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Sammanfattning 
Tikab Strukturmekanik AB, (Tikab), ett teknikkonsultföretag, har utvecklat en systemhandling 

för en ny sluss till ”nya Slussen” i Stockholm på uppdrag av Stockholm stad, 

Exploateringskontoret. En del i projektet var att även skapa attraktiva bonusfunktioner till 

anläggningen. Innan detta projekt startades hade Tikab visat att den konstruerade segmentluckan 

kunde användas för att skapa stående vågor nedströms luckan. Dessa vågor ansågs vara 

intressanta för vågsurfing.  

Målet med detta examensarbete var att utveckla en konstruktion utan rörliga delar som skulle 

kunna förbättra vågparametrar hos den, med avseende på surfing attraktiva, genererade vågen. 

Konstruktionen, också kallad vingen eller spoilern, skulle vara manuellt hanterbar och enkel att 

montera på slussluckan.  

Denna rapport beskriver utvecklingsprojektet. Efter att studerat slussen och existerande 

artificiella surfvågor kunde en omfattande studie av flödesteori göras. Därefter kunde teorier för 

flöde och vågor användas i modellförsök där de verifierades hydrodynamiskt. Spoilerkoncept 

togs fram och testades innan en slutlig design kunde väljas genom utvärdering av testresultaten. 

Det vinnande konceptet konstruerades i full skala och dimensionerades i enlighet med gällande 

eurokoder.  

Den slutgiltiga systemkonstruktionen utgjordes av en vinge uppbyggd av sex delar. De kan 

tillverkas av bockad aluminiumplåt med påsvetsade avstyvningar och ansluts med skruvförband 

till segmentluckans krön. Genom successiva optimeringar i konstruktionen kunde den totala 

vikten till slut reduceras till 138 kg, med en maximal vikt på 29 kg för den största delen.  

Vissa slutsatser drogs utifrån resultaten; 

Vågformen nedströms en, under vatten, nedsänkt segmentlucka kunde kontrolleras med hjälp av 

en skruvansluten vinge monterad på luckans krön. Därigenom kunde en attraktiv surfvåg skapas. 

Den bästa vågförbättringen, med avseende på surfing, uppnåddes för en horisontellt riktad vinge. 

Vingens form skulle för bästa inverkan vara likformad med den önskade krökningen på 

vågkrönet. En hanterbar och styv vinge kunde konstrueras med hjälp av aluminiumplåt och en 

optimerad dimensionering.  

 

Nyckelord: segmentlucka, sluss, surfing, vågor, spoiler 
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Abstract 
Tikab Strukturmekanik AB (Tikab), an engineering consulting company, has developed a system 

design of a new navigation lock at Slussen in central Stockholm on behalf of Stockholm City 

authorities. A part of the project has been to add attractive bonus functions to the area. It was 

shown by Tikab that the designed segment gate, also referred to as Tainter gate, could be used to 

create stationary back water waves. These waves were found to be of interest for wave surfing.  

The aim of this master project was to develop a device without moving parts which could 

improve the wave parameters into an, with respect to surfing, attractive wave. The device, also 

referred as spoiler, was requested to be manually manageable and easy to mount on the segment 

gate crest.  

This master thesis describes the development project. After a study of the navigation lock and 

existing artificial surf-wave techniques an extensive investigation of flow theory was done. From 

there theories for flow and wave creation could be transferred into model tests where 

hydrodynamic verifications were done. Spoiler concepts were developed and tested before a final 

design was selected by evaluation of the test results. The winning concept was designed in full-

scale and dimensioned according to current Eurocodes.  

The final design was a spoiler which was built up by six parts. They were made for 

manufacturing using bent and stiffened aluminium plates and to be fastened on the gate crest by 

bolted joints. Through successive design optimisation, the total weight was reduced to a total of 

138 kg. The weight of the largest part was 29 kg.  

Some conclusions were drawn from the results; 

The wave shape downstream a submerged segment gate could be controlled by a spoiler on the 

gate crest. Thereby an attractive wave could be generated. The best wave improvement, with 

respect to surfing, was reached for a horizontally positioned spoiler cut in a shape equal to the 

wished wave crest curvature. A manageable and functional spoiler could be designed by the use 

of aluminium plates and an optimised design.  
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NOMENCLATURE 

The nomenclature is a collection of used symbols, abbreviations and acronyms, with following 

description, used within this master thesis. Index i is used when notation uses different indexes 

throughout the documentation, exact definitions are found in respective section. Original and 

model are stated were needed for differentiating of use.  

Notations 

Symbol Description 

  Maximum opening area of opening below gate, original [m
2
]  

   Width of spoiler part, original [m]  

      Channel width, original and model [m] 

   Width of gate crest in flow direction, original [m] 

        Water depth in Mälaren and Saltsjön, model [m]  

  Weir coefficient used in HEC-RAS [-]  

   Discharge coefficient for underflow [-]  

  Height of gate crest above channel bottom, original [m]  

   Height of gate crest above test trough bottom, model [m]  

  Young’s modulus [Pa]  

   Material strength [Pa]  

   Point load [N]  

    Froude number [-] 

   Gravitational acceleration [m/s
2
] 

  Height of gate’s rotation axis above channel bottom, original [m]  

  Upstream water surface level above gate crest [m]  

     Channel bottom below RH00, original [m] 

   Downstream water surface level below gate crest, original [m] 

     Upstream resp. Downstream water depth, original [m] 

  Flow dependent quotient [-]  

   Model specific distances [m]  

     Length in original and model [m] 

   Bending moment [Nm]  

   Distributed load [N/m]   

   Flow, original and model [m
3
/s] 

     Radius to gate crest’s system point, original and model [m] 

   Reaction force [N]  
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  Utilization, applied load compared to load capacity [-]  

   Flow speed [m/s] 

  Volume [m
3
] 

   Shear force [N]  

   Section modulus [m
3
]  

        Water surface level for Mälaren resp. Saltsjön, RH00 system, original [m] 

  ,    Coordinates for model’s hinge relative original’s rotation axis [m] 

 

  Gate angle at maximum opening below gate [°]  

  Angular distance between gate crest and system line [°] 

  Deflection [m]  

  Spoiler angle [°]  

  Scale factor [-] 

  Discharge coefficient for overflow [-]  

  Relative opening angle in the opening below the gate [-]  

  Density [kg/m
3
]  

   Local buckling factor 

      Gate angle, original and model [°] 

   Arc length [°] 

  Slope of wave [m] 

Abbreviations 

HEC Hydrologic Engineering Center 

LC Load Case 

PCL PolyCaprolactone 

RH00 Swedish ordnance datum system, originating from 1886-1905 

Glossary 

Datum Plane Altitude reference level 

Locking The procedure going through in a navigation lock (slussning) 

Nappe The plate of water over-topping a dam 

Ordnance datum The vertical datum used for deriving altitudes  

Orifice Opening in a wall designed for water flow/discharge 

Weir Flow changing barrier across river (överfallsdamm) 

Submerged weir Barrier below downstream water surface level (grunddamm) 



 ix 

TABLE OF CONTENTS 

 

1 INTRODUCTION 1 

1.1 Background 1 

1.2 Purpose 1 

1.3 Delimitations 1 

1.4 Method 2 

2 FRAME OF REFERENCE 3 

2.1 Surf Waves 3 

2.2 Design of Slussen’s Segment Gate 6 

2.3 Hydrodynamics 8 

3 DESIGN PROCESS 13 

3.1 Geometry of Hydrodynamic Model 13 

3.2 Flow at Segment Gate 15 

3.3 Scale Model Development 20 

3.4 Test Method and Results 23 

3.5 Full Scale Spoiler Concept 32 

3.6 Dimensioning 34 

3.7 Full Scale System Design 45 

4 RESULTS 49 

4.1 Results 49 

5 DISCUSSION AND CONCLUSIONS 51 

5.1 Discussion 51 

5.2 Conclusions 52 

6 FUTURE WORK 53 

6.1 Future work 53 

7 REFERENCES 55 



 x 

 

APPENDIX A: HYDRAULIC JUMP 

APPENDIX B: TEST INPUT 

APPENDIX C: REJECTED SCALE MODEL CONCEPTS 

APPENDIX D: SPOILER CONCEPTS 

APPENDIX E: SPOILER TEST 

APPENDIX F: MEASURED WAVE DATA 

APPENDIX G: STRUCTURAL ANALYSIS RESULTS 

APPENDIX H: BOLTED JOINT 

APPENDIX I: STEEL DIMENSIONING  

APPENDIX J: RISK ASSESSMENT 
 

 

 



 1 

1 INTRODUCTION 

The introduction chapter presents background, purpose and delimitations for this master project. 

The chapter also describes methods that were used in the project.  

1.1 Background 

Urban surfing is a concept of surfing in city environments instead of on ocean waves. The 

requirement is a standing wave on which the surfer can surf on its upstream side. It can be 

created by a large volume of water flowing with high speed entering an area of slower moving 

water. This forces the inflowing water to climb over the slowed down flow, creating a standing 

wave, or hydraulic jump as it is called in the literature (Bhattacharjee & Ray, 2011). Such a wave 

can be naturally created by rocks in a river or by submerged objects designed for this purpose, 

and is the concept used for i.e. Munich’s standing wave. Another method is to use controlled 

flow to create a wave shaped discharge using a submerged gate. These artificial surf waves in 

city environment are popular attractions not only for surfers, but for tourists and other interested.  

Tikab Strukturmekanik AB, hereinafter referred as Tikab, has been responsible for the 

investigation of different hydraulic segment gate types and the final system design of the 

discharge gates and navigation lock gates at Slussen in central Stockholm. An important part of 

the gate design project to add bonus functions to the navigation lock. It has been showed by 

Tikab that stationary back water waves can be generated by the designed segment gate. These 

waves have been of interest, since they could be developed to attractive surf waves firstly 

through calibration of the gate settings for optimisation of the wave size and secondly by design 

changes on the gate crest for improvements of the wave shape.  

A wish from Tikab was development of a removable wing construction, a spoiler, which could 

be used during events at Slussen to produce surf waves in a safe and controlled way. In contrast 

to the stochastic and irregular sea water waves, an expectation was to generate waves that could 

be optimised and controlled. In order to implement such a device a thorough investigation was 

needed.  

1.2 Purpose 

The purpose of the project was to develop and design a structural device, a spoiler, which should 

be easily attached, and detached, on the gate crest of the segment gate in Slussen, Stockholm. 

The device’s very purpose was to improve the wave quality in surf prospective compared to the 

results that could be created by the segment gate itself as water is let out over the crest of the 

segment gate. The spoiler dimensioning had to be carefully done to keep the unit manageable.  

The results had to be validated by model tests; different design concepts were to be compared 

and analysed through hydraulic model tests.  

1.3 Delimitations 

The project was delimitated to fit within the time scope of this master thesis project;  

Theoretic hydrodynamic analyses were simplified to describe not the accurate navigation lock, 

but a rectangular channel with plane walls without niches and extra depth beneath the gates. The 

gate was theoretically represented with a vertically placed flat gate with varying height and 

bottom opening.  
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The combination of different water surface levels in Mälaren and Saltsjön has not been 

considered during flow calculations. Instead the predicted mean water surface levels over the 

time period of 2010-2050 was chosen.  

Hydraulic tests were done for a simplified scale model. Tests were done for gate angles larger 

than 30°. The final result of the design process was not tested within the scope of this project.  

The final product of the project was delimitated to be a system design of the best possible 

spoiler. Drawing material was not done.  

1.4 Method 

The project was started out through a background study of existing surf devices and was 

followed by definition of an attractive surf wave. Hydrodynamics was studied, as well as 

hydrodynamic modelling rules. Tikab’s design of the segment gate was briefly analysed to give 

input to the modelling.  

A theoretic model for the overflow and underflow at the gate was developed using Excel. The 

theory was used for understanding of wave behaviour and to theoretically find the optimal 

settings for wave formation and to get an input to later performed tests. As a verification of the 

theoretic results the river analysis tool HEC-RAS was used.  

Different design concepts of gate spoilers were developed. Material choice for the prototype was 

considered, taking into account that the prototype design had to be easily changed and that the 

attachment to the gate model should be possible to remove. A test plan was set up for evaluation 

of defined goal wave parameters and for testing of the spoiler model concepts. A simplified scale 

model of the segment gate was designed and tests were carried out in Vattenfall’s hydraulic test 

lab in Älvkarleby.  

The test and concept generation method was iterative; concepts were designed, tested and 

developed for improvement of resulting wave parameters. New tests followed for evaluation of 

the design changes. By decision methods and the use of Liou’s evaluation method, the optimal 

spoiler design could be found and redesigned for full-scale.  

A final structural design of the chosen spoiler was done using the Eurocodes as dimensioning 

tools. Material was carefully selected and the spoiler was optimized in terms of weight.  
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2 FRAME OF REFERENCE 

This chapter describes the frame of reference containing information used for the following 

model development and model tests. Information about different wave types and hydrodynamics 

is gathered together with a brief summary of the Slussen water gate design and tests made before 

this project was initiated.   

Water, the chemical compound H2O, is used by humans for essential matters as for drinking, 

energy production and for pleasure as swimming or surfing.  

Surfing, the water sport, was originally part of Polynesian culture (Encyclopaedia Britannica, 

2013). The fishermen used the technique to bring their catch to shore, later it became their 

pastime. Today surfing is carried out not only on ocean waves, but on rivers, on tidal bores and 

also in pools on manmade waves. The surfer typically rides on a surfboard on the forward face of 

a wave, floating due to the balance of gravity force and buoyancy and moving forward due to the 

motion of the wave (Edge, 2001).  

2.1 Surf Waves 

Just as boats can plane on a water surface, instead of ploughing through the water, the goal for a 

surfer is to make the surf board glide over the water surface. The basic physics behind the ability 

to surf on a wave was described by Edge (2001). The accelerating force will be the result of the 

mass of surfer and board, the angle of the wave and the friction between the surfboard and the 

water.  

The target goal for a surfer is to ride a wave at the point which will result in a travel with both 

stability and high speed (Edge, 2001). When considering ocean waves, i.e. travelling waves, it is 

preferred that the wave is breaking at one side, and not over the entire wave extension, which 

increases the wave riding time. By moving parallel to the wave front, a surfer can extend the ride 

on that specific wave.  

There are different concepts for artificial wave generation, as e.g. the wave pools with waves 

translating through a basin. For surfing it is an advantage of having a standing wave. When 

surfing on the ocean, each wave travels towards the shore, limiting the possible time a surfer can 

ride the wave. A standing wave, on the other hand, can be surfed on by turning back and forth, 

utilizing the total basin width. Another difference, when surfing on a standing wave, is that the 

surfer is surfing against the current.  

