can be read off wrong. This human factor 

was mitigated by double checking and controlling the data acquisition by more than one 

person.  
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6.2.2 WATER CUSHION PRESSURE ACQUISITION 

The water cushion pressure can be connected to some kind of constant error. The shape of 

the plunge pool presented in Figure 18 is slightly rounded at the measuring area of the floor. 

According to the water cushion pressure acquisition method presented in 4.3.2.1 Acquisition 

of the Water Cushion Pressure, the water cushion is measured by measuring the water level 

at y = 0 which represents the deepest position in the plunge pool. All the measuring points at 

other positions holds the same water cushion pressure despite the fact that they are slightly 

higher elevated which can cause a constant error in the water cushion pressure.  

The water cushion pressure acquisition method used in this report may also be a contributing 

factor to the negative difference. There could be other more credible ways of measuring the 

water cushion pressure than the method used in this report. The method used, further on 

referred to as acquisition method one, takes the water level downstream and subtracts it with 

the plunge pool bottom elevation for each water condition. Other ways of measuring the 

water cushion pressure are explained below. 

6.2.2.1 Water Cushion Pressure Acquisition: Method 2 

The authors of this report claims that there is an alternative way of measuring the water 

cushion pressure for working condition one to six. This method is based on observing the 

pressure distribution boards when no water is falling into the pool.  

Each working condition holds a downstream water level and the procedure is to fill up to the 

downstream river accordingly, see Table 10. In order to keep the water level stable, water 

needs to be prevented from leaving the downstream reservoir. This was done by the use of 

wooden boards that plugged the downstream river exit, see Figure 28. The wooden boards 

could not prevent all the water to stay in the downstream river and water slowly poured out. 

Despite this observation, the water level was considered to be enough stable and the pressure 

distribution value could be captured from the pressure distribution boards. The boards 

showed a constant value that could be used as the water cushion pressure.  

The working conditions one, two, three and six are represented in Table 11 below. These are 

the high discharge working conditions. The table holds the water cushion pressures retrieved 

from both methods one and two which enables comparison between them two. It can be seen 

that the water cushion pressure is consequently higher for acquisition method two. The 

difference in the water cushion pressure is depending on the slightly sloping downstream 

river, which makes the calculated pressure value for acquisition model one lower than two. 

It should also be clarified that acquisition model one is used for all the experiments in this 

thesis, mainly in order to be consistent with the data from the past experiments. 

I regards of the low flow conditions (7-10) the water level should be the same when using a 

ruler and when looking at the pressure distribution boards. In this thesis this has not been 

investigated and if the pressures between the two different measuring methods differ, it could 

be caused by the potential errors stated in 6.2.1. Measuring/Model Errors. 
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Table 20. The water cushion pressure difference between acquisition method one and two 

for working condition one, two, three and six. 

Working Condition Water cushion 
pressure [m H2O] 

Acquisition Method: 1 2 

1 (6S + 7D Check) 71,45 73,2 
2 (6S + 7D Design) 67,45 69,3 

3 (6S + 7D Energy dissipation) 63,82 65,1 
6 (6S + 7D Normal) 58,51 58,7 

 

6.2.2.2 Water Cushion Pressure Acquisition: Method 3 

The authors of this thesis claims that there is a third way of measuring the water cushion 

pressure on the experimental model. During operation of the model, a slight difference 

between the plunge pool water level and the downstream water level has been observed. 

The difference can be illustrated in Figure 45 below.  

The figure implies that an even higher water cushion than acquisition model one and two 

can be used. The plunge pool water level is in the figure higher due to the speed of the 

water when it is moving from the plunge pool to the downstream riverbed. When the water 

is passing the wall between the plunge pool and the downstream river, the water is being 

pushed upwards, which results in a slightly higher water level in the plunge pool than in the 

rest of the downstream river. In acquisition model one and two these water levels has been 

assumed to be the same. 

 

Figure 45. The difference in water level between the plunge pool and the downstream river 

for acquisition method three (Pettersson & Pettersson, 2010).  
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6.2.2.3 Water Cushion Pressure Acquisition: Method 4 

The three water cushion pressure acquisition methods mentioned above is more or less 

obtained during no outflow operation. Acquisition model three has taken into account the 

passage between the plunge pool and the downstream river, but none of the acquisition 

models one two and three are really taking into account the complex structure of the water 

during outflow operation. The authors of this thesis believes that it is difficult to determine 

how big the pressure force from the water cushion is during actual outflow operation. Method 

four is therefore more of a conceptual method of measuring the water cushion pressure that 

can be difficult to obtain. The authors however find this method as the most accurate one in 

theory. 

The fourth method takes the concept of energy dissipation into account in where the jets are 

aerated before they hit the plunge pool. The energy dissipation at Baihetan Dam consists of 

aeration of jets that collide in mid-air. In Figure 6 it is possible to see how a falling jet 

becomes more aerated before it hits the pool. It is also possible to observe a water cushion 

that is full of air bubbles by visual inspection of the plunge pool during outflow operation, 

see Figure 46 below. These factors suggests that the density of the water cushion is being 

lowered when in operation. Therefore, the water cushion (and thereby the water cushion 

pressure) definition that is used in the report so far, can be discussed. In this discussion, the 

aeration of the pool should be taken into consideration. 
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Figure 46. The water cushion with full outflow operation (above) and minimal outflow 

operation. 

6.3 PRESSURE LOCATION GRAPHS 

As in the analysis of the maximum shock pressure above, outflow configuration one will also 

here be excluded from the pressure location analysis due to its incomplete data set.  

It is important to keep in mind that the distribution of dots in the pressure location graphs 

does not show the magnitude of hydraulic pressure at the plunge pool bottom, but only the 

location of the ten maximum pressure values of each working condition in the experiments. 

It is therefore also important to note that one blue dot can hold a higher pressure value than 

a red one. The purpose of the pressure location graphs is only to look at the position of the 

ten highest pressure values for each working condition, taking the time aspect into account. 

When the chosen outflow configuration is in operation, the graphs can show an indication of 

where the high pressure values will be distributed in the pool. 

In order to prevent scour in the plunge pool floor that could cause dam failure, it is preferred 

that the pressure is located as far away from the dam structure as possible. By looking at the 

top values for each working condition represented in the graphs as red dots it can be seen that 
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four of the ten top pressure values for each working condition in outflow configuration three 

and four lies at around 350 cm in x-axis which is considered to be at a far distance from the 

dam structure. The graph representing outflow configuration two has most top values far 

away from the dam structure, namely five and outflow configuration five only has two top 

pressure values at around 350 cm in x-axis.  

Also, by looking closer to the dam structure, outflow configurations three, four and five all 

have at least one point in where two of the top values meet, hence to a bigger red dot in the 

graphs. For instance, the pressure location graph in outflow configuration three at the position 

(120,50) shows one big red dot which means that two top values from two different working 

conditions are located at the same spot in the plunge pool floor. Also in this graph, another 

top value next to the big dot can be seen. This indicates that a high hydraulic pressure will 

occur in the same location in the plunge pool floor close to the dam structure in three of the 

ten working conditions which is not preferred. The only outflow configuration in where the 

top values close to the dam structure never occur at the exact same spot in the plunge pool 

bottom is configuration two. By looking at the red dots in the pressure location graphs, 

outflow configuration two is considered to be the most preferred one.  

When looking at the blue dots, outflow configuration five has a lot of pressure close to the 

dam structure. The blue pressure dots in configuration three however are very scattered with 

most pressure at the end of the plunge pool which is preferred. Outflow configuration two 

and four also have scattered blue dots but more of them are situated closer to the dam 

structure which is not as satisfactory as in configuration three. In this aspect, configuration 

three is the most preferred one.  

Depending on which aspect, both outflow configuration two and three are preferred and it is 

difficult to choose one of them. Configuration two has the most top values at a far distance 

from the dam structure and at the same time, that the top pressure values closer to the dam is 

scattered and not lumped in one location like that of the other configurations. Configuration 

three however, has the most scattered dots overall. But when combining the shock pressure 

analysis with the pressure location analysis, configuration two can be considered as the most 

preferred one. Even though outflow configuration two is chosen, it is not perfect. It is for 

instance concerning that three shock pressure values lies near the dam structure. Still, by 

comparing the pressure location graphs of all five experiments in this thesis, configuration 

two is the most suitable one to implement.  

6.3 3D-GRAPH REPRESENTATION 

Since the maximum shock pressure and the pressure location graph analysis combined 

indicates that the second outflow configuration is the most sufficient one, the 3D-graphs for 

configuration two will be analyzed below. 

By looking at the eight different 3D-graph representations of the shock pressure for outflow 

configuration two, a sufficient water cushion can be seen for seven of the working conditions. 

In these cases, the plunge pool can absorb the energy from the falling jets in a satisfactory 
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way and the peak pressure values can be seen at a far distance from the dam structure. In the 

cases with an insufficient water cushion where jet penetration occurs in the plunge pool near 

the dam structure, that is in working conditions four six and seven, the pressure distribution 

in the pool is very variant. For instance, in working condition six at a distance of around 210 

cm in x-axis, high pressure values can be seen along the whole y-axis. This indicates that the 

jets are penetrating the water cushion for this working condition. In this condition both the 

deep orifices and surface spillways are open, allowing mid-air collision to occur. A solution 

for this working condition could be to make the water cushion more deep hence, increasing 

the water level downstream. In working conditions four and seven, all the deep orifices are 

closed and there is no occurrence of jet collision in the air. Instead, the spillway design needs 

to be enhanced without keeping mid-air collision in mind.   

In working conditions four, six and eight, high and growing pressures can be seen at the end 

of the measuring points in y-axis, hence, at the edge of the plunge pool. The 3D-graphs does 

not show values beyond the absolute value of 50 cm in y-axis but an indication can be seen 

that the pressure value might be higher further out. For instance, in working condition six at 

both sides of the y-axis, a growing pressure trend can be seen at y = 50 cm and y = -50 cm. 

It is also important to keep in mind the geometry and dissimilarity of the plunge pool edges. 

The edge with negative y-values holds a more steep slope and a high pressure in this location 

might have a bigger impact here than of the pressure occurring on the other edge where the 

y-values are positive. There is however no certainty in the statement above, if the pressure is 

higher at areas beyond the measuring points. To investigate this fact, measuring points are 

needed further out in y-axis.  

Also important to have in remembrance is that all pressure peaks seen in the 3D-graphs for 

outflow configuration two holds a maximum shock pressure value well below 15 cm water 

head and the risk of scour formation is hence not endangering the dam structure in any big 

extent.  
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7. FINAL CONCLUSIONS 

In the final conclusions chapter, the purpose of this thesis, to perform a safety analysis of 

Baihetan Dam by finding an outflow configuration that reduces the impact of scour at the 

bottom of the plunge pool will be answered with the most important aspects produced in the 

analysis. 

In the analysis of this thesis, five different outflow configurations have been analyzed in 

where outflow configuration two is considered to be the most satisfactory in terms of 

reducing the impact of scour at the bottom of the plunge pool. A combined analysis of the 

maximum shock pressure and the pressure location graphs shows that this outflow 

configuration has both pros and cons, but that it in comparison with the other given outflow 

configurations is the most preferred one.  

One of the main reasons for this is that the configuration shows low maximum shock pressure 

values well below the recommended highest shock pressure value of 15 cm water head. 

Another reason is that most pressure peaks occurs at a high x-axis value indicating that the 

water cushion is sufficient enough to not being penetrated by the jets falling from the 

outflows. Hence, influencing the impact of scour formulation to occur further away from the 

dam structure. Also, there is no significant risk of higher pressure value occurrence beyond 

the absolute y-axis value of 50 cm. The high pressure values in outflow configuration two 

does not show an increasing trend at the end of the measuring points in y-axis and the edges 

of the plunge pool will most likely not be exposed to a higher pressure than what the 

maximum shock pressure values shows.  

7.1 GOAL AND PURPOSE – FULFILLED? 

Regarding the goal of this thesis, it can be discussed if the results and conclusions stands in 

parity with the goal that was set up. The thesis choses an outflow configuration that is 

considered to be the most sufficient one but as have been brought up earlier in the report, it 

was only one outflow configuration from the model experiments of this thesis that generated 

a complete data set for analysis and the first outflow configuration could not be analyzed as 

planned. The analysis shows that the experimental modeling and the method of data retrieval 

can be questioned at a few occasions. However, regarding the purpose of finding the most 

efficient outflow configuration, the authors of this report feel confident that the results is 

accurate enough to state that outflow configuration two is the best choice. This can be said 

mainly because all of the model experiments that have been used, have been performed 

during the same procedures and surroundings, stating that operational model errors most 

likely would affect the results in the same way for all experiments. 
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8. DISCUSSION 

The discussion of this thesis brings up main aspects to consider regarding pressure 

distribution and scour formation in the plunge pool floor. Also, criticism to the chosen 

method in this thesis is discussed.  

It can be seen from the five different outflow configurations in this thesis that the outflow 

design as well as the energy dissipation design is an influencing factor for the pressure 

distribution at the bottom of the plunge pool. It is important for the plunge pool to be able to 

receive the falling jets from the outflows by providing a sufficient water cushion for the jets 

to land on without penetrating it. It is also important for the outflow design to enhance the 

occurrence of efficient energy dissipation. For instance, it has been seen that the 

implementation of nappe splitters and nappe blocks in spillways are an efficient way to avoid 

high pressure values in the plunge pool bottom near the dam structure. In particular, this can 

be seen in outflow configuration five with no nappe splitters or nappe blocks implemented. 