2.1.1 Man Made Surf Waves with Machinery 

One type of indoor surf waves is created by letting a thin layer of water flow over a slope, called 

a plate-flow simulator.  One example is the FlowRider by Waveloch, Figure 1. It uses a slope of 

a soft composite membrane material and a basin width of 9 meters (WaveLoch, 2011). Propeller 

pumps are used to create a 7 cm deep water plate on the slope surface. The back height is 1.2 m 

above the front. In this type of construction, boards without fins have to be used due to the thin 

water film. (WaveLoch, 2011) 
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Figure 1. FlowRider on the ship Freedom of the Seas (Wikipedia, 2006).  

There are also devices which creates a standing wave on which boards with fins can be used. For 

example the SurfStream (American Wave Machines, 2009). With a standing wave the water 

depth can be used and by changing the flow the wave shape can be changed. The waves in the 

SurfStream device can be changed from wave heights of 0.5 to 1.8 meters in the largest units.  

The wave is created upon a bottom of moulded fibreglass. By controlling the water flow and the 

stream channel where water is let out on the basin bottom American Wave Machines can change 

the properties of the standing wave.  

2.1.2 Surf Waves Created without Machinery  

Surfing in city environments is a possibility instead of surfing on ocean waves. A must is a 

standing wave created either by fast flowing water entering a region of slower flow, creating 

what is called a hydraulic jump, or a wave-shaped discharge caused by flow over a submerged 

gate.  

A standing wave is a wave that is fixed in position, in contrast to e.g. ocean waves it does not 

translate along the flow. Example of standing waves are waves created downstream rocks in a 

river or waves created by submerged objects designed for this purpose. These waves are created 

by obstacles in the flow that force the water to take another way and the internal speed change 

will cause a wave. On standing waves, the surfer surfs on the upstream side of standing waves 

where the flow is less turbulent (Newgard, 1999).  

The first and most necessary prerequisite for wave creation is water that flows. In nature waves 

can be created in rivers by applying concrete blocks that change the flow pattern of the water. 

That is similar to how the standing wave in Munich is created.  

One location where surfers are gathered is in Englischer Garten in Munich, Figure 2, where a 

standing wave has been used for surfing since the 70’s. A standing wave with amplitude of half a 

meter is created where a small brook enters the park. A stone ledge under a bridge creates a 

change in channel depth resulting in the change of flow that is required to create a hydraulic 

jump. The flow is further slowed down by an increase of depth beneath the wave.  

http://upload.wikimedia.org/wikipedia/commons/a/a0/Flowrider.jpg
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Figure 2. River surfing in Munich (Wikimedia, 2009a).  

2.1.3 Definition of Ideal Standing Wave for Surfing 

With knowledge about hydrodynamics the dynamics of a wave can be tuned to produce a wave 

with parameters suitable for surfing. First, the wave height cannot be too small, for surfing to be 

possible. On too small waves, enough acceleration will not be gained and the surfboard will not 

float on the water surface. On the other hand do beginners not manage to surf on too large 

waves.  

The ideal river surf wave has a U-shape when viewed from above, compare Figure 3. Inside the 

U-shape, the water is clear and outside the water is more turbulent and the wave is breaking. This 

shape is needed since surfers look for clean faces on the waves, which appears inside the U-

shape.  

 

Figure 3. U-shape of standing wave in Munich (Wikimedia, 2009a).  

The white water, or turbulent flow, where air is mixed in to the water is considered to be too 

turbulent for surfing (Newgard, 1999). Still the breaking of the wave is needed, since breaking 

appears where the slope is as steepest. A surfer wants the slope of the wave to be steep. When 

steep enough force balance between gravity force and accelerating force will be great enough to 

keep the surf board on the water surface (Holmqvist, 2013). Similar, the U-shape let the surfer 

use the possibility to approach the channel wall and there make a turn. The U causes a curvature 

of the steep wall.  

The desired U-shape, Figure 3, can be created naturally by shock waves occurring when the 

water hits the channel’s side walls, forming a U-shape of the wave. The shock waves are used by 

surfers to make turns. When the U-shape is symmetric people surfing with either foot first have 

the same possibilities to turn on the wave (Holmqvist, 2013).  

http://upload.wikimedia.org/wikipedia/commons/5/54/Eisbach_surfen_1.jpg
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The creation of a wave in the water gate channel in Slussen will use the natural flow caused by 

the difference in water level of Mälaren and Saltsjön. To get better understanding of that case, 

external conditions and limitations were studied.  

2.2 Design of Slussen’s Segment Gate 

Tikab has designed a segment gate, also denoted Tainter gate, for the new navigation lock in 

Slussen, Stockholm. There will be two gates, referred to as the upstream gate, directed towards 

Mälaren and the downstream gate towards Saltsjön, Figure 4. The navigation lock design is 

symmetrical and the two gates are convex on the sides that are directed away from the lock. By 

hydraulic systems the gates are controlled in angular position, from open position when the gate 

lies on the channel bottom to the closed position where no water can pass the gate.  

The chamber walls will be built of smooth concrete and has a length of    m and a width of 

     m. Water depth is normally     m.  

 

Figure 4. The segment gates of “Nya Slussen” here coloured in yellow (courtesy of Tikab).  

The Slussen project uses the Swedish ordnance datum system, RH00. The level of RH00 

originates from measurements between 1886 and 1905. As datum the mean sea level datum in 

Stockholm in 1900 was chosen (Lantmäteriet, 2013). Due to the post-glacial rebound the water 

level in Saltsjön is today below the RH00 at mean sea level (Stockholms hamnar, 2010). The 

channel bottom will be positioned a distance of           from the RH00 level.  

The water levels in Mälaren and Saltsjön that are used throughout the thesis are based on data 

from SMHI, adjusted with contributions from the post-glacial rebound and climate changes on 

the mean sea water level in Saltsjön and the planned mean water level in the regulated lake 

Mälaren. The predicted mean water levels,    and   , for the time period of year 2010-2050 are 

presented in Table 1 (Tikab Strukturmekanik AB, 2013). Additionally, the predicted minimum 

and maximum water surface levels are presented.  

Table 1. Water levels in Mälaren and Saltsjön year 2010-2050, RH00 (Tikab Strukturmekanik AB, 2013).  

Water level Mälaren,    Saltsjön,    

Predicted mean water level [m] + 0.36 - 0.40 

Predicted minimum water level [m] - 0.04 - 0.76 

Predicted maximum water level [m] + 0.86 + 0.24 

The designed gates can be described by Figure 5, where the gate is depicted in its highest, 

closed,  position.  
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Figure 5. Design of the segment gate (courtesy of Tikab). 

Each gate is moved around a rotation axis which is situated at a distance       m over the 

channel bottom. On the gate crest a system point is defined, at a radius       m from the point 

of rotation. The gate is opened by reducing the gate angle,  , which results in a change of the 

height of the gate crest above the channel bottom,  . Parameters are presented in Figure 6. The 

angle         describes the angular distance between gate crest and system line. The system 

line is represented as a line through the gate which is vertical when the gate is at its lowest 

position, at     . Illustrations are for the downstream gate, but can be directly translated to the 

upstream gate, due to symmetry in the navigation lock design.  

 

Figure 6. Sketch of cross section of full scale gate in Slussen.  

The operation of the navigation lock can be described in steps. For a boat going downstream, the 

water level in the lock will be the same as the upstream water level in Mälaren,   . The 

upstream gate is open, and lies on the channel bottom and the downstream gate is closed, 

preventing water to flow. By rising the upstream gate to its highest position the water in the 

water gate is locked in. The lock is emptied by submerging of the downstream gate which let 

water flow out in Saltsjön. The gate design controls the flow in a way so that for a gate angle,  , 

slightly smaller than 72° just underflow will occur. The gate is then opened, but the crest lies still 

above the water surface level of Mälaren. When the gate is further submerged water will overtop 

the gate crest, creating simultaneous overflow and underflow.  

When the downstream gate is at its lowest position the water level in the lock will be equal to the 

level in Saltsjön and the boat can leave the lock.  

2.2.1 Previous Hydrodynamic Model  

Tests were carried out before this project’s start, showing that standing waves could be created 

downstream the segment gate. A hydraulic test trough at Vattenfall Research and Development, 

Älvkarleby, of width 0.77 m was used. A model of the segment gate in scale 1:12.5 was used. 

The channel design in Älvkarleby limited documentation of tests, the test trough could only be 

accessed from one side, at which the flow was directed from right to left. The flow direction 
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could not be changed in the model. This caused restriction on the documentation, all flow 

illustrations assumes a flow from right to left.  

Tikab observed that the best wave properties were found when using the downstream gate. Both 

wavelength and height were influenced by the flow (m
3
/s). By changing the gate angle,  , the 

wave properties could be adjusted. The wave did not break at a specific spot, but at varying 

distances from the gate (Holmqvist, 2013). The best waves were found at gate angles of 

approximately 45°.  

2.3 Hydrodynamics 

Hydrodynamics, the science of a fluid’s motion describes the influence of viscosity on a fluid 

and different types of flow; laminar or turbulent. Ideal fluids are assumed to be incompressible.  

2.3.1 Flow  

The flow of a fluid is simply described by the fluid volume and the gravity forcing the fluid to 

move to lower positions. The equations described below are based on empiric results giving 

specific flow variations for different conditions. Since the flow science is an old topic, original 

sources have been hard to find. Where nothing else is stated, equations described below 

originates from a collection made by Forchheimer (1930, pp. 367-392) based on other 

researchers results.  

Overflow 

The flow over a gate starts as soon as the gate crest crosses the upstream water surface level. The 

overflow can be described as derived for a rectangular weir by Rehbock 

    
 

 
 √         [m

3
/s]  (1) 

This is the equation of overflow in its simplest expression, containing the discharge coefficient, 

 , the acceleration due to gravity,  , the channel width,  , and the term   which is the upstream 

water surface level above the gate crest.  

The discharge coefficient,  , influences the total overflow; the less resistance over the gate, the 

higher  , resulting in a larger flow   .  

For free flow conditions, i.e. when the discharge,   , is independent of the downstream tail 

water, and for a sharp crested horizontal gate, the flow will be described by a fully ventilated 

nappe, Figure 7. For an equal width of the gate and the inlet channel the discharge coefficient 

can be combined with the quotient     and be written with the Rehbock equation (Reinius, 

1968, p. 100) and (Schröder & Zanke, 2003, p. 37).  

 
 

 
  

 

 
(       

       

 
)              

 

 
 (2) 

where the distance   is the gate height over the channel bottom. It is also assumed that there are 

no friction losses in the channel. The term is valid for       (Jirka & Lang, 2009, p. 54). It 

can be noted that the upstream water depth,  , is the sum of   and  .  
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Figure 7. Free overflow condition over sharp crested gate with fully ventilated nappe.  

For a gate with crest width         the flow abuts the crest (Reinius, 1968, p. 102), 

(Forchheimer, 1930, pp. 384-385). The flow, which is decreased compared to over a sharp 

crested gate (Jirka & Lang, 2009, p. 54) can be compensated for by an extra term in Eq. (1), 

derived by Bazin as 

 (         
 

  
)  (3) 

At the same time another compensation can be done; for     , meaning that the gate crest is 

closer to the upstream water surface than the downstream, the discharge will be depressed. When 

water flows over the rounded crest no free nappe will occur. Instead an under-pressure will move 

the nappe towards the gate and the water will attach to the gate side before reaching the 

downstream water surface, Figure 8. The depressed nappe will be able to transport a larger flow, 

the increase can be of up to 30% compared to for flow over a sharp crest (Reinius, 1968, p. 101), 

here it was estimated to 15% on average, or a factor of 1.15 in accordance with Bergh (2005).  

 

Figure 8. Flow with depressed nappe over broad crested gate.  

Given assumptions above, the flow can be described as 

          (         
 

  
) (            

 

 
) √        (4) 

For a lower gate the gate crest will pass a point where it is closer to the downstream water 

surface than the upstream. The distance   will then be larger than the corresponding distance 

from downstream water surface to gate crest,   , (    ).  

A flow dependent quotient,  , can be introduced, for  

   
    

 
      (5) 

the flow will change; the nappe will be diving and attach to the gate’s downstream side and the 

tailwater will be covered by turbulent water, Figure 9.  

 

Figure 9. Diving nappe with turbulent downstream water.  

The changed flow results in a new term (Forchheimer, 1930, p. 383)  

 (         
  

 
) (6)  
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As long as the crest width follows        , the term compensating for the crest width, as 

described above, is used, resulting in the flow equation 

     (         
  

 
) (         

 

  
) (            

 

 
) √        (7)  

For           the term in Eq. (3) is not valid and the overflow equation is described as  

     (         
  

 
) (            

 

 
) √         (8) 

As the gate is further immersed it will pass the downstream water surface. A downstream water 

level above the gate crest results in a negative   , and a submerged gate.  

The flow equation for a submerged gate depends on the relation  

   
    

 
  (9)  

Small values of the quotient  ,      , describe a flow that on the downstream side creates a 

wave shaped discharge, Figure 10.  

 

Figure 10. Wave shaped discharge over submerged gate.    is defined as negative for submerged gate. 

Forchheimer (1930, p. 392) describes the flow as  

         (  
  

  
) (

    

 
)
   

(            
 

 
)  √       (10) 

where the first three terms originates from Bazin’s equation for submerged thin edged weirs 

(Horton, 1907, p. 141). The equation is valid for channels without side-contractions and 

compensates for the changed velocity of approach when the gate becomes submerged. The three 

terms compensates for the flow reduction dependent on the amount of submergence of the gate.  

As the gate submerges, the quotient   in Eq. (9) will increase, resulting in a number between 0.2 

and 0.3, corresponding to an unstable flow condition, switching between the wave shaped and a 

diving discharge. The flow will transition to a diving discharge as the quotient   exceeds 0.3 

(Forchheimer, 1930). Both flow with wave shaped discharge and the diving flow are described 

by Equation (10).  

For small gate angles, the flow will increase, resulting in higher flow speed downstream the gate. 

The water passing over the gate will form a diving nappe that is not ventilated, Figure 11.  

 

Figure 11. Diving discharge over submerged gate.    is defined as negative for submerged gate. 
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Provided that        and that       , the flow change can then be described as derived by 

Bazin (Forchheimer, 1930, p. 382) as  

 (           
 

 
) (11)  

giving the flow equation 

     (           
 

 
) (            

 

 
)  √       (12)  

This fifth flow equation is valid until       as stated above.  