In comparison with the other configurations, this one holds the highest shock pressure values, 

even values above 15 cm water head. It is however important to point out that nappe splitters 

or nappe blocks also can work as a disadvantage if not designed correctly. It is therefore 

important to choose the right design so that the aeration in the water can be optimized and 

the scour in the plunge pool as well as the cavitation formation in the spillways minimized.   

The time aspect in this report is not considered in any bigger extent, mostly because the data 

regarding time is difficult to obtain. It is also difficult to find any reports about the time aspect 

regarding scour formation. However, there is possible to see from Table 9 that the frequency 

of operation of working condition one, two and three in where the water level upstream is set 

to check, design and energy dissipation is predicted to occur every 10 000, 1 000 and 100 

years. When this fact is considered, it could be relevant to ask if these working conditions 

will ever occur during the lifetime of the dam structure. With this fact in mind, it could for 

instance also be relevant to ask if the high maximum shock pressure values in outflow 

configuration four, for working condition one, two and three will affect the scour formation 

at the bottom of the pool. 

It is also important to consider the data collection as a mean impact pressure. If the pressure 

at a given point is varying by time, the mean pressure of that point is taken. This means that 

the instant pressure of the given point can be higher than the values represented in the 

pressure distribution graphs.  

The experiments performed on the experimental model at Tsinghua University has 

contributed to the research in this field of study, but further research is needed with, among 

other things, more measuring points, an extended part of outflow configurations implemented 

and performed experiments. For instance, a complete data set of outflow configuration one 

in this thesis could not be obtained and the simulations needs to be re-collected in order to 

make a fair comparison between the different outflow configurations. Also, other aspects 

could be taken into account such as the influence of flow velocity that would enhance the 

research contribution in this field of study. 
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8.1 CRITICISM TO THE CHOSEN METHOD 

The experimental model of Baihetan Dam is made to be as similar to the real dam as possible 

but there are some constructional differences between the dam and the model.  For instance, 

the plunge pool in Baihetan Dam is made of concrete and is in the model made of plexiglas. 

Differences like this can question the credibility of the model, whether or not it is satisfactory 

enough to perform simulations on the model and apply the results to the real dam. Despite 

this fact, the choice of material and its characteristics for the model is considered to be 

sufficiently close to the original. Also in this thesis, the measuring of pressure is mainly 

determined by the water jet and the water depth in the pool and the air entrainment and air 

resistance can be neglected in the simulation experiments due to its trivial effects on the free 

falling jets and its impingement location downstream. The discussion of jet air entrainment 

between model and prototype, in where the water jets from the outflows in the model may 

contain a less percentage of air than in the real dam which can cause a slight difference of jet 

impact position and pressure distribution at the bottom of the plunge pool has however been 

considered in the analysis of this thesis. The calculation of the experimental model’s 

Reynolds number in 4.2.2 Calculations of the Reynolds Number also showed that the 

constructional differences in this case can be considered as insignificant.   

The data retrieval of the hydrological pressure distribution at the bottom of the plunge pool 

included manually taken photos of piezometric tubes, each tube representing a certain 

pressure at a specific location in the pool. The water level in the tubes showed a variety of 

pressure peaks, also varying from maximum to minimum during different intervals. The 

quality of this method of data acquisition can, among other things, due to human factors, bad 

photo quality and broken piezometric tubes be questioned. In order to secure the validity to 

the method, several photos were taken at critical locations in the plunge pool and obtained to 

useful data by taking the mean value of all photos.  

A more accurate method for data acquisition would be to utilize electronic sensors attached 

to the bottom of the plunge pool, but due to economic reasons, the experimental model at 

Tsinghua University is equipped with piezometric tubes and only in selected locations of the 

pool equipped with electronic sensors. But this area was considered to be too small to be able 

to retrieve sufficient data and was therefore excluded as a method of data collection.  

Other options for converting the data was considered, for instance by the use of AutoCad in 

where the photos could be uploaded and the data converted by the software itself. AutoCad 

was however ultimately excluded as a method for data collection. This approach needed to 

manually draw grids on the photos which was hard to accomplish due to a great variety of 

angles and picture quality. Instead, all photos were obtained manually.     

Downstream of the model, it was also difficult to regulate the water level. The sought water 

elevation was marked in the concrete ridge downstream and there was difficulties to hold a 

constant level of the water elevation downstream for a longer time. The acquisition of the 

data was therefore done during careful and simultaneous observation of the downstream 

elevation and the accuracy of the method can therefore be seen as sufficient. 
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10. APPENDIX  

This report holds three appendix in where the first appendix represents obtained data from 

the first outflow configuration and the second appendix data from the second configuration. 

The third appendix has the MATLAB code for the 3D-representation of the shock pressure 

values and the pressure location graphs.  

10.1 APPENDIX ONE - RETRIEVED DATA FROM FIRST OUTFLOW 

CONFIGURATION 

Below is a table of all the retrieved absolute pressure values from outflow configuration one. 

The vector Y represents the measuring points in y-axis and the X vector measuring points in 

x-axis. The pressure distribution is measured in cm water head. The five highest values for 

each working condition is red-marked and the *-marked Y-coordinates represents the 

measuring points that was malfunctioning during the experiments, these values has been 

estimated. In the first outflow configuration, only data from working condition four and six 

could be retrieved.  

Table 21. Table of retrieved data from outflow configuration one. 

X  
[cm] 

Y 
[cm] 

6S  
Normal 
[cmH2O] 

6S+7D 
Normal 
[cmH2O] 

100 -50 52,7 52,3 

100 -40 52,3 51,5 

100 -30 52,4 51,6 

100 -20 52,1 52 

100 -10 50,3 49,9 

100 0 47,8 46,2 

100 10 51,4 52,3 

100 20 51,6 51,8 

100 30 49,1 47,6 

100 40 52,8 52,5 

100 50 47,2 46,5 

110 -50 52,1 52,5 

110 -40 51,5 52,3 

110 -30 52,1 52,3 

110 -20 52,2 52,5 

110 -10 52,3 52,7 

110 0 49,3 50,6 

110 10 52,5 44,6 

110 20 49,1 47,4 

110 30 53,3 53,4 

110 40 52,2 54,1 

110 50 55,1 54,6 
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120 -50 52,3 53,7 

120 -40 52,1 53,5 

120 -30 55,6 53,6 

120*  -20 55,5 53,4 

120* -10 55,4 53,5 

120* 0 55,3 53,5 

120 10 53,5 53,5 

120 20 53,2 53,4 

120 30 53,4 54 

120 40 53,6 54,7 

120 50 60,2 59,7 

130 -50 51,3 53,9 

130 -40 51,2 54,4 

130 -30 56 54,3 

130 -20 52,7 54 

130 -10 52,2 53,7 

130 0 52,5 53,5 

130 10 52,5 53,5 

130 20 52,3 53,7 

130 30 52 53,9 

130 40 51,4 53,6 

130 50 51 53,4 

140 -50 48,5 54,3 

140 -40 49 54,2 

140 -30 51 54 

140 -20 51 53,3 

140 -10 51,9 53 

140 0 52,5 52,9 

140 10 52,4 53,3 

140 20 51,9 53,6 

140 30 51,1 54 

140 40 50,7 54,6 

140 50 51,9 54 

150 -50 49,5 55,1 

150 -40 49,7 54 

150 -30 50,6 53 

150 -20 43 53 

150 -10 51,7 52 

150 0 46 52,5 

150 10 52,6 53,2 

150 20 52,6 54 
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150 30 51,8 54,9 

150 40 51,8 54 

150 50 52,5 54 

160* -50 52,5 54,5 

160* -40 52,4 54,5 

160 -30 52,1 54,6 

160 -20 53,2 54,8 

160 -10 53,2 56 

160 0 53,4 56 

160 10 53,2 56 

160 20 53,6 55,5 

160 30 54 55,4 

160 40 53,4 59,8 

160 50 54,1 62,1 

170 -50 52,1 54,9 

170 -40 52,4 56 

170 -30 52,5 55,2 

170 -20 52,6 54,2 

170 -10 52,8 57,3 

170 0 52,9 57,8 

170 10 52,9 56,2 

170 20 53 55,6 

170 30 53,2 55,8 

170 40 54 59 

170 50 53,8 60,2 

180 -50 53,1 57,2 

180 -40 53,2 57,4 

180 -30 53,5 58 

180 -20 53,9 58,5 

180 -10 54 57,5 

180 0 53,4 58,5 

180 10 54,4 57,5 

180 20 54,2 57,5 

180 30 54,1 57 

180 40 54,9 57,5 

180 50 54,7 57,9 

190 -50 53,9 58,8 

190 -40 54,3 59,7 

190 -30 54,5 59,5 

190 -20 54,3 59 

190 -10 54,8 59,9 
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190 0 55 59,7 

190 10 55,5 58,8 

190 20 55,3 58 

190 30 54,8 57,8 

190 40 54,8 57,4 

190 50 55,3 58 

200 -50 54,5 60,2 

200 -40 54,8 60,5 

200 -30 54,9 60,3 

200 -20 55 60,5 

200 -10 55,3 60,7 

200 0 55,9 60,8 

200* 10 55,4 60 

200 20 55,3 59,3 

200* 30 55 59 

200 40 54,7 58,5 

200 50 55,4 58,9 

210 -40 54,7 60,4 

210 -20 55 60,6 

210 0 55,4 60,8 

210 -20 55,2 59,4 

210* -40 55 59,5 

220 -40 55,2 58,5 

220 -20 55 58,8 

220 0 49,3 57 

220 20 54,6 58 

220 40 54,6 58,3 

230* -40 54,5 59 

230 -20 54,3 59,5 

230 0 54,2 59 

230 20 54,1 58,9 

230 40 54,3 59,5 

240 -40 54,6 58 

240 -20 54,3 58,4 

240 0 48,6 58,6 

240 20 54,2 58,5 

240 40 54,3 58 

250* -40 54,4 56,5 

250 -20 54,6 58,6 

250* 0 54,2 58,2 

250* 20 54,1 58 
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250 40 54,2 57,9 

260 -40 54,3 57,4 

260 -20 54,5 57,6 

260 0 54,5 58,3 

260 20 54,3 58 

260 40 54,3 58 

270 -40 54,5 57,9 

270 -20 54,4 58,5 

270 0 54,6 58,3 

270 20 54,4 58,4 

270 40 54,6 57,9 

280 -40 54,7 58 

280 -20 54,6 58,7 

280 0 54,7 58,5 

280 20 54,4 58,3 

280 40 54,5 58,4 

290 -40 54,7 57,9 

290 -20 54,6 58,7 

290 0 54,6 58,6 

290* 20 54,3 58,3 

290 40 54,7 58,3 

300 -40 54,8 58,1 

300 -20 54,9 59,1 

300 0 54,8 58,5 

300 20 54,9 58,5 

300 40 54,9 58,5 

310* -40 54,8 58,6 

310* -20 54,8 59,1 

310* 0 48,8 58,6 

310 20 55,2 58,9 

310 40 54,4 58,6 

320 -40 54,6 59 

320 -20 54,6 59 

320 0 54,7 59,1 

320 20 54,9 59,2 

320 40 54,6 59,3 

330 -40 48,7 59,2 

330 -20 53,2 59,4 

330 0 54,6 59,1 

330 20 55 59 

330 40 55 58,7 
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340 -40 55,3 59,3 

340 -20 54,3 59,5 

340 0 54,6 59,3 

340* 20 54,5 59,2 

340* 40 54,5 59,5 

350 -40 55,5 61,2 

350 -20 55,3 61,2 

350 0 48,8 59,5 

350 20 55,3 60,2 

350* 40 55,4 60,3 

360 -40 55,5 60,4 

360 -20 55 59,8 

360 0 55,4 61,2 

360 20 47,5 61 

360 40 55,6 58,1 

10.2 APPENDIX TWO - RETRIEVED DATA FROM SECOND OUTFLOW 

CONFIGURATION 

Below is a table of all the retrieved absolute pressure values from outflow configuration two. 

As for the data collection in the table above, the position X represents measuring point in x-

axis whilst the Y-position shows the distance in y-axis. Also, the five highest pressure values 

for each working condition is marked red and the *-marked values represents a 

malfunctioning piezometric tube, these values has been estimated. Also here, the pressure 

distribution is measured in cm water head. 

Table 22. Retrieved data from outflow configuration two. 

X  
[cm] 

Y 
[cm] 

6S +7D 
Check 
[cmH2O]]  

6S+7D 
Design 
[cmH2O] 

6S+7D 
Energy 
dissipation 
[cmH2O] 

6S+7D 
Normal  
[cmH2O] 

6S 
Normal  
[cmH2O] 

7D 
Normal 
[cmH2O] 

1,6S 
Normal 
[cmH2O] 

2,5S 
Normal 
[cmH2O] 

3,4S 
Normal 
[cmH2O] 

1,3,5S 
Normal 
[cmH2O] 