By combining the five flow equations described above the overflow over the gate crest in 

Slussen could be calculated.  

Underflow 

The underflow beneath a gate,   , is described as (Reinius, 1968, p. 97), (Hayawi, et al., 2009) 

       √    (13) 

for flow through a orifice, i.e. an opening in a wall where the downstream  water surface lies 

below the orifice.    is the discharge coefficient,   the opening area beneath the gate and   the 

upstream water surface above the orifice’s centre. When the downstream water surface lies 

above the orifice, Eq. (13) is be modified to  

       √         (14) 

with   redefined as the height of the upstream water column and with the downstream water 

depth,   . The discharge coefficient,   , was set to 0.6, consistent with Brunner (2010a), 

Reinius (1968, p. 96) and Jirka & Lang (2009, p. 60).  

 

Figure 12. Underflow below gate.   is defined as the opening area beneath the gate.  

Simultaneous Overflow and Underflow 

The combination of and interaction between simultaneous overflow and underflow has not been 

a large topic of research. The studies that have been done have mainly focused on experimental 

studies of specific gate and weir designs, the most similarity with this thesis project flow design 

have studies by Husain (1999), Ferro (2000) and Negm, et al (2002).  

Research lacks in results for the relationship between total flow compared to the sum of the 

underflow and overflow separately, at least for theoretic results for a general channel and gate 

design. Flow was analysed according to this interaction by Naudascher (1991, pp. 247-250), with 

the continuity equation yielding the total flow,  , as the sum of overflow,   , and underflow, 

  . 

         (15) 

In this study, the total flow was assumed to be the sum of the single flows, no interaction 

corrections was used.  
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2.3.2 Surf Waves 

Waves were expected to occur for the overflow with wave shaped discharge, described by    , 

i.e. Eq. (10) and Figure 10. Hydrodynamic model tests were used to determine whether those 

waves were surfable or not. Another alternative for surf waves to be created was the hydraulic 

jump. A hydraulic jump is a standing wave which is formed by an abrupt increase in water depth 

due to flow differences. However, the hydraulic jump appeared to need larger flow speeds than 

could be attained in Slussen. The investigation made for hydraulic jumps is described in 

Appendix A.  

2.3.3 Hydrodynamic Models 

The analysis of the water flow within the Slussen navigation lock was done through model tests. 

For systems with free water surface, Froude’s model rules are used. Froude’s number,  

    
 

√   
 (16) 

with fluid velocity,  , the gravity acceleration,  , and the water depth,  , is equal in original and 

model for systems where the gravity and inertia determines the flow and where dynamic 

similarity applies (Reinius, 1968, p. 124), as in this open channel flow.  

Newton’s uniformity principle can be used to dimension geometrically uniform flow 

characteristics (Reinius, 1968, pp. 121-128). Ratios for units in the original and model has to be 

kept constant. The ratio between corresponding geometrically outer lengths in the original,  , 

and the model,   , has to be constant,  

        (17)  

For corresponding times scales in original and model, the water should travel corresponding 

distances with corresponding velocity. For equal liquid density and for equal Froude number,   , 

in model and original, simplifications in the modelling rules can be done. The scale relation for 

different dimensions in original and model are summarised in Table 2.  

Table 2. Relationships between original and model (Reinius, 1968, pp. 124-125).  

 Dimension Scale factor 

Length, width, depth     

Cross-section, areas       

Volume       

Time   √  

Velocity     √  

Acceleration      1 

Flow            
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3 DESIGN PROCESS 

The process carried out during the spoiler development is here described. Steps carried out are 

chronologically ordered, from the scale model design and testing to the full scale dimensioning.  

3.1 Geometry of Hydrodynamic Model  

A scale model was used during hydrodynamic model tests. Due to defects on Tikab’s first scale 

model, a new equally dimensioned model was designed. Compared to the original full-scale 

design, the scale model contained only a part of the gate crest; a part of the bottom was cut off. 

The gate was attached to the channel bottom with hinges and no water could flow beneath the 

gate, Figure 13. The main difference between the model and original was the point of rotation; 

the gate’s rotation point compared to a point at the gate, meaning that the gate model lied on the 

bottom for a gate angle of      . By this design the underflow was neglected and the flow 

passing over the model was assumed to be comparable with the flow over the full-scale gate.  

Some geometry could be used to describe the gate model. The radius    could be derived from 

the original as  

    
     

 
       m (18)  

The distances    and    were measured from the model to          m and         m, 

where    is the thickness of the gate measured along the system line and    the perpendicular 

distance on the model from the gate’s system line to the model’s rotation point. The thickness, 

  , where the hinge was placed, was measured to 0.012 m.  

 

Figure 13. Geometry of the gate crest model.  

The distance   , the length in the model, of the system line between the original’s  point of 

rotation and the gate’s flat top surface, could be derived as  

                m (19)  

The coordinate of the hinge point in the model could be described by coordinates from the 

original’s point of rotation, see Figure 14.  

 

Figure 14. Sketch over the model gate’s rotation point’s position        .  
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The coordinate system was defined from the centre of the gate shaft and for a clockwise angular 

increase for convenience with illustrations. The position         below is denoted in the model 

system.  

 (           )  (                                     ) (20) 

A distance that was straightforward to measure when tests were carried out in the test trough was 

the height of the gate crest over the trough bottom,   . That measurement could be described by 

the angle,   , equal to the original’s gate angle,  , measured between a vertical line and the 

system line of the gate.  

 

Figure 15. Sketch over the gate model.  

First, geometry gave  

                                                        (21) 

including parameters presented above as well as the direction angle to gate crest from the gate’s 

system line,        . A table with    for every gate angle   can be found in Appendix B.  

The water depths in the model,     and    , were measured from the trough bottom and was 

not directly corresponding to the water surface levels in Mälaren and Saltsjön,    and   . A 

significant difference between model and original was that the axis around which the model gate 

rotated was not the same as for the original and that specific point moved on an arc in the 

original system.  

For a wished upstream water surface level in the original,   , the water surface level in the 

model had to be controlled. This was done in the test trough by the setting of the flow input,   . 

The model’s downstream water depth was controlled by the trough outlet. For correspondence 

between original and model, the water depth in the model depended on both the water surface 

level in the original and the gate angle,  . Due to movement of the gate, a constant water surface 

level in the original and increasing gate angle corresponded to a decreasing water depth in the 

model. This could be argued for by considering a constant water surface level in the original; 

when the gate angle is increased the gate crest, as well as the hinge point on the model gate, are 

raised in the water. This means that the hinge point approaches the water surface. For 

correspondence between model and original the water depth in the model must be decreased for 

increased gate angles.  

The position         was used to define the model’s wished upstream and downstream water 

depths,     and    , for each gate angle,  , since    is a function of  .  

 

        
                  

 
 (22)  

        
                 

 
 (23) 
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In the equations above,      is the distance from the ordnance datum system RH00 to the 

channel bottom, -4.8 m. The derivation of the model water depths can be compared with Figure 

16. A table for data used during tests is presented in Appendix B.  

 

Figure 16. Derivation of the model water depths,    ,    . Flow direction to the left, notations in original scale.  

3.2 Flow at Segment Gate 

Tikab’s design solution for the segment gate at Slussen, Stockholm, was used for flow 

calculations. The segment gates’ angular positions were analysed to optimise the wave 

parameters in surf prospective. Firstly, it was decided to use one of the navigation lock’s gates in 

a fully open position and to control the other to find an optimised position. That would create a 

suitable wave downstream the controlled gate. With the gates in these positions, the controlled 

gate would directly separate the water surface level of Mälaren,   , and the water surface level 

of Saltsjön,   , see Figure 17.  

 

Figure 17. Principle sketch of the flow at the downstream gate, flow from right to left.  

The gate design allows the total flow,  , to divide in a simultaneous overflow,   , and 

underflow,   , at the segment gate. The flow regimes were first handled separately as described 

by the flow theory. The validity of the theory for this specific gate shape was not studied. Hence, 

the description of the flow is an estimation of the flow that will pass a gate in Slussen’s 

navigation lock.  

The investigated gate position range was delimited by the gate design and the mean water 

surface levels chosen for the analysis. A scenario was created where the gate was submerged into 

the water, corresponding to decreasing gate angles,  , where a gate at       represents a 

closed gate. Due to the design of the model, gate angles below       have not been 

investigated. 
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3.2.1 Theoretic Overflow 

The overflow was considered for a gate that is submerged from closed position, at      , by 

decreasing its gate angle. For large gate angles no water will pass over the gate crest since it lies 

above the water surface, but for a submerging gate, the overflow increases.  

The flow scenario for a submerging gate is described by the five flow equations presented in the 

reference frame. For mean water surface levels, the discharge starts at       and goes from a 

overflow with a depressed nappe to a gate closer to the downstream water surface level and a 

diving nappe, at      . As the gate crest passes the downstream water surface level, at 

     , the gate is defined as submerged. The discharge will be wave shaped until      , 
where it gets unstable and changes between wave shaped and diving. At       the discharge 

will be completely diving.  

The calculated overflow can be seen in Figure 18. As expected, the flow does increase with 

decreased gate angles.  

 

Figure 18. The calculated overflow,   .  

The five equations describing the overflow, with different weir coefficient functions, could have 

been assumed to cause discontinuity into the flow curve, but as can be seen in Figure 18, the 

curve has a smoothly increasing shape.  

3.2.2 Theoretic Underflow 

The underflow beneath Slussen’s segment gate could be estimated as described, but slightly 

modified to  

        √           (24) 

with the discharge coefficient,   , the relative opening beneath the gate,  , and the maximum 

opening area beneath the gate,  . The difference of water levels upstream and downstream the 

gate could be rewritten as      , which will stay constant giving that the underflow depends 

solely on the opening area below the gate.  

The area perpendicular to the flow direction,   , depends on the gate angle   and the shape of 

the segment gate, see Figure 19. The variation of   was a result of the gate’s geometry and was 

given by Tikab.  
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Figure 19. Downstream segment gate in two positions, corresponding to different cross section areas,   .   

The underflow starts directly when the gate is opened, see Figure 20. It shows an increase of 

flow until the gate angle reaches a value of      . For smaller gate angles the flow decreases 

before reaching the constant value of 1.4 m  s .   

 

Figure 20. The calculated underflow,   . 

3.2.3 Simultaneous Overflow and Underflow 

The total flow treated as the sum of overflow and underflow, without consideration of 

interactions between the water flows, can be seen in Figure 21.  

 

Figure 21. Total theoretic flow as the sum of overflow and underflow.  

For gate angles between 48° and 30° degrees, the underflow is almost negligible compared to the 

overflow, Figure 21, and is less than 4% of the overflow.  

3.2.4 Simulated Flow 

Simulations were done as validation of the theoretic flow equations. A river analysis system, 

HEC-RAS, was used. The software is developed by the Hydrologic Engineering Center, HEC, at 

US Army Corps of Engineers. Computations were done with steady water surfaces. As boundary 

condition, the downstream water surface level was set to         m below RH00 and the 

flow was found by iterations at the point where it gave an upstream water surface level of 
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         m. The analysis was done for a channel with design as the Slussen lock chamber; a 

width of 12 meters and a bottom at -4.8 m below RH00.  

As for theoretic calculation, three cases were considered; overflow, underflow and simultaneous 

over- and underflow. For all cases a vertical weir was put into the channel. For simplification 

and consistence with theoretical calculations the weir was defined to be vertical, broad crested 

and with a width in the flow direction of 0.3 m. The channel with gate was represented as in 

Figure 22.  

 

Figure 22. Navigation lock chamber with gate representation as applied in HEC-RAS. Here overflow was tested.  

Overflow 

Overflow was analysed by HEC-RAS with the standard weir equation;  

          (25) 

where   is the flow,   the weir coefficient and   the overtopping water on the upstream side. 

Compare with Eq. (1).  The overflow was calculated in HEC-RAS for varying gate heights,  , 

corresponding to gate angles,  . By decreasing the gate height the overflow starts and passes 

eventually the level where the gate gets submerged. The program automatically reduces the weir 

coefficient with the amount of submergence (Brunner, 2010b, p. 6.32).  

Weir coefficients are inputs to the system. For broad crested weirs the coefficient is suggested by 

Brunner (2010a, p. 8.13) to values between 1.43 and 1.71. Those values were well consistent 

with values calculated in the theory section for broad crested weirs that were not compensated 

for the 15% increased flow due to the non-ventilated nappe, compare with    , Eq. (4).  

The compensative factor of 1.15 used by Bergh (2005) was introduced for weir flow in the HEC-

RAS simulations for correspondence between theory and simulation. A mean value of the weir 

coefficient over the varying gate positions was calculated. At the point where the gate gets 

submerged the weir coefficient was used without the factor 1.15 since the analysis in HEC-RAS 

already compensates for flow changes at submerged overflow. For cases when the gate was 

submerged the weir coefficient value was set to the value calculations gave for a weir close to 

the downstream water level. Two values of the weir coefficient were chosen, Table 3.  

Table 3. Values of weir coefficient used in HEC-RAS.  

 Overflow weir Submerged weir 

Weir coefficient,   1.88 1.90 

A comparison of the overflow results can be seen in Figure 23. Simulations were done both for a 

broad crested gate and a sharp crested gate.  

It can be observed that the flow curves based on simulations started to show different amount of 

increase at      , where the gate was submerged. The broad crested gate showed a larger 

amount of flow. This is contrary with the literature, which states that the flow should be larger 

over a sharp crested gate compared to a broad crested (Jirka & Lang, 2009, p. 54). However, the 

compensation for broad crested weirs in HEC-RAS (Brunner, 2010a, pp. 5.22-5.24) does handle 
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objects as wide as roads overflowed by water. That could reduce the reliability of the broad 

crested choice. Still both flow curves show a continuously increasing pattern as expected.  

The theoretic overflow curve follows the simulated curve for a gate with sharp crest, but shows a 

slightly larger flow when the gate angle approaches 30°. The difference in overflow increases as 

the gate is submerged.  

 

Figure 23. Comparison of theoretic and simulated overflow for broad and sharp crested gates.  

Underflow 

Underflow was handled through a sluice gate function in HEC-RAS. The opening was changed 

as the opening beneath the segment gate. The discharge coefficient was set to 0.6.  

A comparison of the simulated underflow with theoretically calculated results showed good 

correspondence, Figure 24. The data were based on the same assumptions and should therefore 

also be equally shaped.  

 

Figure 24. Comparison of theoretic and simulated underflow.  