100 -50 63,1 59,8 57,1 55,0 53,2 47 50,5 50,1 50,3 50,9 

100 -40 62,9 59,7 57 54,0 53,3 47 50,4 50,3 50,2 50,8 

100 -30 62,7 59,8 57,8 54,0 53,5 47 50,3 50,3 50,1 51,1 

100 -20 60,3 57,8 54,3 54,0 51,3 48 47,8 49,6 49,8 50,1 

100 -10 51,2 50,4 49,8 51,0 50,3 50 46,4 47,8 47,9 48,1 

100 0 48,9 49,4 48,7 48,0 48,5 47 46,2 47,6 47,8 47,6 

100 10 61,5 58,9 56,1 55,0 52,1 47 47,8 48,9 49,6 50,2 

100 20 60,4 57,1 54,5 55,0 51,2 48 47,5 49,2 49,5 50,2 

100 30 51,2 50,3 49,7 55,0 50,1 49 46,8 47,9 47,8 48,1 

100 40 63,1 59,8 57,5 55,0 52,6 48 50,9 50,1 50,1 50,9 

100 50 48,1 49,3 47,9 55,0 48,2 47 46,3 48,8 47,8 50,5 

110 -50 64,1 60,5 57,8 55,0 53,1 47 50,7 50,3 50,4 51,2 

110 -40 63,2 59,5 57,6 55,0 51,8 47 50,6 50,2 50 50,9 
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110 -30 63,3 59,5 57,3 55,0 52,1 47 50,7 50,4 50,2 51,3 

110 -20 64,0 59,9 57,8 55,0 52,8 48 50,7 50,5 50,4 51,2 

110 -10 62,3 59,1 56,6 55,0 52,1 48 47,8 48,9 49,7 50,8 

110 0 46,2 47,4 48,7 56,0 45,5 46 45,4 47,1 45,9 45,5 

110 10 53,2 52,3 50,3 47,0 52,1 48 47,1 48,9 47,3 48,9 

110 20 50,6 49,8 48,9 56,0 49,8 50 46,1 48,6 47,1 47,8 

110 30 65,4 61,1 58,3 49,0 51,8 47 49,9 49,9 49,8 53,3 

110 40 65,3 61,4 58,6 56,0 52,8 47 51,4 50,1 50,3 51,2 

110 50 55,8 61,4 62,7 57,0 52,8 48 51,7 50,2 50,2 49,8 

120 -50 64,8 61,1 65,1 57,0 65,1 47 50,9 50,3 50,2 51,2 

120 -40 64,3 60,1 57,3 56,0 54,3 47 50,9 50,5 50,4 51,1 

120 -30 64,7 60,4 57,4 56,0 56,3 47 50,8 50,4 50,3 51,1 

120* -20 64,0 60,6 57,6 56,0 54 47,5 50,7 50,5 50,2 51,2 

120* -10 63,5 60,8 57,7 55,0 53,8 47,5 50,6 50,5 50,2 51,2 

120* 0 63,0 61 58,4 55,0 53,4 47,5 50,5 50,5 50,2 51,2 

120 10 62,1 61,5 58,8 55,0 53,2 48 50,3 50,4 50,3 51,4 

120 20 62,2 61,2 58,3 56,0 52,4 48 48,9 50,5 50,2 52 

120 30 62,7 61,1 58,4 56,0 53,1 48 48,7 50,3 50,1 53,5 

120 40 62,9 61,3 58,5 57,0 53,1 48 57,8 50,6 50,5 56,8 

120 50 63,0 61,8 58,6 57,0 55,2 48 57,3 51,5 50,4 56,7 

130 -50 64,3 60,5 57,1 57,0 54,1 47 51,2 49,3 49,8 50,3 

130 -40 65,3 60,5 56,8 55,0 50,1 47 51,3 49,4 49,9 50,4 

130 -30 65,5 60,9 57 55,0 57,1 47 54,4 49,5 49,7 50,3 

130 -20 66,0 61,3 57,3 55,0 53,8 47 53,3 49,8 50 50,4 

130 -10 65,8 60,9 57,2 55,0 50,8 47 51,8 49,7 49,7 50,1 

130 0 65,7 60,9 56,9 55,0 51,8 47 49,4 49,7 49,7 49,4 

130 10 64,1 60,2 57,1 55,0 52,1 47 49,2 49,9 49,9 50,1 

130 20 65,9 61,2 57,2 56,0 51,9 47 49,3 49,8 50 49,1 

130 30 66,1 61,7 57 56,0 52,1 47 50,4 49,9 50,3 49,8 

130 40 65,8 61,3 57,1 56,0 51,2 47 52,1 49,8 49,5 50,4 

130 50 64,9 61,2 57,5 57,0 50,9 47 52,1 50 49,3 49,1 

140 -50 65,2 61 57,1 57,0 48,2 46 52,1 49,7 50,3 50,3 

140 -40 65,2 60,9 57,1 57,0 49,5 47 51,7 49,9 50,2 50,4 

140 -30 65,1 60,9 56,8 56,0 49,8 47 51,1 49,9 50,4 50,6 

140 -20 65,2 60,9 56,7 55,0 50,5 47 51,4 49,8 50,5 50,6 

140 -10 65,2 61,1 57,5 55,0 52,1 47 50,9 49,7 50,1 50,3 

140 0 58,7 61,5 57,1 55,0 53,4 47 49,5 49,9 50,1 49,1 

140 10 58,7 61,4 57,2 56,0 53,5 47 49,5 49,9 50,2 49,5 

140 20 65,2 61,6 57,3 56,0 53,3 47 50,3 50 50,2 48,9 

140 30 65,9 61,7 57,4 56,0 52,3 47 59,3 49,9 50,2 48,5 

140 40 66,5 62,1 57,5 56,0 52,4 47 49,3 50,2 50,5 48,2 
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140 50 66,2 62,2 57,1 57,0 50,3 47 49,7 50,1 49,9 47,6 