Combined flow 

Combination of overflow and underflow is handled by HEC-RAS through an iterative process to 

determine the amount of each type of flow (Brunner, 2010b, p. 6.32). A combined HEC-RAS 

simulation for a weir with simultaneous over- and underflow was done. It was compared with the 

total flow calculated as the sum of simulated flows    and   .  

Figure 25 shows the total flow for a broad crested gate. The equality in results verified the 

assumption of no interference due to simultaneous flow.  
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Figure 25. Total flow, as the sum of the simulated over- and underflow and directly simulated in HEC-RAS for a 

broad crested gate.  

3.2.5 Scale Model Flow 

Flow was calculated for the model scale since it was one of the controlled parameters in the test 

lab and had to be known on forehand. Since the model, of scale 1:12.5, only used the gate crest 

just overflow was considered. The theoretic overflow calculation was used and scaled down to 

the model size by division with the flow scale factor     , as stated in Table 2. The 

multiplication by 1000 changed the unit to litre/s as was used on the test lab’s valves.  

        
 

           [l/s] (26) 

The calculated flow, scaled into the model size, is presented in Appendix B. The table was used 

for setting of the hydraulic parameters before tests were carried out.  

To be mentioned is that the test trough had a width less than the downscaled channel width, 

                  m. Instead a width of         m was available, resulting in a 

overestimation of the needed flow,   .  

It can be noted that underflow will not be further considered within this study.  

3.3 Scale Model Development 

A new model of the gate crest was to be designed in order to do a series of tests in the hydraulic 

test trough in Älvkarleby. For the model to contain as much as possible of the gate the scale 

factor,  , was chosen to 12.5, equal to the previously used scale model.  

3.3.1 Segment Gate Model Design 

The basic parts of the model were a base plate to fix at the channel bottom and the gate crest 

itself. The gate crest was designed to resemble the full-scale gate crest with flat sidewalls aligned 

with the channel walls and the downscaled curvature of the crest.  

The axis of rotation was created by a hinge between the gate and the base plate. The gate 

position was controlled by a system of ropes from the gate crest to the top of the test trough. 

Pulleys were used to make the movement of the gate crest easier.  

Some possible material propositions could be generated; aluminium, stainless steel, polymers, 

glass fibre reinforced polymer or wood. Different materials were combined into possible gate 

crest concepts. Proposed concepts are shortly discussed in Appendix C.  

The concept that was chosen was a concept built up by boards of marine plywood with a 7 mm 

thick aluminium plate inside. The plywood was chosen since it was seen as easy to machine to 

the wished design. The aluminium plates were used to create flexible attachment points on the 
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crest for the spoilers. Before built together, the plywood boards were painted with water resistant 

coating. The final design can be seen in Figure 26.  

 

Figure 26. Overview of the final design model gate. A thin metal crest can be observed, used for spoiler attachment.  

Some advantages for this concept model could be stated. The combination of marine plywood 

and aluminium gave a model that did not float. The model was stiff enough not to flex when 

exposed to hydrostatic and hydrodynamic forces during testing. The choice gave a cheap 

material cost.  

The model was well coated and was not visibly affected by the water during test sessions. The 

materials were considered not poisonous, but the coating might be. It was however considered to 

be usable in the test trough after the paint had dried well.  

The gate was sealed against the channel wall with window seals to reduce water leakage around 

the gate.  

3.3.2 Spoiler Design 

Main purpose of the spoiler prototype could be summarised into “improvement of wave 

properties downstream the segment gate by the means of a spoiler as small as possible”. The 

spoiler’s objective was also to be an easily mounted component. Preferable for the testing was if 

the material could be reused after every test and that the same interface to the gate crest could be 

used regardless of spoiler concept.  

After having stated the basic requirements of the spoiler a material requirement specification 

could be summarised; 

 Easy to change shape 

 Easy to attach to gate crest 

 Water resistant 

 Corrosion resistant 

 Cheap  

 Not poisonous 

 Withstand hydraulic forces 

 Attach well to gate crest 

Some materials could be directly rejected; as wood that would not resist water well and not 

represent an additive material choice. Metal could also be rejected since solid metal would be 

hard to change shape on and to add material on due to high melting temperature. With a plate 

metal the shape could have been easily changed, but there would have been hard to seal the 

spoiler from getting filled by water. The material selection was delimitated into the polymer 

field.  

An interesting material was found during the material choice process, Polycaprolactone, PCL, 

which is also known as polymorph thermoplastic after a product name. The polymer is 

biodegradable hydrophobic polyester which has a melting point at 59-64 °C. It is built up by a 
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sequence of methylene units linked by ester groups (Greentech GmbH, 2012), see Figure 27. The 

low glass transition temperature, of -60 °C, originates from the easily rotation of the chain 

segments relatively to each other (Greentech GmbH, 2012). The material is considered to be 

non-toxic and is used in biomedical applications (Woodruff & Hutmacher, 2010) as well as for 

prototyping.  

The tensile yield strength of the material varies between 8.2 to 10.1 MPa and the tensile ultimate 

strength ranges from 10.5 to 16.1 MPa (Eshraghi & Das, 2010).  

 

Figure 27. Molecular structure of Polycaprolactone (Wikipedia, 2013).  

It could be noted that the material fitted well into the requirement specification; the low melting 

point made it easy to be changed in shape, it was not poisonous, it was water resistant and the 

material strength was good. The only factor that had to be further investigated was the possibility 

to attach the polymer to the gate crest.  

The material came delivered in the shape of pellets and was easily heated up and formed on the 

gate crests. As the polymer cooled down its colour changed from transparent to white, Figure 28.  

 

Figure 28.The plastic pellets was easily heated up and formed on the gate crests.  

3.3.3 Adapter Design 

An adapter was wished, as a fast and simple connection between gate and spoiler. Some concepts 

were generated. The simplest method seemed to be the attachment by screws. The only 

necessary requirement was to test whether the screws attached well to the spoiler material. It 

turned out that when the spoiler material was heated it could be formed around wood screws that 

eventually gripped to the material after it had hardened. For their simplicity, screws were chosen. 

Rejected adapter concepts can be found in Appendix C.  

A thin plate metal was used as plate covering of the gate model’s crest. The metal was easily 

attached and detached on the crest by bolts attached to the aluminium layer inside the gate 

model. On the metal covering the spoiler was shaped and fastened by wood screws.  

3.3.4 Spoiler Development 

Different spoiler concepts were developed with the goal to test different properties as height of 

spoiler, width of spoiler, angle of spoiler etc. It was also investigated whether the spoiler would 

be made in one part or two.  

Some spoilers were developed, tested and evaluated followed by the development of new 

spoilers. The iterative process was continued until a well enough wave performance was 

achieved. Spoiler concepts that have been tested are presented in Appendix D.  
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3.4 Test Method and Results 

A test method was set up for the model tests, with the goal to assign wave parameter data related 

to the gate angle,  . The gate model of scale 1:12.5 was used in a hydraulic test trough at 

Vattenfall in Älvkarleby. Tests were carried out in four steps; first a test of the model leakage, 

second a test of the calculated input flow,   , third a optimization of wave size and fourth 

testing of spoilers.  

The leakage measurement was done for calibration of the input flow. The goal of the second part 

was to control the reliance of flow measured in the hydrodynamic test compared to calculated 

and simulated flow. The third part of the test was used to optimise the wave size by changing the 

model’s gate angle,     . The aim of the fourth part was to test changes in crest design, with 

spoilers, to find the best possible wave parameters. Controlled parameters during tests were the 

flow,   , the gate height,   , and the downstream water surface level,    , Figure 29. To add, 

the upstream water surface level,    , was measured far away from the gate to control whether 

the input flow,   , was enough or should be changed.  

 

Figure 29. Data to control during hydraulic tests.  

The importance of letting the hydraulic system get the time needed to stabilise could be noted. 

After each parameter change fluctuations were going through the system in shape of waves 

which had to stabilise before measurements could be done.  

3.4.1 Calibration 

To get an approximation of the need of calibration of the inflow, leakage was estimated. This 

was done by filling the test trough with water while placing the model gate in closed position. 

The outlet was as closed as it could be, but still the out-flowing water was considerably.  The 

inlet valve was closed as the upstream water depth approached 0.2 m. The water surface levels 

upstream and downstream of the gate were measured.  

For an ideal case, no water would pass the gate and the water levels would remain. After waiting 

a certain time,   , the levels were however once again measured. That gave a number of the 

volume leakage per time unit, which in turn gave the leakage flow around the gate,   ,  

    
   

  
 (27) 

where     is the volume difference upstream the gate. The mean value of the leakage over two 

different time intervals gave a leakage of              l/s in the model. This leakage was 

later used for scaling of the model flow into the original scale.  

3.4.2 Flow over Scale Model  

Goal for the second part of the test series was to compare the model flow with the original’s. The 

previously analysed overflow,   , was used to give input data to the tests. The flow was 

translated into the model scale and adjusted until the wished upstream and downstream water 

levels were reached.  
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The gate model was first placed in a high position, corresponding to a gate angle of 62°. Water 

surface levels,     and    , were fixed by calibration of the inlet valve and the trough outlet. 

Flow was read and water surface levels measured. The gate was stepwise submerged and the 

water levels once again calibrated before new measurements were done. Measurements were 

done at eleven gate positions. A diagram over the read water surface levels in the test model can 

be found in Figure 30, in which they are translated into original scale.   

 

Figure 30. Water surface levels during model test.  

At the first measurement the downstream water depth,    , was considerably less than a value 

corresponding to         m. The low water level downstream did however not affect the flow 

since flow at large gate angles is independent of the downstream water level.  

The predicted mean upstream and downstream water surface levels could be calculated together 

with the scattering of the value, given as one standard deviation, Table 4.  

Table 4. Average water surface level and a standard deviation.  

Gate angle interval    [m]    [m] 

                               

                               

The valve at the trough inlet was constrained to a maximum of ~100 l/s. This delimitated the test 

series; at small gate angles, corresponding flow could not be achieved and the wished upstream 

water level could not be reached. However ten measurement points gave sufficient levels of 

water and could be used for analysis.  

The flow that was measured at the inlet valve in l/s could be translated into the original scale 

through 

    

 

   
(     )  

 
 

    
  [m

3
/s] (28) 

where         is a compensation factor to adjust for the difference in channel width. The 

addition of    derives from the negative mean leakage around the gate,  
 

  is the scale factor for 

flow and the division by 1000 changes the unit to m
3
/s. The standard deviation of each    was 

derived to          .  

As described above the model input flow was translated into the original scale by Equation (28). 

The flow is presented in Figure 31 together with theoretically calculated flow as well as the 

results of the HEC-RAS simulation. The interval of gate angles where measurements were done 

can also be found in the figure.  
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Figure 31. Test result from scale model test compared to theoretic and simulated results.  

The stagnation of flow, due to the maximum input flow can be seen for gate angles 42 and 41°. 

As can be seen in Figure 31 the model test result gave a flow slightly larger than both the 

theoretic flow and the simulated flow for a sharp crested gate at each test point. The flow 

difference is as largest, but most consistently increasing for the gate angle interval of        
   , see Table 5, in which the mean quotients between test and theoretic respective simulated 

flow, as well as the weighted average of the mean values are presented.  

Table 5. Measured test flow compared to theoretic and simulated results.  

Gate angle interval                                                 

                                        

                                        

3.4.3 Wave Size Improvement 

The aim of the third test was not only to compare measured flow with theory, but to find a 

position of the gate, a gate angle, at which a standing wave occured. At each of the 10 test points 

mentioned above, the tail water downstream the gate was observed. When a standing wave 

occurred, data as in Table 6 was measured. Documentation of the best wave appearances was 

taken as photographs.  

Table 6. Data collected during wave size improvement test.  

Parameter   Unit 

Water level at wave trough            [m] 

Water level at wave crest            [m] 

Distance from wave trough to wave crest     [m]  

A goal was set up, to aim for waves which in original scale would have a height from wave 

trough to crest of at least 0.5 m and a length as short as possible for the wave to be steep.  

For gate angles,  , of 62 - 49° no wave occurred, instead the discharge was identified to be 

diving. The first standing wave appeared at 47° but died after some time. A time independent 

wave showed up for a gate angle of 41°. All waves occurred, as expected, for a submerged gate.  
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When compared with the theoretic wave interval,           for stable wave shaped 

discharge and unstable flow down to      , it could be noted that waves were observed within 

the theoretically unstable interval.  

The goal was a wave as large as possible, meaning that both wave length and height had to be 

optimised. To evaluate the wave the difference between          and          was used. A 

corresponding parameter in original scale could be derived as wave height, called    .  

                           (29) 

Also the length from wave trough to crest,   , was translated to original size,  , from which also 

the slope,  , could be calculated.  

        (
   

 
) (30) 

For the interval where waves could be identified original scale date is presented, Table 7. 

Table 7. Size of waves in model test, here the corresponding values in original scale.  

Gate angle interval     [m]   [m]   [°] 

                                 

The wave size was almost constant over the gate angle interval. Hence, further tests could be 

done at approximately this interval.  But, as could be seen, the height of the waves were well 

over the goal limit of 0.5 m.  

The extensive series of tests done during spoiler shape evaluation gave data not only for wave 

shape, but about the conditions needed for waves to be created. The measured data can be found 

in Appendix F.  

Figure 32 shows measured results of water surface levels. Common condition in all tests was that 

a wave was created. However, the position of the gate,   , the input flow,   , and the water 

surface levels upstream and downstream varied. It could be observed that the distance between 

the water levels was kept nearly constant for a wave to be created. On average the distance was 

                   m. During the spoiler tests it was prioritized that a wave was 

created before that calculated wave data was strictly used. It turned out that a large amount of the 

measurements were done for water surface levels that were not reasonable. However, data 

showed that waves could be produced for a wide range of water surface levels.  

 

Figure 32. Water surface levels in Mälaren and Saltsjön translated from model test results.  
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It was expected that waves would occur within a certain gate angle interval, corresponding to a 

specific flow interval. The measure of    did however unexpectedly control the formation of a 

wave.  

The upstream water surface level above the gate crest,  , was also considered. It had an average 

value of         m, independent of the system’s input parameters, compare with Figure 33.  

 

Figure 33. The upstream water surface level above the gate crest,  , was almost constant for a wave to be formed.  

As for the wave size optimization, the spoiler test results were used for estimation of the wave 

size in original scale, Table 8. It can be noted that the average wave appeared 6-10 m 

downstream the gate if the distance is scaled up to the original system.  

Table 8. Size of waves originating from spoiler tests, here the corresponding values in original scale.  

Gate angle interval     [m]   [m]   [°] 

                                 

Theoretic calculations have given that the wave shaped discharge can appear for gate angles of 

          for predicted mean water surface levels. Tests with mean water surface levels 

decreased the interval to          . When tests were carried out with other water surface 

levels an increased interval for gate angles was observed. However, some measurements were 

done for water surface levels not corresponding to reasonable levels, see Figure 32. The interval 

where waves could be assumed to be achieved for original scale was set to          , see 

Table 9.  

Table 9. Gate angles for which a wave occurs.  

 Theory Tests 

Mean   ,                        

Complete test series            

Valid tests            

Chosen interval           

It was of interest to reconnect with the theory which stated that wave shaped discharge over a 

submerged gate occurs only for      , with stable waves for      . The quotient was 

calculated for measured data giving that             with a maximum value of 0.31 and a 

minimum of 0.10. Consequently, the observed flow pattern did describe the wave shaped 

discharge.  

3.4.4 Wave Shape Improvement 

After having found the range of gate angles giving standing waves, spoilers were tested. It can be 

mentioned that focus of this part of the test was getting wave shape data. The use of mean water 

surface levels came in second hand when waves were to be created.  
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Spoilers developed from concept generation were tested and data was compared to see what 

improvements that were achieved. Tests were carried out for the gate in both upstream and 

downstream position. Each concept that was tested can be found in Appendix D.  

As for wave size tests, documentation of the best wave appearances for each spoiler was done as 

photographs and films. In Appendix E a selection of pictures from the tests are collected together 

with descriptive text about the received waves. One example of an analysed wave is presented in 

Figure 34. The surf board model visible in the picture did represent a board with length 2 m and 

width of 0.5 m.  

 

Figure 34. Example of wave shape during test. Here the wave downstream the thin V-shaped spoiler can be seen 

together with a surf board model, 2 m long in original scale. The clear water zone is marked by the red line.  

The waves were evaluated according to its shape, parameterised through Figure 35.  

 

Figure 35. Sketch of gate with example spoiler and characterised wave shape.  

As during the wave size test, wave parameters were measured as summarised in Table 10.  

Table 10. Data of wave shape collected during model tests in Älvkarleby.  

Parameter  

Input flow    [l/s] 

Gate crest height    [m] 

Water level upstream     [m] 

Water level downstream     [m] 

Water level at wave trough           [m] 

Water level at wave crest           [m] 

Distance from wave trough to wave crest     [m] 
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Distance from wave trough to wave crest     [m] 

Distance from wave trough to wave crest     [m] 

Later test data was translated into corresponding wave parameter values for the original system. 

Data for the analysed spoilers are presented in Appendix F.  

The documented data was used for evaluation of the spoiler. Evaluation according to Liou (2008, 

p. 418) was done for each spoiler model;  

1. Design validated  

2. Minor adjustments needed 

3. Concept worth investigation, but serious problems identified 

4. Design not validated  

Spoilers belonging to category 2 and 3 were further developed and category 1 represented the 

goal shape that was searched for. Where development was suggested, concept generation for 

improvements was done. Spoilers belonging to category four were not further tested or 

developed.  

First concept 

Firstly, spoiler shapes were generated with a thought that a built up structure would move the 

wave crest closer to the gate since the flow speed would be affected. Corner spoilers, Figure 36, 

were tested, but gave results opposite to the expected. Spoiler version 02 was directly rejected 

and not validated for further studies. From thereon, only centrally placed spoilers were tested, 

Figure 36. As can be seen, a clear water area was created downstream a centred spoiler.  

 

Figure 36. To the left: test with corner spoilers. To the right: a centrally placed spoiler.  

Stability 

Films taken during tests were used to analyse how stable the wave shape was. During a time 

interval the wave was viewed and the number of sudden wave breaks was calculated. A sudden 

break was defined as when the clear water surface within the U-shape disappeared to more than 

the half by water from the breaking wave crest. The measured time interval was divided by the 

number of breaks counted during the same interval, giving a stability number in seconds. The 

number could be used for comparisons with higher numbers corresponding to better wave 

stability. For complete results see Appendix F.  

Since the measurements were done in the model’s time scale, the result cannot be directly 

translated to the original system, but has to be multiplied by √ .  

The stability numbers are summarised in Figure 37. Some tested spoilers are not included since 

sufficient data was not collected. However they are included in the Appendix for information.  

D01 stands for spoiler version 01, found in Appendix D and D for downstream segment gate. 

Pictures from each test can be found in Appendix E.  
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Figure 37. Wave stability number for tested spoilers, with a stability limit of 0.8 s marked. Model scale.  

Gates without spoiler showed good wave stability when placed both downstream, D01, and 

upstream, U01. Best stability was achieved for the downstream gate position and test D07v, with 

the thin V-shaped spoiler positioned horizontally, see Figure 34. A pattern could be seen, 

spoilers that were placed horizontally did show more stability than spoilers directed vertically, 

see versions D07v, D09v, U07v and U09v. The v stands for a variant of the original shape, 

which meant e.g. that the spoiler was angled to be horizontally placed.  

Spoilers that performed badly when tested on the downstream gate, as spoiler D03 and D04 were 

not tested on the upstream gate. Those spoiler designs belonged to category 3, the concepts were 

worth investigations, but adjustments were needed.  

After having analysed the wave stability, some spoilers could be directly placed in category 4. A 

limit was set on a wave stability of 0.8 s between break or 1.25 breaks per second. The worst 

stability was found for version D04, which was an extra high spoiler, see Figure 36. The 

increased height resulted in bad stability and it was concluded that increased spoiler height was 

not corresponding to increased stability. Except from version D04 the versions D05, D10, DC1 

and U08 were also excluded from further investigations.  

According to Liou (2008) those spoiler concepts were categorised to category 4, not validated 

design. The concepts were not further analysed.  

U-Shape 

The goal for the wave shape, seen from above, was a U-shape of the wave’s breaking point over 

the channel width. A summary of the measured curves have been done. Wave shape for spoilers 

on a gate placed in downstream position is presented in Figure 38, presented in model scale.  

 

Figure 38. Shape of the wave’s breaking for the downstream gate. Model scale.  
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For the downstream segment gate, all spoilers resulted in a U-shaped wave pattern. However, 

spoiler version D08 and D09 gave a narrow shape with         and was not further tested. 

The rest of the downstream spoilers were considered worth to keep for further investigation. The 

most ideally shaped wave was identified to be created by the spoiler version D09v.  

Corresponding curves were established for the upstream gate, Figure 39. The trend of U-shaped 

curves, as observed for the downstream gate, was not as clear for the upstream gate. The waves 

produced by the upstream gate were harder to trigger; the upstream gate system was more 

sensitive and the gate position had to be finely adjusted for wave creation. The spoilers did not 

affect the wave shape as well as for the downstream gate.  

 

Figure 39. The shape of the wave’s breaking point for the upstream gate. Model scale.  

Worst was the outcome when testing spoiler U09 and U10, for which        , see Figure 39. 

As for the downstream gate some spoilers showed a shape where        , those were 

versions U06 and U08v that were taken out of the analysis.  

The best form of the wave was measured to be for spoiler versions U03 and U07.  

Final selection 

Next step was to analyse the pictures taken during model tests. Representative photos were 

selected and the wave shape marked in the picture. By that, the rough estimation made by 

measurements could be refined for spoilers that were still evaluated.  

As the pictures were scrutinized, some spoilers could be directly discarded. Motivations can be 

found in Appendix E.  

The final choice of spoiler, a combination of concept 07v and 09v, was based on the winning 

properties and could be motivated by test results;  

 a horizontal positioning was desired for the improvement of stability, this included 

adjustability to enable a horizontal mounting of the spoiler on gates in different positions  

 a wide spoiler was to prefer for the U-shape to cover the major channel width 

 a wide U-shape was recommended for the wave to be smoothly curved over its whole 

shape 

 a horizontal length directly scaled from the test models for consistency between the 

scales  
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3.5 Full Scale Spoiler Concept 

To delimitate the continuation of the project one gate had to be chosen. Some pros and cons for 

both gates could be mentioned; 

With the downstream gate waves were easier to generate, the system was not so sensitive for 

changes. The downstream gate would move the surf area to the channel downstream the 

navigation lock, thus would the wave be placed where there are less channel wall disturbances. A 

disadvantage would be that the walkway bridge immediately downstream the navigation lock 

would have to be opened during surf sessions.  

On the other hand, when using the upstream gate the walkway bridge would not have to be 

opened for safety reasons. It would also give the surfers more time to swim to the channel walls 

before ending up in Saltsjön. The surf area would also be more attractive due to the sunnier spot 

and without the limited visibility under the bridge. The upstream gate was selected for further 

studies.  

After having analysed the model tests, it could be summarised that a horizontal spoiler was best 

suited in wave prospective. The horizontal shape was designed to mimic the spoiler concepts 

U07v and U09v. When scaled into original size, the selected design would represent a spoiler 

with a lateral length of          m and a width of   m. A spoiler form was drawn up as a base 

for further investigation, see Figure 40.  

The spoiler was split into six parts, all of one meter width. The reason behind was the possibility 

to transport and handle the spoiler when it is not used. Some measures could be defined,     

represents the longest lateral distance of each spoiler part and   the spoiler part width.  

 

Figure 40. View over the designed spoiler shape. The spoiler will be pointing downstream.  

The result also stated that a horizontal position was wished. To get a horizontal spoiler position 

within the surf interval, of          , the spoiler needed an adjustability of    . To 

compensate for eventual differences between scale model and original, the adjustment interval 

was increased to       . The selected surf interval results in certain flow through the 

navigation lock, theoretically calculated data gave an estimated interval of the flow for a gate 

positioned between          , Table 11. The flow speed on the surface could also be 

calculated,            .  

Table 11. Flow at surf conditions.  

Gate angle,   [°] Total flow,   [m
3
/s] Surface flow speed,    [m/s] 

53 27 1.8 

33 97 2.8 

The gate interval for which the spoiler was designed is also presented by Figure 41.  
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Figure 41. Segment gate in angles 53° and 33° with sketched spoiler.  

The optimal design, i.e. the result of the model tests, could be created by a metal plate formed 

after the shape of the gate’s crest. The spoiler model was thought of as two parts; the horizontal 

wing of length    and the crest covering plate, which created a connection area to the gate crest, 

see Figure 42. The spoiler angle,  , between the segment gate’s flat side and the spoiler was 

defined. Geometry gives that when placed horizontally the spoiler angle corresponds to the gate 

angle,  , resulting in an interval of          .  

 

Figure 42. Definition of spoiler parts and spoiler angle,  , on the segment gate.  

The material choice could be delimited into metals. A model of plywood would not have been 

well suited for longer use under water. The rounded shape of the crest also made it harder to 

build. Reinforced plastic was considered, but was judged to have too high manufacturing costs 

relative to metals.  

Within the metal field, high strength steel and aluminium were investigated. The materials had to 

be compared in strength, weight and usability prospective before the best suited material could 

be stated.  

The size of the connection area was delimited firstly by the arc length of the gate crest,    
         between the gate’s flat top surface and the curved gate bottom. The adjustment limit of 

       reduced the length to        . A safety margin, compensating for manufacturing 

deviations, was set to       resulting in an arc length of the connection area of       . A 

sketch of the connection area can be seen in Figure 43.  

 

Figure 43. A principal sketch of the spoiler’s connection area to the gate crest.  
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A rough model of the spoiler was created. Two slotted holes of        were to be used for the 

angular adjustability and were placed     from the bend and the plate end, respectively, see 

Figure 44. The slotted holes represented the two attachment points on the cross section where the 

spoiler was fastened on the gate crest, attachment point a and b.  

 

Figure 44. Attachment point positions and slotted holes’ positions on the spoiler.  

3.6 Dimensioning 

The full scale spoiler was to be designed according to test results. However, the design had to be 

carefully done. Dimensioning load cases were discussed and suitable materials proposed. After 

knowing which loads the spoiler should withstand, the cross section could be optimised. Before 

dimensioning was started, a list of functions to fulfil was established;  

 the material selection had to be carefully done 

 the spoiler dimensions had to be carefully set in accordance with dimensioning loads 

 the spoiler had to be stiffened by stiffener plates where required 

 load cases had to be thoroughly studied  

 the angular adjustability had to be considered 

Firstly it can be noted that the dimensioning was done per meter width and for one of the central 

spoiler modules where nothing else is stated. Secondly, the influence of the spoiler’s own weight 

was neglected during dimensioning.  

To reinforce the metal plate, stiffener plates were dimensioned. The shape of a T-beam was 

chosen, with the stiffeners placed on the upper side of the plate to make them be affected by 

tension forces instead of compression forces when the spoiler is under load.  

All dimensioning was done for one spoiler segment at the time. The central spoiler parts with a 

horizontal length of           m were used for optimisation due to load resistance and 

weight. For comparison, the coefficient of utilization,  , was presented not only for the central 

parts, but also for the other two spoiler parts. The utilization describes how much of a products 

capacity that is actually used,  

   
            

             
  

A T-beam is described by a vertical part, the web, and a horizontal part, the flange, see Figure 

45. The flange is here the spoiler’s metal plate and the web is the stiffener. The width of the 

flange,  , was constrained to be one meter. The thickness of the flange,   , and both height,  , 

and thickness of the web,   , could be dimensioned with respect to the loads. The stiffer 

thickness,   , was later divided into three separate stiffeners using Steiner’s theorem, which 

allows the stiffener to be moved along the axis it is bent around without changing its cross 

section properties.  
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Figure 45. T-beam section.   

Throughout the whole dimensioning process, both high strength steel and aluminium have been 

considered and dimensioned. However, for increased readability, the design process of the 

finally chosen material can be followed here. Since one of the design process’ largest challenges 

was to reduce the spoiler weight, aluminium was at the end chosen as proposed material for the 

final concept. Dimensioning results for the steel spoiler can be found in Appendix I.  

In Eurocode 9 it is stated that slotted holes are not recommended for aluminium (EN 1999-1-1, 

2007, pp. 114-115). Since one of the main functions of the spoiler was the adjustability over the 

gate crest, the slotted holes could not be removed. But the decreased strength due to slotted holes 

was to be compensated for by the use of large washers.  

The selected aluminium alloy was EN-AW-6082 T6. For material data, see Table 12. The 

material was a god choice since it had high yield strength for aluminium, and since there was 

products on the market in suitable material dimensions.  

Table 12. Material data for aluminium EN-AW-6082 T6.  