150 -50 66,1 61,1 56,3 58,0 50,2 47 50,1 49,4 49,9 50,7 

150 -40 65,6 60,8 55,6 57,0 50,1 47 51,9 50,1 49,8 50,4 

150 -30 65,9 60,9 48,5 55,0 42,1 47 52,1 46,7 50,3 50,3 

150 -20 47,1 48,2 56,4 55,0 45,5 46 50,3 50,1 46,4 46,1 

150 -10 65,6 61,4 48,5 47,0 54,3 47 46,1 46,7 50,2 50,4 

150 0 48,2 48,5 58,3 55,0 47,3 46 50,1 50,1 47,3 46,7 

150 10 65,5 62,5 58,2 48,0 52,8 47 47,1 50,2 50,4 51,2 

150 20 65,8 62,4 58,4 56,0 52,7 47 51,1 50,3 50,2 50,4 

150 30 67,7 62,6 58,6 56,0 52,8 47 50,9 50,1 50,6 48,9 

150 40 67,3 62,8 58,4 55,0 51,9 47 50,3 51,4 50,4 48,4 

150 50 66,7 62,9 58,3 55,0 52,2 47 50,4 50,5 50,3 46,4 

160* -50 67,0 0 57,5 54,0 50,1 47 50,6 50,2 50,1 49,5 

160* -40 67,1 0 57,4 54,0 50,1 47 50,9 50,1 50,1 49,5 

160 -30 67,3 60,3 57,3 55,0 52,8 47 51,4 50,1 50,2 50,3 

160 -20 67,6 60,6 56,9 56,0 52,9 47 51,5 50,3 50,1 49,8 

160 -10 67,9 60 56,8 56,0 54,9 47 51,2 50,4 50,2 49,9 

160 0 68,2 60,9 57,1 56,0 54,8 47 51,4 50,3 50,3 49,4 

160 10 67,3 62,9 58,1 56,0 53,2 47 51,6 50,3 50,2 49,4 

160 20 68,2 62,5 58,2 55,0 53,4 47 51,8 50,4 50,4 50,1 

160 30 67,9 63,3 59,3 55,0 53,5 47 51,6 50,5 50,5 50,4 

160 40 69,1 62,8 59,1 55,0 54,7 47 51,5 50,3 50,4 50,7 

160 50 69,2 62,7 58,7 55,0 54,1 47 51,4 50,4 50,3 50,8 

170 -50 68,1 60 57,5 56,0 55,3 47 51,4 50,3 50,2 51,1 

170 -40 68,2 60,3 57,2 55,0 54,3 47 51,4 50,5 50,1 51,3 

170 -30 67,9 61,4 56,9 56,0 53,9 48 51,3 50,3 50,3 50,9 

170 -20 68,3 62 57,3 56,0 52,9 47 51,4 50,5 50 50,7 

170 -10 68,9 61,8 57,5 56,0 53,1 47 51,1 50,4 49,9 50,4 

170 0 69,1 61,7 57,7 56,0 52,3 47 50,1 50,6 50,1 49,9 

170 10 68,9 62,5 57,8 56,0 51,9 47 51,3 50,4 50,2 50,4 

170 20 68,8 62,5 58,2 56,0 52,3 47 51,7 50,3 50,3 50,5 

170 30 68,7 62,6 58,5 56,0 52,4 47 51,9 50,2 50,4 50,9 

170 40 70,1 63,1 58,7 56,0 53,3 47 51,8 50,4 50,3 51,5 

170 50 70,9 63,2 58,6 57,0 54,8 48 51,5 50,4 50,2 51,2 

180 -50 67,8 61,2 57,5 58,0 55,4 47 51,4 50,4 50,3 51,6 

180 -40 67,9 63 57,1 58,0 55,1 47 51,4 50,3 50,2 51,6 

180 -30 69,7 63,2 57,3 57,0 54,9 48 51,4 50,3 50,1 51,6 

180 -20 69,9 63,4 57,5 57,0 54,4 47 51,5 50,5 50,4 51,7 

180 -10 69,8 62,5 57,5 58,0 53,8 47 51,4 50,6 50,3 51,6 

180 0 69,9 62,9 57,8 58,0 52,1 46 50,5 50,6 50,1 51,7 

180 10 69,7 63,2 57,9 57,0 51,9 47 51,1 50,5 50,3 50,8 
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180 20 69,5 63,3 58,2 57,0 52,2 47 51,2 50,4 50,4 49,9 

180 30 70,0 63,2 58 58,0 52,5 47 51,9 50,3 50,3 49,6 

180 40 72,3 63,4 58 57,0 53,3 47 51,8 50,4 50,2 51,2 

180 50 72,4 63,5 58,4 58,0 54,2 48 51,7 50,6 50,3 51,4 

190 -50 69,5 63,9 57,8 58,0 55,4 47 51,7 50,4 50,4 51,6 

190 -40 69,9 64,1 57,5 57,0 55,3 47 51,8 50,4 50,2 51,5 

190 -30 72,1 64,4 57,6 58,0 55,5 47 51,7 50,3 50,3 51,4 

190 -20 70,4 63,3 57,7 58,0 55,2 46 51,8 50,6 50,4 51,5 

190 -10 70,2 63,4 57,9 57,0 54,9 46 51,7 50,3 50,2 51,7 

190 0 70,1 62,4 58,4 57,0 53,8 45 50,4 50,3 50,5 52,1 

190 10 70,4 62,7 59,3 58,0 53,6 45 50,9 50,2 50,5 51,1 

190 20 70,6 62,9 59,2 58,0 53,7 46 51,1 50,3 50,3 50,3 

190 30 70,7 63,4 59,3 58,0 53,8 46 52,1 50,6 50,2 50,9 

190 40 72,4 64 58,9 58,0 53,9 46 52 50,3 50,1 51,1 

190 50 72,9 64,5 59,5 60,0 53,7 48 52,1 50,2 50,1 51,2 

200 -50 72,3 65,1 56,4 59,0 56,1 47 52,1 50,4 50,3 52,1 

200 -40 72,7 65,5 56,5 59,0 56,2 47 52 50,2 50,5 52,2 

200 -30 72,1 65,1 57,1 59,0 55,9 47 51,9 50,2 50 51,9 

200 -20 71,9 65 59,2 59,0 55,7 46 51,9 50,3 50,3 52,1 

200 -10 71,8 64,5 59,9 57,0 55,6 46 52 50,1 50,2 52,5 

200 0 72,1 63,3 60 57,0 55,2 46 51,8 50,4 50,2 52,8 

200* 10 72,0 63,3 59,9 58,0 54,9 45 51,8 50,3 50,1 52,3 

200 20 71,8 63,5 59,8 58,0 54,6 44 51,8 50,4 50,2 51,9 

200* 30 71,9 63,6 59,7 59,0 54,5 45 51,9 50,5 50,2 52,5 

200 40 72,1 64 58,8 60,0 54,4 46 51,9 50,4 50,3 53,2 

200 50 73,2 64 59,3 61,0 54,8 47 52 50,3 50,2 53,1 

210 -40 73,5 65,3 57,1 62,0 55,5 46 52 50,5 49,8 52,7 

210 -20 73,1 65 59,2 60,0 55,4 46 51,9 50,6 50,1 52,5 

210 0 72,8 64,8 60,2 60,0 55,5 46 51,8 50,5 50 52,7 

210 -20 71,2 65 60,5 60,0 54,9 46 52,1 50,4 50,1 52,5 

210* -40 71,5 64,8 60,1 60,0 54,8 46 52 50,4 50,1 52,7 

220 -40 70,1 65,5 60 62,0 55,5 46 51,9 51,2 50,9 52,9 

220 -20 68,1 64,7 59,9 61,0 55,4 47 51,9 51,1 50,8 52,8 

220 0 68,2 64 59,5 60,0 55,3 47 44,5 50,1 50,6 52,8 

220 20 68,3 64,4 60,1 60,0 55,8 47 51,9 50,14 50,11 52,7 

220 40 69,4 65 60,5 61,0 55,2 47 52,2 51,6 50,9 53,1 

230* -40 70,5 64,5 59,1 60,0 53,2 0 51,5 50,4 50,7 52,2 

230 -20 70,1 64,6 59,2 59,5 54,6 46 51,1 50,5 50,4 51,4 

230 0 67,1 64,8 58,9 58,8 53,6 46 50,3 49,8 49,7 51,5 

230 20 69,4 63,8 59,2 58,8 53,7 48 50,5 50,6 50,4 51,6 

230 40 69,5 66,3 59,5 58,0 54,9 47 50,6 50,7 50,3 51,4 
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240 -40 69,5 64,8 60,3 57,8 55 47 50,6 50,4 50,5 51,8 