Yield strength,        260 MPa 

0.2% Proof strength,    260 MPa 

Ultimate tensile strength,    310 MPa 

Young’s modulus,   69 GPa 

Density,   2700 kg/m
3
 

The dimensioning of the spoiler was done according to guidelines in Eurocode 9, (EN 1999-1-1, 

2007). To start with, an assumption of the cross section was made. Plate thickness and stiffener 

size were decided for every part of the spoiler and could after some iteration be optimised.  

3.6.1 Dimensioning Load Cases 

To describe the design loads affecting the spoiler, scenarios were stated. The scenarios were 

analysed for the most extreme spoiler angles,  , of 33 and 53°. Below five load cases, LC, are 

investigated.  

LC 1 - Submerging of gate 

The first load case originates from the procedure before surfing can start. As the gate is 

submerged into the water, the water upstream the gate will start to flow over the gate and the 

spoiler, Figure 46.  
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Figure 46. Sketch over the first load case with distributed load from the water column above the spoiler.  

The water volume,  , will result in a distributed load on the slightly angled spoiler. The 

maximum load was found to appear as the spoiler almost touches the downstream water surface, 

at      . The volume could be approximated to  

                     (31) 

where    describes the upstream water surface level above the gate crest, with account taken to 

the velocity head,   , in Figure 46. It describes a reduction of the water column depending on 

flow speed. The flow speed at       was found to be                m/s.  

           
  

  
 (32) 

The distributed load, perpendicular to the spoiler, was given by  

           (33) 

LC 2 - Gate too deeply submerged 

The second load case was the load on the spoiler that would occur if the gate was too deep 

submerged. The best waves were found for a horizontal spoiler model, and therefore the full 

scale model was also designed for a horizontal positioning during use. However it is seen as 

possible that the gate can be deeper submerged. A spoiler that stands up in the flow would be 

affected by hydrodynamic drag forces, Figure 47.  

 

Figure 47. Load case with spoiler standing up against the flow.  

The force increases with smaller gate angles and can be described by 

      
  

  
 
   

 

 
    

   
 

 
      (          )

 
   (34) 

The drag coefficient    was set to 2 as the drag coefficient of a flat plate standing directly 

against the flow. The choice was motivated by looking at the spoiler’s perpendicular velocity 

component,   . After studying the effect of this load, it was decided that the gate could not be 
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further submerged into the water than to      . For smaller gate angles this load did dominate 

the influence on the spoiler. To be able to design a manageable spoiler with low weight a gate 

angle limit was appropriate. Otherwise, the gate would have to be designed for this dominating 

load case and be over dimensioned in comparison with other loads.  

LC 3 - People on spoiler 

The third load case was used in precautionary matters. It is not recommended that people should 

stand on the spoiler, but it cannot be fully controlled. To dimension for the scenario of people on 

the spoiler, the load was thought of as a point load on the outermost part of the spoiler when the 

gate is in closed position, Figure 48. The static equivalent mass was set to      kg, 

corresponding to two surfers standing on a spoiler section, or one jumping softly on it as on a 

springboard.  

 

Figure 48. Load caused by person on spoiler end.  

Both the component perpendicular to the spoiler and the parallel component were considered.  

                   (35) 

                    (36) 

The load was calculated for a gate at      , i.e. at the closed gate position.  

LC 4 - During surfing 

A fourth load case was considered; the load of the water on a correctly placed spoiler during use. 

The load was compared to the drag force affecting a streamlined submerged body, Figure 49. 

The drag coefficient was set to      of a cylinder’s drag coefficient,                 

(Tritton, 1988, p. 150). The reference area was chosen to be the horizontal, topside, area of the 

spoiler, i.e. the by the flow wetted area, based on recommendations in literature (Sawhney, 2011, 

p. 708).  

 

Figure 49. Load situation during surf session.  

This gave a drag force parallel to the spoiler of  

        
   

 
         

     (37) 
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The overflow velocity within the surf interval was                m/s and          
     m/s.  

LC 5 - Gate’s circumferential velocity 

A last load case considered was the influence of the gate’s circumferential velocity,   , as the 

gate is driven when fully submerged, see Figure 50. The maximum velocity for Slussen’s 

segment gate crest is          m/s.  

 

Figure 50. Overview over the situation during driving of the gate during locking.  

This velocity is considered to be used during locking and not during surfing. As the locking is 

considered, the water surface levels in the navigation lock and in Mälaren will be almost levelled 

when the gate is submerged. The water’s flow speed would then be very low and could be 

approximated to be zero in comparison with the gate’s circumferential speed. As for the second 

load case above, a hydrodynamic force will be acting perpendicular to the spoiler.  

      
  

  
 
   

 

 
    

   
 

 
     (        )

 
   (38) 

Dimensioning loads 

The characteristic elementary loads were handled separately, and not combined, since they 

described completely different scenarios that would not occur simultaneously. The loads were 

calculated for the spoiler placed in its outer-most positions, see Table 13.  

Table 13. Characteristic load for the five load cases at extreme spoiler angles. Grey fields mark dimensioning loads.  

Load case Load At        At       

1     5.1 kN/m 5.6 kN/m 

2     0.26 kN/m 1.1 kN/m 

3 
    1.2 kN 1.5 kN 

     0.99 kN 0.51 kN 

4     0.26 kN/m 0.11 kN/m 

5     0.009 kN/m 0.020 kN/m 

The dimensioning load cases were the first case, with the gate submerging and the third case 

with people on the gate. The other load cases could be seen as either negligible or equal to 

another load cases, but representing a smaller load.  

An additional load case was discussed; the risk of a boat colliding with the spoiler. The 

consequences of a collision will be minimised by weakness in the spoiler in comparison with the 

segment gate to prevent the gate from being damaged. The load case was not studied.  



 39 

3.6.2 Structural Analysis  

A 2D beam element model was created in the software Contram, developed by Tikab. The 

spoiler was represented by 20 elements and 21 nodes. The first 11 nodes described an arc of 

       and a radius of         m. The remaining 10 elements were placed on a horizontal 

line of total length   .  

The analysis have been done in a two dimensional model, assuming a beam with one long axis 

and two with shorter lengths. The assumption is motivated by the fact that a plate, in comparison 

to a beam, resists deformation due to applied force better, i.e. it is stiffer. Actual results are 

therefore expected to show e.g. less deflection.  

Boundary conditions were added in two nodes. Attachment point a was locked in a local 

coordinate system in both  - and  -direction. The second attachment, b, was locked only in its 

local  -direction. The freedom in  -direction could be argued for since the spoiler should be 

fastened on the gate crest, but still not be subjected to restraining forces between the fastening 

points.  

The two dominating load cases, LC1 and LC3, were analysed in Contram. The first case, LC1, 

was applied as a distributed load over the entire spoiler. Only the component perpendicular to the 

spoiler’s horizontal part was applied, in the model’s z-direction. As for the first load case, the 

point load, originating from people on the gate, LC3, was applied. Here both load components 

were applied to the system.  

The analysis gave results for deflection, reaction forces, bending moment and shear forces in the 

structure for applied loads.  

3.6.3 Classification of Cross Section 

It was of interest to know if the local buckling resistance of the spoiler did limit the spoiler’s 

resistance capacity. The sensitivity was evaluated by the use of Eurocode 9 (EN 1999-1-1, 2007, 

pp. 53-59). To classify the cross-section the susceptibility of the compressed flange needed to be 

analysed.  

The Eurocodes are, likewise to national standards, technical rules for structural designing of 

constructions, which are mandatory to use for the European Union’s members. Eurocode 9 

regards design of aluminium structures.  

The spoiler’s geometry was analysed. Local buckling was found to be critical in the elements 

where the stiffeners were placed, meaning that the outermost part of the spoiler metal plate could 

not be affected by local buckling, nor could local buckling occur at the bent connection area 

where the spoiler was supported by the gate crest. The spoiler elements found to be critical were 

classified as follows.  

Two flange parts were analysed; the internal part between two stiffeners and the symmetrical 

outstand part outside one of the outer stiffeners. The susceptibility to local buckling,   , was, for 

unreinforced flat parts, defined as (EN 1999-1-1, 2007) 

    
  

  
 (39) 

where   , as before, is the thickness of the metal plate and    the flange width of the considered 

flange part, see Figure 51.  

 

Figure 51. Placement of the three stiffeners on the spoiler plate.  
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Since no reinforcements were attached on the outermost part of the outstand part, the sensitivity 

could be calculated as  

                        (40) 

For the internal part, the susceptibility was calculated likewise, since no web was placed over the 

analysed width,   ,  

                        (41) 

The next step was the classification of the cross section parts. First, the material constant   was 

proof strength dependent and defined as (EN 1999-1-1, 2007) 

   √             (42) 

The sensitivity was compared to tabulated slenderness parameters in EN 1999-1-1 (2007) with 

material dependence and compensations for welds.  

The two analysed cross section parts were classified to class 4. Meaning that the width of the 

flange, i.e. the spoiler metal plate, between each stiffener was large compared to the flange 

thickness. Local buckling could occur below the proof strength limit,   .  

3.6.4 Local Buckling Resistance 

The local buckling effect will limit the cross section’s resistance for bending, and therefore an 

effective thickness,     , was derived. The buckling that will occur in the flange can be allowed 

for by substituting the real section with an effective section. The replacement was done by 

multiplying the plate thickness,   , with the local buckling factor,   , (EN 1999-1-1, 2007) 

    
  

     
 

  

      
  (43) 

The constants had different values for outstand and internal parts, see Table 14.  

Table 14. Constants used in local buckling factor (EN 1999-1-1, 2007).  

Constant       

Outstand part 9 20 

Internal part 29 198 

Equation (44) and Table 14 resulted in reduction factor of         for the outstand part and 

        for the internal part.  

The new thickness of            was used to produce new cross section bending modulus data 

for the spoiler which was used at the critical, class 4 classed, spoiler part. The larger local 

buckling factor, valid for the dominating internal part, was used to reduce the metal plate 

thickness before the reduced bending modulus was calculated.  

3.6.5 Bending Resistance  

The bending resistance was handled differently for the parts affected by local buckling and those 

parts that were not. The highest bending moments in each of the beam model’s elements,   , 

were analysed, for results see Appendix G. The characteristic bending moment,   , as the result 

of the dimensioning loads, was enlarged into a dimensioning moment,   , by applying a load 

safety factor, the partial coefficient         (EN 1999-1-1, 2007),  

          (44) 

The coefficient of utilization,  , was calculated as  
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   (45) 

where     is the design resistance for bending, which is cross section specific. The design 

resistance describes what bending moment the current cross section and material strength can 

withstand. The coefficient of utilization had, by definition, to be smaller than one for the 

designed beam to have acceptable bending resistance.  

No Local Buckling Adjustment 

The parts over the gate crest and where no stiffeners were attached were dimensioned with the 

plastic section modulus according to Eurocode 9 (EN 1999-1-1, 2007).  

The size of the stiffener plate and the thickness of the plate were dimensioned with respect to 

bending resistance in two steps. First the thickness of the plate,   , could be dimensioned, next a 

stiffener plate was dimensioned.  

The design resistance for bending of a cross section of class 4 should be derived as (EN 1999-1-

1, 2007) 

               (46) 

where    is the 0.2% proof strength of the material, see Table 12,     the plastic section modulus 

and          the partial safety factor for materials as stated in Eurocode 9. Partial 

coefficients,    , are used in the Eurocode as safety factors for reduction of the resistance 

according to material defections.  

Out of the relations above, Eq. (45)-(47), the minimum required plastic section modulus,    , 

could be derived.  

     
         

    
  

         

    
   (47) 

Hence, the needed plastic section modulus was dependent on the material strength, and the 

characteristic bending moment from the structural analysis. The utilization was set to 1, resulting 

in the smallest acceptable plastic bending modulus. By iterations, the cross section parameters 

  ,   and    could be optimised with Equation (48) fulfilled. The optimisation was however not 

only bending moment dependent, the cross section was dimensioned according to different 

classifications and the final choice came after balancing of the fulfilment of different coefficients 

of utilization.  

Local Buckling Adjustment 

As for the bending resistance without compensation for local buckling, a relation for the 

characteristic bending moment,   , for cross section exposed to local buckling could be derived. 

The difference was the use of the effective thickness,     , and a dimensioning and optimisation 

for the bending moment of a class 4 cross section as (EN 1999-1-1, 2007) 

                 (48) 

where      is the effective elastic section modulus obtained by the use of the reduced flange 

thickness,     . As above, the coefficient of utilization could be used for dimensioning of the 

required effective elastic section modulus,  

      
         

    
  

         

    
    (49) 

When dimensioning the stiffeners according to the bending moment resistance, the deflection of 

the spoiler was severe. The spoiler needed to be dimensioned for a deflection limit.  



 42 

3.6.6 Deflection  

A deflection of maximum 5% of the total spoiler length could be accepted,           , which 

gave an allowance of deflection for the three different spoiler segments, see Table 15. That 

deflection limit resulted in a need of well-designed stiffeners that still were as small as possible 

for weight reasons. Optimisation was made solely for the central spoiler segment since it was the 

largest part, containing the largest weight. Thus, the stiffeners were over dimensioned according 

to deflection on the middle and outer spoiler parts, compare Table 15. Deflection data for the 

investigated load cases and spoiler angles are presented in Appendix G.  

Table 15. Deflection data for spoiler segment.  

Deflection        [mm]              [mm] 

Central part 56.3 55.7 

Middle part  45.0 32.9 

Outer part 26.0 21.5 

3.6.7 Shear Force Resistance 

The stiffeners were dimensioned with respect to shear resistance. The stiffener cross section is 

defined to be non-slender for              (EN 1999-1-1, 2007), which applied for the 

designed stiffeners. The non-slender cross section resulted in a design shear resistance of  

       
  

√     
 (50) 

 with          as shear area of one stiffener (EN 1999-1-1, 2007).  

The design shear resistance was compared with the dimensioning shear force,    , which was 

the characteristic shear force,   , multiplied by the partial coefficient for load of        , 

giving          (EN 1999-1-1, 2007).  

As for the bending moment, the coefficient of utilization,  , could be used to derive an 

expression for the characteristic shear force 

               

    
     

√       
 

     

√       
  (51) 

The shear force in the stiffener was well under the limit for the cross section and was not 

dimensioning in comparison with the deflection.  

3.6.8 Reaction Forces 

The maximum reaction forces were derived in the structural analysis for the finally designed 

spoiler model. As written, the spoiler was locked in  - and  -direction at attachment point a in a 

local coordinate system, and locked in  -direction at the local coordinate system for attachment 

point b. The resulting forces varied for the three different spoiler sections, as expected, the 

largest forces appeared in the largest, central, spoiler part, Table 16.  

Table 16. Maximum reaction forces at attachment points on spoiler segment.  