240 -20 70,5 53,2 59,5 58,5 55 47 50,8 50,3 50,3 51,7 

240 0 54,5 64 50,5 58,0 52,1 52 49,1 48,9 48,7 49,1 

240 20 70,1 63,5 58,7 58,0 55 48 50,5 50,3 50,3 52,1 

240 40 69,5 64 58,6 57,8 54,8 47 50,5 50,2 50,2 51,9 

250* -40 70,5 64,3 59 58,0 54,8 47 50,5 50,4 50,1 51,9 

250 -20 70,9 64,9 59,5 58,2 54,8 47 50,8 50,5 50,1 52,1 

250* 0 70,5 64,8 59,2 58,0 54,7 48 50,8 50,4 50 51,8 

250* 20 70,4 64,7 58,9 58,0 54,7 48 50,8 50,4 50 51,5 

250 40 69,9 64,1 58,8 58,0 54,4 49 50,7 50,4 50 51,3 

260 -40 70,9 65 59,8 57,5 55,1 49 50,7 50,4 50,6 51,8 

260 -20 70,6 64,9 59,3 57,0 54,3 48 50,7 50,3 50,4 51,5 

260 0 67,9 63,8 58,5 57,4 55,2 48 48,9 49,8 49,9 51,5 

260 20 70,5 66,3 59,5 57,3 54,3 50 50,7 51,1 49,8 51,8 

260 40 70,4 64,4 59,4 58,0 55,7 50 50,7 50,8 40,8 51,8 

270 -40 70,9 64,9 60,2 58,5 55,3 50 50,6 50,3 50,4 51,8 

270 -20 71,1 65 60,1 58,5 54,3 50 50,9 50,3 50,3 51,8 

270 0 70,8 55,5 59,4 58,5 53,6 50 50,8 50,4 50,2 51,8 

270 20 67,2 62,3 58,8 58,5 54,3 50 49,2 49,7 50,3 51,8 

270 40 71,2 65,5 59,5 58,0 55,2 52 50,9 50,6 49,5 51,8 

280 -40 71,0 65,4 60,5 58,7 55,2 50 50,9 50,5 50,7 51,8 

280 -20 71,5 65,1 60,6 59,3 54,3 50 50,6 50,3 50,8 51,8 

280 0 68,2 62,1 59 59,2 53,2 50 49,8 49,7 50,6 51,8 

280 20 70,1 65,1 59,6 58,7 54,3 50 50,6 50,3 49,9 51,8 

280 40 71,3 65,2 59,4 58,7 55,1 51 50,7 50,5 50,3 51,8 

290 -40 71,2 65,1 60,6 58,5 55 50 50,8 50,5 50,5 52,2 

290 -20 70,9 64,3 60,3 60,0 54,3 50 50,9 50,3 50,6 52,1 

290 0 66,1 60,4 56,8 59,5 54 49 49,5 48,9 49,7 51,3 

290* 20 70,0 64 57,4 58,9 54,5 49,5 50,1 50,1 50 51,4 

290 40 71,9 64,3 58,4 59,0 54,5 50 50,9 50,4 50,3 51,5 

300 -40 70,8 65,5 60,4 59,0 54,6 50 50,8 50,3 50,4 51,8 

300 -20 71,3 64,5 60,6 60,2 53,5 50 50,9 50,6 50,5 51,7 

300 0 66,2 62 60,3 59,5 54,5 50,5 50,5 50 50,6 51,7 

300 20 71,5 65,5 59,9 59,5 54,6 51 50,7 50,4 50,5 51,9 

300 40 71,6 64,1 59,6 59,3 54,5 50,5 50,5 50,6 50,8 51,8 

310* -40 71,0 64 59,5 60,0 54,5 50,5 50,5 50,5 50,7 51,8 

310* -20 71,2 63,9 59,4 60,0 54,5 50,5 50,5 50,5 50,6 51,7 

310* 0 70,7 63,8 59,3 60,0 54,5 50 50,5 50,5 50,5 51,7 

310 20 51,0 50,1 49,5 60,0 54,6 50 50,6 50,6 49,4 51,7 

310 40 71,9 64,3 60,5 59,8 54,6 50 50,7 50,7 50,8 51,5 

320 -40 70,9 65 60,2 59,5 54,8 50 50,1 50,4 50,4 51,5 
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320 -20 70,8 65 60,3 59,5 54,5 50 50,3 50,3 50,3 51,6 

320 0 70,9 65,4 60,6 59,5 54,8 51 50,4 50,4 50,6 51,4 

320 20 71,2 64,5 60,4 59,5 54,5 51 50,4 50,4 50,6 51,3 

320 40 71,8 64,4 60,5 59,0 51,2 51 50,4 50,3 50,4 51,5 

330 -40 71,1 65,4 61 59,0 53,1 51 49,1 50,4 50,3 51,2 

330 -20 70,9 64,3 49,5 57,0 54,3 50 50,4 48,9 50,3 51,5 

330 0 70,8 65,4 54,3 56,0 55,1 53 50,3 49,1 48,7 51 

330 20 70,9 65,1 61,6 60,0 53,6 51 50,3 50,3 49,5 50,4 

330 40 71,0 65,2 60,4 59,5 54,3 51 50,4 50,4 50,4 51,3 

340 -40 70,9 65,5 60,2 60,0 54,4 51,5 50,4 50,3 50,4 51,6 

340 -20 71,1 65,6 59,8 60,0 54,7 52 50,4 50,5 50,3 51,4 

340 0 71,2 65,7 59,3 60,0 54,6 52 50,3 50,3 50,4 51,8 

340* 20 71,1 65,8 59,4 60,0 54,3 52,5 50,5 50,4 50,3 51,7 

340* 40 70,9 65,7 59,3 60,0 53,2 52,5 50,8 50,4 50,3 51,6 

350 -40 70,4 66,7 63,2 63,8 55,6 55,6 51,1 50,8 51,1 52,5 

350 -20 70,6 67 52 61,6 55,6 65,6 51,1 50,7 50,9 52 

350 0 51,3 54,3 63,6 61,1 52,3 52,3 48,8 48,8 48,9 48,9 

350 20 71,1 66,4 63,4 61,0 55,1 55,3 51,1 50,5 50,9 52,5 

350* 40 70,9 65,4 63,3 60,8 55,2 55,6 51,1 50,4 50,8 52,3 

360 -40 71,1 65,4 63,2 60,3 55,3 65,7 51,1 50,5 50,9 52,4 

360 -20 71,3 63,2 56,5 61,2 55,2 55,3 50,1 49,9 50 51,1 

360 0 71,5 67,3 63,4 61,8 55,6 55,2 50,9 50,8 50,8 52,5 

360 20 71,2 67,1 63,1 61,2 55,3 53 50,9 50,8 51,2 52,5 

360 40 56,1 54,3 53,4 58,0 54,2 54 47,1 48,3 48,2 49,1 

 

10.3 APPENDIX 3 –MATLAB CODE 

All the MATALB code used in this thesis is presented below.  