Spoiler segment Central Middle Outer 

    [kN] 16.3 10.7 4.25 

    [kN] -20.9 -14.9 -7.17 

    [kN] 25.5 15.9 6.02 
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3.6.9 Bolted Joint Resistance 

The bolted joints, of steel, were dimensioned according to the Eurocode 3, (EN 1993-1-8, 2005). 

It was decided that bolts were placed in two rows over the gate crest, corresponding to the 

attachment points a and b. The size and number of the bolts were dimensioned for tension, shear, 

bearing and slip resistance with respect to the reaction forces    ,     and     enlarged by the 

partial safety factor for loads,   .  

The dimensioning was done for A4 stainless steel bolts of dimension M8 to M16 of bolt class 

8.8, meaning an ultimate tensile strength of the bolt of         MPa. Data needed for the 

bolted joint dimensioning is presented in Appendix H.  

The needed number of bolts was derived from the quotient  

   
     

   
 (52) 

where    is the dimensioning reaction force,    the safety factor for load and     the resistance 

force (EN 1993-1-8, 2005).  

Tension Resistance 

The bolt’s tension resistance was calculated as (EN 1993-1-8, 2005) 

       
       

   
 (53) 

with        for not countersunk bolts,    as the bolt’s tensile stress area and the partial 

coefficient          for bolts. The tension resistance was compared with the radial reaction 

force       . 

Shear Resistance 

The bolt’s shear resistance per shear plane,      , was calculated as (EN 1993-1-8, 2005) 

       
       

   
  (54) 

in which        for bolt class 8.8 and where the shear plane passes through the treaded portion 

of the bolt. The shear resistance was compared with the tangential reaction force,       . 

Bearing Resistance 

The aluminium plate’s bearing resistance was calculated as (EN 1993-1-8, 2005) 

       
         

   
 (55) 

with        for edge bolts and    as the smallest value of 1,        and           in which 

   is the plate material’s ultimate tensile strength,       mm is the distance from hole centre to 

plate edge and    is the hole diameter. The bearing resistance was compared with the tangential 

reaction force,       .  

Slip Resistance 

The joint’s slip resistance was calculated as (EN 1993-1-8, 2005) 

       
    

   
     (56) 

where         for bolts in long slotted holes with its length parallel to the direction of load 

transfer.   is the number of friction surfaces and   the friction coefficient, chosen to 0.3 and the 

partial coefficient        . The preloading force,     , was calculated as (EN 1993-1-8, 2005) 

               (57) 

The slip resistance was compared with the tangential reaction force,       .  
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Total Bolted Joint Resistance 

The result of the bolt dimensioning can be found in Appendix H. It was concluded that bolts of 

dimension M12 were sufficient to carry the load. For bolt row b, it was enough with two bolts 

over the row. The dimensioning case for row a was the slip resistance. To achieve enough 

resistance, 4 bolts were needed on the central spoiler part. It was decided that the bolts were 

placed in pairs, close to each other in the two slotted hole. On the middle and outer parts, two 

bolts per row were sufficient, Figure 52.  

It is of importance to notice that at bolt row a, the bolts have to be pre-tensioned to create enough 

friction in the joint. The second bolt row, denoted b, will allow the spoiler to move tangentially 

over the crest, thus can the bolts not be pre-tensioned, but should be sufficiently locked.  

 

Figure 52. Bolt joint on spoiler (courtesy of Tikab).  

3.6.10 Utilization 

The utilization for the different dimensioning resistances was collected and can be found in 

Table 17. Where elements have been dimensioned, as for the bending resistance, the highest 

coefficient of utilization is presented. The utilization with respect to bolt joint resistance is 

defined as the needed number of bolts divided with the chosen number.  

Table 17. Coefficient of utilization. Grey marks delimiting criteria.  

Spoiler segment Central Middle Outer 

Bending resistance plate 0.32 0.34 0.34 

Bending resistance T-beam 0.96 0.62 0.24 

Deflection 0.99 0.73 0.83 

Shear force resistance 0.59 0.40 0.14 

Bolt tension resistance 0.35 0.21 0.08 

Bolt shear resistance 0.17 0.21 0.09 

Bearing resistance of spoiler 0.12 0.14 0.06 

Slip resistance 0.77 0.97 0.39 

A goal was as high utilization as possible, for a spoiler weight as low as possible. As can be 

seen, the deflection criterion was limiting. However, the utilization of 0.99 shows that the spoiler 

was optimized with a cross section as small as possible for the allowed deflection.  

For all bolt resistances, it could be noticed that the utilization coefficient was below 0.5 for the 

middle and the outer spoiler parts when using 4 bolts on bolt row a. That corresponded to a need 

of less than half of the used amount of bolts. It was decided that only the central spoiler part 

should make use of four bolts at attachment row a. Table 17 shows the utilization for 2 bolts in 

the first row of bolts.  
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Summary of dimensioning 

At this point the dimensioning was considered as finished. It could be summarised that;  

 the spoiler could be built of aluminium plate metal with stiffeners welded on top of the 

structure 

 a metal plate thickness of 6 mm should be sufficient 

 each spoiler part would have a width of 1 meter 

 three stiffeners will be sufficient for load carrying and buckling resistance  

 the spoiler could be attached to the segment gate crest with M12 8.8 bolts  

3.7 Full Scale System Design 

The design and dimensioning process have resulted in a carefully dimensioned spoiler. The 

weight was optimized according to load resistance. The final weight of the largest part, made of 

aluminium, was 29 kg, the smaller parts had weights of 25 and 15 kg respectively. The final 

material selection was based almost entirely on the fact that steel, in spite of significantly higher 

strength, has a much higher density with large effect on the spoiler weight.  

The spoiler basically consisted of two parts; one for attachment to the gate, the other designed to 

change the flow. The latter shape was controlling the final product and was not influenced during 

the dimensioning process except for the decision of plate thickness. The shape was an up-scaled 

variant of the spoiler concepts U07v and U09v. The final spoiler design can be seen in Figure 53. 

  

Figure 53. The spoiler as it will be mounted on the upstream segment gate (courtesy of Tikab).  

It is worth to notice that the spoiler was designed specifically for the upstream gate. The spoiler 

will not be able to be used on the downstream gate. For use of the downstream gate a new spoiler 

has to be designed.  

The plate thickness was, as mentioned above, chosen to be 6 mm. The stiffener size was 

optimised according to deflection resistance and was finally set to a total thickness of 30 mm 

over one meter width, see Figure 54. Split into 3 parts each stiffener had a width of 10 mm. For 

weight reasons, the height was decreased to 32 mm over the gate crest and 40 mm over the flat 

plane. In the transition bend, the stiffener height was 60 mm to improve the bending stiffness. 

The stiffener length was as short as possible for weight optimisation. The stiffener length on the 

horizontal spoiler part was 0.79 m on the central spoiler part, 0.54 m on the middle spoiler part 

and 0.16 m on the outermost spoiler part, except for the very outer stiffener that had to just cover 

the crest. By that the spoiler did use a minimum of material since the metal plate dimensions 

were maximally reduced.  
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Figure 54. Cross section of the gate crest with spoiler mounted showing the stiffener shape (courtesy of Tikab).  

The spoiler design allows for adjustments of 20° for horizontal alignment of the flat surface. The 

slotted holes are used for easy changing in the spoiler position.  

For easier assembly of the spoiler parts and for load sharing, a system of grooves and tongues 

were made. The placement was done so that the spoilers were assembled from left to right when 

approaching the gate from upstream.  

The final system design consisted of some more parts, first the attachment to the gate crest.  

3.7.1 Attachment to Gate Crest  

Bolts used for attachment to the segment gate crest were already dimensioned. The attachment to 

the crest needed to be designed. Solid cylinders with threaded holes were proposed as a solution. 

The cylinders could then be welded on to the gate crest.  

The outer diameter of the cylinder was compared to the outer dimension of a regular M12 nut, 

where      mm. The pipe’s outer diameter was chosen to      mm, since the cylinder will 

not have the precision and material strength as a standard nut.  

The clamping length was set to          mm. The needed length of the cylinder could be 

estimated by adding the clamping length minus the plate thickness,   , a threaded length,    of 

          mm. Furthermore, a thread clearance of      an unthreaded hole length of 

     were added, where   is the bolt pitch of 1.75 mm for a coarse thread giving  

      mm. To this a bottom of 10 mm without hole was added. This resulted in a length of 

                           mm, the result is shown in Figure 55.  

 

Figure 55. Sketch over fastening cylinder (courtesy of Tikab).  

When attaching the spoiler to the gate, the use of washer will be recommended. Suggested are 

washers in high strength steel with a quadratic form, so that they connect to the stiffener and help 

transfer the load between the stiffeners and the bolts. Proposed size is       mm to fit well 

over the slotted holes.  
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3.7.2 Manufacturing of Spoiler 

The manufacturing of the spoiler could be suggested. The six spoilers would be manufactured 

separately. Metal plates could be cut into the designed shape, with the slotted holes included. 

The plates would firstly be bent to create the sharper bent to create the angle to the horizontal 

surface followed by the bending of the gate crest’s radius of curvature. The stiffeners could also 

be cut out of aluminium plates and welded on to the shaped spoiler. Due to slenderness of the 

spoiler the welding has to be carefully done, following a welding plan aiming to reduce the weld 

shrinking effects.  

3.7.3 Mounting Instructions 

Since the spoiler parts will be handled over water, it is of importance that they are handled 

carefully to prevent them from falling to the bottom. A suggestion is to do the mounting from a 

boat. When approaching the upstream segment gate from, upstream, i.e. from Mälaren, the 

access to the crest is the best. Probably two persons are needed to hold and attach/detach the 

spoilers.  

It is of importance that bolts on bolt row a are preloaded, the bolts on row b should on the other 

hand not be tightened, but locked, to prevent the spoiler from being subjected to restraining 

forces. The spoilers are mounted on the crest from left to right to make use of the groove and 

tongues used for load sharing.  

As the design is made, the spoiler can be mounted on the crest also when surfing is performed. 

The only constraint is that the downstream gate is closed as the upstream gate is moved to not 

exceed permissible loads. The spoiler mounted decreases the full channel depth with 0.73 m, 

which will not be a restriction for boats passing the lock. Explicitly, the spoiler can be left on the 

crest during normal locking operation in the summer time. It should be demounted during winter 

and in case of discharge operation of the lock.  

A rough risk assessment was done for the use of the spoiler, see Appendix J.  
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4 RESULTS  

This chapter describes shortly the final results for the designed spoiler and compares the results 

with the goals stated for the project.  

4.1 Results  

A wave optimising spoiler was developed through an extensive process. From a study of the 

navigation lock, into flow analysis and model tests an optimised shape was evolved. The shape 

was dimensioned and material was selected. Here, the final result is summarised.  

The spoiler was, as mentioned, designed as an up-scaled variant of the two winning spoiler 

concepts, version U07v and U09v. That resulted in  

 a horizontal spoiler length of 1.125 m and total spoiler width of 6 m 

 a U-shaped spoiler form 

 a shape possible to manufacture by plate metal bent and formed to fit on the gate crest 

 the need of angular variation of the positioning, an interval of 20° was set  

The spoiler was split up in 6 segments of 1 meter width each and the central segments were 

dimensioned for the loads. The weight optimisation resulted in  

 a spoiler made of aluminium 

 with a plate thickness of 6 mm  

The stiffness was increased by addition of stiffeners. After optimisation the stiffener ended on  

 a total of       mm divided into three stiffeners over one meter spoiler width 

 a stiffener height which was reduced to 32 mm over the gate crest, smoothly increased to 

60 mm in the bending and decreased to 40 mm over the horizontal plane 

 a stiffener length of 0.79 m on the central spoiler and 0.54 m respectively 0.16 m on the 

other parts  

The weight of the spoiler parts was reduced during the design process, largest decreased through 

the selection of aluminium, but also due to optimisation in stiffener distribution and dimensions. 

The final mass for the spoiler parts are presented in Table 18.  

Table 18. Estimated mass for the spoiler parts.  

Spoiler part Central Middle Outer Total 

Mass,   [kg] 29 25 15 138 

4.1.1 Verification of Requirements  

Requirements stated in the introduction were analysed for monitoring of the results.  

The main function of the spoiler, to produce surfable waves in a controlled way, was according 

to model tests fulfilled. Waves could be generated downstream the selected upstream gate. The 

size was not possible to improve, however the waves of height 0.8 m were larger than the goal of 

0.5 m. Wave stability and wave shape was found to have a potential of being improved.  

Tests showed that the wave quality could be improved by changes in spoiler design and 

positioning. A horizontal aligning of the spoiler improved the quality in respect of stability. 

Compared to a gate without spoiler, the shape was improved. The length of the horizontal part 

influenced the wave crest shape in a better way than a plain gate.  
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Another requirement was the manageability of the spoiler. By splitting it up into six parts, each 

part could be easier transported and handled. That also reduced the weight to be carried. A 

weight of maximum 29 kg per part is considered to be satisfactory.  

The spoiler had to be easy to attach and detach. The fastening by bolts is considered to be a 

standard method. Four bolts on the outer four parts was also the least possible choice. By the use 

of 6 bolts on the central parts, one bolt dimension could be used over the whole spoiler meaning 

less component variants to use when attaching the spoiler.  

Additional results 

Apart from fulfilling the defined goals, this master thesis also treated the restrictions for spoiler 

use. It was concluded that the spoiler can stay mounted even when the gate is at its lowest, open 

position. No parts will collide with the channel bottom. The advantage the design brings is that 

boats can pass through the navigation lock without the procedure of spoiler detachment.  

It was also concluded during the thesis work that the upstream gate could be used for wave 

generation. Previous tests had shown standing waves when using the downstream gate, when the 

upstream gate had performed badly in wave perspective. The possibility to use the upstream gate 

resulted in several benefits. The surfing could be performed in the navigation lock, resulting in 

better access. Directly downstream the downstream gate a pedestrian bridge will be situated. 

When using the downstream gate, the bridge would firstly have to be opened during surf sessions 

for safety reasons, secondly it would create a visible barrier for viewers. The use of the upstream 

gate would also give surfers more time to grab the surf board and swim to the channel wall 

before leaving the navigation lock channel.  
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5 DISCUSSION AND CONCLUSIONS 

The discussion addresses the utility of methods that have been used and the simplifications that 

have been done. The final results are briefly discussed before the thesis’ conclusions are 

presented.  

5.1 Discussion 

The developed system design was considered to fulfil the predefined goals for the spoiler. 

However, used methods, simplification and achieved results could be discussed.  