10.3.1 3D-GRAPHS 

The 3D-graph representation of all the shock pressure values in this thesis follows.  

% X and Y coordinates, representing the measuring points in the plunge pool 
% floor 
X=[100 100 100 100 100 100 100 100 100 100 100, 110 110 110 110 110 110 110 

110 110 110 110,120 120 120 120 120 120 120 120 120 120 120, 130 130 130 

130 130 130 130 130 130 130 130,140 140 140 140 140 140 140 140 140 140 

140,150 150 150 150 150 150 150 150 150 150 150,160 160 160 160 160 160 160 

160 160 160 160,170 170 170 170 170 170 170 170 170 170 170,180 180 180 180 

180 180 180 180 180 180 180,190 190 190 190 190 190 190 190 190 190 190,200 

200 200 200 200 200 200 200 200 200 200,210 210 210 210 210 220 220 220 220 

220,230 230 230 230 230 240 240 240 240 240,250 250 250 250 250 260 260 260 

260 260,270 270 270 270 270 280 280 280 280 280,290 290 290 290 290 300 300 

300 300 300,310 310 310 310 310 320 320 320 320 320,330 330 330 330 330 340 

340 340 340 340,350 350 350 350 350 360 360 360 360 360]; 
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Y=[-50.0,-40.0,-30.0,-20.0,-10.0,0,10.0,20.0,30.0,40.0,50.0, -50.0,-

40.0,-30.0,-20.0,-10.0,0,10.0,20.0,30.0,40.0,50.0,-50.0,-40.0,-30.0,-

20.0,-10.0,0,10.0,20.0,30.0,40.0,50.0,-50.0,-40.0,-30.0,-20.0,-

10.0,0,10.0,20.0,30.0,40.0,50.0,-50.0,-40.0,-30.0,-20.0,-

10.0,0,10.0,20.0,30.0,40.0,50.0,-50.0,-40.0,-30.0,-20.0,-

10.0,0,10.0,20.0,30.0,40.0,50.0,-50.0,-40.0,-30.0,-20.0,-

10.0,0,10.0,20.0,30.0,40.0,50.0, -50.0,-40.0,-30.0,-20.0,-

10.0,0,10.0,20.0,30.0,40.0,50.0,-50.0,-40.0,-30.0,-20.0,-

10.0,0,10.0,20.0,30.0,40.0,50.0, -50.0,-40.0,-30.0,-20.0,-

10.0,0,10.0,20.0,30.0,40.0,50.0, -50.0,-40.0,-30.0,-20.0,-

10.0,0,10.0,20.0,30.0,40.0,50.0,-40.0 -20.0 0.0 20.0 40.0      -40.0 -20.0 

0.0 20.0 40.0,-40.0 -20.0 0.0 20.0 40.0      -40.0 -20.0 0.0 20.0 40.0, -

40.0 -20.0 0.0 20.0 40.0      -40.0 -20.0 0.0 20.0 40.0,-40.0 -20.0 0.0 

20.0 40.0      -40.0 -20.0 0.0 20.0 40.0,-40.0 -20.0 0.0 20.0 40.0      -

40.0 -20.0 0.0 20.0 40.0,-40.0 -20.0 0.0 20.0 40.0      -40.0 -20.0 0.0 

20.0 40.0,-40.0 -20.0 0.0 20.0 40.0      -40.0 -20.0 0.0 20.0 40.0, -40.0 

-20.0 0.0 20.0 40.0      -40.0 -20.0 0.0 20.0 40.0]; 
% experiential data at a given position 
J = [];                        
Z = transpose (J); 

  
% calculating the mean pressure  
Z = Z/10;                 
min = mean (Z); 

 

% Giving every pressure value that is below the mean pressure value the 

mean pressure value 

  
Z = transpose(J); 

  

  
for k=1:201 
    Z(k)=Z(k)-WC; 
end 

  
%min = mean(Z); 

  

  
min = 0; 

  
for  j=1:201 
   if Z(j) < min 
            Z(j) = min; 
    end 
end 

 

% Plotting the data using meshgrid    
x1=100:2:200;y1=-50:2:50;    
[x1,y1]=meshgrid(x1,y1); 
Z1=griddata(X,Y,Z,x1,y1,'cubic'); 
set(gca,'FontSize',20, 'FontName','±ê¿¬Ìå') 
mesh(x1,y1,Z1); hold on 
x2=200:2:360;y2=-40:2:40; 
[x2,y2]=meshgrid(x2,y2); 
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Z2=griddata(X,Y,Z,x2,y2,'cubic'); 
set(gca,'FontSize',12, 'FontName','±ê¿¬Ìå') 
mesh(x2,y2,Z2);hold on 
%axis([0,400,-50,50,0,15]) 
xlabel('[X]') 
ylabel('[Y]') 
zlabel('[Z]') 
title('6S + 7D [Normal condition] Water level downstream: 614.51 masl') 

 

10.3.2 PRESSURE LOCATION GRAPHS 

In order to produce the pressure location graphs the following MATLAB code was used.  

Function hh = bubble(x,y,c,fillFlag) 

  
x = [ 
]; 

  

y = [ 

  
]; 
; 

  
%magnification factor to increase bubble size 
magSize = 380; 

  
%These are the unique pairings 
pairs = unique([x,y],'rows') 

  
%now figure out the counts for each pair 
[bx, mx, nx] = unique(x); 
[by, my, ny] = unique(y); 

  
%this has the counts for each value pairing 
counts = accumarray([nx(:), ny(:)],1); 

  
%this has the indices of the counts for each pairing 
countIs = unique([nx(:) ny(:)], 'rows'); 

  

%this translates counts into a vector 
countVect = counts(sub2ind(size(counts),countIs(:,1),countIs(:,2))); 

  
%scale the count vector 
countVect = countVect * magSize; 

  
%Use the scatter function to actually draw the scatter plots 
if fillFlag 
    h = scatter(pairs(:,1),pairs(:,2),countVect,c,'filled'); 
else 
    h = scatter(pairs(:,1),pairs(:,2),countVect,c); 
end 

  
if nargout>0, hh = h; end 