5.1.1 Methods Used 

The project start, with investigation in flow theory, was extensive. However, the result was 

needed, both as input for model tests, and for prediction of the flow in the full scale system 

during surfing. The theory study could possibly have been improved by literature of wave 

science, which would have been difficult to conduct, since it seems to be a science of weak 

interest by researchers.  

Flow calculation was based on classic theories that were to a very small degree modified over 

the last decades. The equations used are however considered to be valid as estimation of the flow 

over the segment gate and were consistent with test results.  

In the way the concept generation of spoilers was performed it was a process of trial and error 

until a functioning geometry was found. Guesses based more on intuition than theories gave 

input to new spoiler shapes to evaluate. The empirical study of the wave shape did however end 

up in desired results. Luckily both wave shape and stability could be affected by the spoiler 

design.  

Unfortunately the flow was constrained to 100 l/s, and no action was made for changes. The flow 

capacity did not influence the spoiler and wave tests, however it would have been interesting to 

get more data for comparison between flow theory and measurements. Another disadvantage that 

can be discussed was the large proportions of measurements done outside the relevant interval of 

water surface levels. It was estimated that the deviation from the interval had little or no effect 

on the results.  

The test model, with gate and spoilers worked without problems. The gate model seemed water 

resistant and the crest was relatively easy to attach on the gate. No complaints could be presented 

for the use of PolyCaprolactone as prototyping material. It was easy to form and new material 

could simply be added on to an existing spoiler model. The fastening ability was to satisfaction 

and spoilers could easily be attached on and detached from the gate crest.  

The concept selection process was not really optimised during testing. Concepts that could have 

been immediately rejected due to stability weakness were nevertheless further tested including 

measurements. On the other hand, the extensive documentation was very helpful to have when 

analysing the test results afterwards.  

The full scale spoiler development was fairly straightforward. The use of the Eurocodes with 

load resistance made it easy to optimise the spoiler dimensions with respect to the different 

criteria. Material was selected basically entirely on the spoiler weight, however the choice was 

possible to do at the very end of the project since the dimensioning was easily applicable on both 

steel and aluminium.  
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5.1.2 Simplifications  

During the project many simplifications have been made. Initially it was assumed that the flow 

theory for a plain, vertical gate could be used for estimation of the flow over, and under, the 

segment gate. That was followed by the assumption that the underflow below the segment gate 

could be neglected and that the water passing under the gate had no effect on the downstream 

standing wave creation.  

The model tests were carried out in a test trough with smooth walls, the influence of the 

difference in surface roughness has not been considered during testing. However, Reinius (1968, 

p. 128) writes that the model should have relatively less surface roughness compared to the 

original’s, which was fulfilled.  

The design of the spoiler was delimited by the defined surf interval of 20°. The modularity for 

different water level conditions is thereby constrained. The interval is taken on the high side and 

is believed to be sufficient.  

The impact of these simplifications will unfortunately not be discovered before the new 

navigation lock in Slussen is built and the simplifications can be evaluated.  

5.1.3 Results Achieved  

The flow curves created did show the same pattern regardless of method; theoretic, simulated or 

tested flow. The estimation of flow passing through the navigation lock during surfing is 

considered to be rather sure, which is also the case for the estimated surf interval in gate angles.  

The wave shape was optimised with a horizontal spoiler formed as the wished shape of the wave 

crest curvature. It should have been interesting to verify the flow results with another method, to 

see if the predicted patterns also appeared in another analysing system. As stated above, the 

influence of the actual navigation lock design has to be tested before the model results can be 

fully trusted.  

The final product, as a result of the dimensioning process, was considered to fulfil the objectives 

set on it. The final design described a rigid, yet still manageable spoiler. The weight was found 

satisfactory for a detail that should withstand the loads that were calculated.  

The spoiler parts can easily be stored when not used and finally, it can be stated that the 

appearance of the design was found to be attractive and the flat surfaces could easily be used for 

advertising.  

5.2 Conclusions 

 Wave shape downstream a segment gate can be controlled by the use of details built up 

on the gate crest.  

 Stable attractive standing waves can be created, in the new Slussen navigation lock 

system, for water level differences of approximately 0.6 m. The best waves are created 

for a gate positioned with its crest roughly 2 m below the upstream water surface level, 

regardless of gate position.  

 The wave shape can be improved by the use of a horizontally positioned spoiler. For that 

design, the wave stability is not affected, but the wave shape can be improved to form an 

attractive wave created specifically for surfing.  

 A wave improving spoiler can be built in a rigid, but still manageable and light weight, 

structure by the use of thin aluminium plates with stiffeners and an optimised design.  
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6 FUTURE WORK 

This chapter summarises suggestions for future work.  

6.1 Future work 

The final spoiler design was dimensioned according to the Eurocodes. However, the stiffener 

positions were not fully optimised with respect to minimised local buckling effects. It is 

suggested that further optimisations focuses on stiffener location.  

The two outer parts of the spoiler could be further improved with respect to weight; a separate 

optimisation according to the Eurocodes is suggested.  

The tightening torque needed for the spoiler mounting must be determined.  

A finite element analysis should be performed as a verification of the dimensioning.  

The final detail designing of the spoiler should be performed and manufacturing drawings of the 

spoiler parts should be done.  

Since aluminium was selected, the dimensioning of the weld sizes has to be done carefully, 

having in mind that the weld strength does not match the material strength. A welding plan has 

to be set up.  

Full-scale tests should be performed before surf sessions can be carried out. It has to be shown 

that the upstream gate works for wave creation in original scale and for the actual navigation 

lock design. Tests are also needed for verification of the scalability between model and original. 

Tests are needed to generate table data for which spoiler angles that are suited for certain water 

surface levels.  

Data collected during measurements have not been fully analysed. It would have been interesting 

to further analyse trends in the measured data and the correlation, or lack thereof, between input 

data and test results.  

An extended risk assessment for the whole surfing activity should be performed.  
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APPENDIX A: HYDRAULIC JUMP 

The hydraulic jump has been studied during the initial phase of the project. However, it was 

discovered that the waves achieved were of a different type. For interested readers, information 

collected is presented here.  

A hydraulic jump is a standing wave phenomenon, created by the process of a fast flowing 

medium, with large kinetic energy, that enters an area with lower velocity. This velocity change 

can be caused either by a submerged object which forces the medium to increase its velocity 

when passing the object and afterwards decreasing its velocity again, or when the flowing 

medium enters an area of still water, as a lake.  

The hydraulic jump is defined as where a supercritical flow converts into a subcritical flow. The 

velocity difference in the flow will cause a decrease in the medium’s velocity and a conversion 

of kinetic energy into potential energy. As a result of the energy conversion, the wave height 

increases as the fast moving flow “climbs” over the slowed down flow. This phenomenon occurs 

in kitchen sinks, tidal bores and in rivers and the properties of the wave depend on fluid velocity 

and the channel width.
1
 

The supercritical flow is defined as when the value of the Froude number is larger than one, 

subcritical flow when less than one. The Froude number,   , describes the state of the flow and 

is defined as, 
2
 

    
 

√   
  

with the fluid velocity,  , the gravity acceleration,  , and the water depth,  . While equal to one, 

the flow is said to be critical, and the water depth is defined as the critical depth,   ,
3
  

    (
  

   
)
   

   

which depends on flow,  , and the channel width,  . For flow of lower depth, supercritical flow 

occurs, when higher, the flow is subcritical. When the fluid velocity in the initial flow exceeds 

√   , resulting in a Froude number larger than one, the jump can appear.  

Undular Jumps 

For Froude numbers slightly larger than one, an undular hydraulic jump is created, characterised 

by a smooth rise of a wave followed by a train of stationary undulations
2
, Figure A 1. For larger 

Froude numbers, the flow will be highly turbulent resulting in large scale turbulence, air 

entrainment and energy loss
4
.  
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Figure A 1. Wave behaviour for undular jump.  

Test Results 

During tests it was obvious that the waves created were produced by the wave shaped discharge 

caused by overflow over a submerged gate. The flow velocities were however measured both at 

wave trough and wave crest. The Froude number was calculated to values presented in Table A 1 

Table A 1. Froude number for flow during model tests.  

 At wave trough At wave crest 

Froude number                     

No supercritical flow was achieved, since     . Hence, no hydraulic jump could be created. 

For the flow to be critical the water depth before the jump would have to be less than the critical 

depth,   . It was calculated for the test trough’s conditions with a maximum flow of 100 l s and 

a channel width of 0.77 m. For maximum channel flow the water depth before a hydraulic jump 

would have needed to be less than 

    (
    

 

   
)
   

      [m] 

For conditions corresponding to the navigation lock in Slussen, it would not be possible to have a 

water depth that shallow. For original scale that would correspond to a depth of less than 1.5 m. 

One way to create a hydraulic jump would be to increase the flow by increase of water level 

difference, which is not possible since the flow is directly corresponding to the water surface 

levels in Mälaren and Saltsjön.  

  



 

APPENDIX B: TEST INPUT 

Geometry and flow data have been translated into the model scale and are here presented as 

used input for the hydrodynamic model test.  

Since the overflow at mean water surface levels starts at       and since the model gate 

cannot go below      , Table B 1 present model test input for that angular range.  

Table B 1. Input data for model tests.  

  [°]    [m]     [m]     [m]    [l/s] 

64 0.292 0.302 0.241 0.718 

63 0.289 0.306 0.245 2.41 

62 0.287 0.311 0.250 4.83 

61 0.285 0.315 0.254 7.96 

60 0.282 0.319 0.258 11.5 

59 0.279 0.323 0.263 15.3 

58 0.277 0.328 0.267 19.7 

57 0.274 0.332 0.271 24.6 

56 0.271 0.336 0.275 28.9 

55 0.268 0.340 0.279 33.1 

54 0.265 0.344 0.283 37.4 

53 0.262 0.347 0.287 41.8 

52 0.258 0.351 0.290 46.4 

51 0.255 0.355 0.294 51.1 

50 0.252 0.359 0.298 56.0 

49 0.248 0.362 0.301 61.0 

48 0.245 0.366 0.305 66.3 

47 0.241 0.369 0.308 71.7 

46 0.238 0.372 0.311 77.2 

45 0.234 0.375 0.315 83.0 

44 0.230 0.379 0.318 89.0 

43 0.226 0.382 0.321 95.2 

42 0.222 0.385 0.324 102 

41 0.218 0.387 0.327 108 

40 0.214 0.390 0.329 115 

39 0.210 0.393 0.332 123 

38 0.206 0.396 0.335 130 

37 0.201 0.398 0.337 138 

36 0.197 0.401 0.340 146 

35 0.193 0.403 0.342 155 

34 0.188 0.405 0.344 164 

33 0.184 0.407 0.347 174 

32 0.179 0.409 0.349 184 

31 0.174 0.411 0.351 195 

30 0.170 0.413 0.353 207 



 

APPENDIX C: REJECTED SCALE MODEL CONCEPTS 

Some scale model concepts were generated, both for the gate and adapter, but could be rejected 

at an early stage.  

Gate Model Concepts 

Gate model concepts were generated. To ease the material choice a requirement specification 

was defined, the prototype material should 

 Be shaped as a model of the full scale design 

 Withstand the hydraulic forces 

 Not be buoyant 

 Not be affected by water; not water permeable or corrosive  

 Not be too expensive  

 Not be poisonous  

Different material combinations were used as possible gate crest concepts.  

Concept 1 – Fibreglass reinforced polymer 

Concept 1 was a fibreglass reinforced polymer model of the complete crest shape. The whole 

model could be built in one material and could be reinforced with bulkheads if needed. It 

fulfilled the requirements, but lacked in simplicity. The model would have been bad on 

modularity. Changes in attachment between spoiler and gate would be hard to do without 

attachment points made on forehand. The model would also have needed a mould to be made in 

which it could be formed, resulting in a need of two products instead of one.  

Concept 2 – Bent plate and bulkheads 

The second concept was similar to Tikab’s first simple test model that had bulkhead plates of 

boards for wet rooms and a crest of a bent steel plate.  

This concept would be based on bulkheads cut out in the shape of the gate crest, which would be 

covered by a thin plate that could be bent after the shape of the bulkheads.  

The concept could get a low weight, but the thin cover of e.g. plate metal would reduce the 

possibility of flexible spoiler mounting on the crest.  

Concept 2a – Metal plate and plywood bulkheads  

The rounded shape of the gate crest could be built of e.g. 2 mm metal plate. The plate, of 

stainless steel, aluminium or another appropriate metal would be bent in position and screwed to 

bulkheads of e.g. marine plywood that would be treated to be water resistant.  

Concept 2b – Metal plate and polymer bulkheads  

The plywood bulkheads could be replaced by bulkheads of polymer material. An advantage from 

using polymer material would be the improved water resistance that could be gained by the right 

choice of polymer.  

Concept 2c – Polymer plate and polymer bulkheads  

Another alternative was to use polymer material for both bulkheads and the plate. By heating a 

thermoplastic it could be bent in wished shape and cooled down and kept in shape.  

A disadvantage would once again be the need of a mould to shape the polymer plate in.  

 



 

Adapter Concepts 

Different concepts were generated and based on the idea of form-locking of the spoiler. Seven 

concepts were developed; A, B1-4, C, D and E, see Figure C 1. On A the spoiler would have 

been pushed in position through a track and locked in position by a pin. On the four different B-

concepts the spoiler would have been clamped between two adapter parts, with one adapter 

fastened on the gate crest, the other screwed on to the gate after the spoiler is put in position. The 

C-concept was shaped as a keyhole in which the spoiler would be stuck and pushed in position, 

the spoiler would have a detail that locked in the keyhole. With concept D the spoiler would be 

stuck into the adapter and turned into a locked position, the spoiler would have a T-profile that 

would be locked in position by turning. The last concept was regular wood screws that would 

fasten directly in the spoiler material.  

 

Figure C 1. Concepts generated as adapters between spoiler and gate crest.  

After some evaluation it could be concluded that concept C and D would require adapter parts 

that would be hard to manufacture. Another disadvantage with concept D would be the 

impossibility to lock the spoiler in rotationally direction. Concept C would not be suited for use 

with the gate in both downstream and upstream position.  

When using adapter concept B1 or B3 it would be complicated to shape the spoiler to suit the 

adapters. On the other hand, when using concept A the spoiler would have to be shaped to fit the 

track in which it is locked by the pin. That concept generates design problems; the pin cannot be 

longer than half the channel width, or even shorter depending on the spoiler width and 

placement.  

A requirement for the spoiler, and thus also for the adapter, was the need of a smooth shape that 

attached to the gate crest without abrupt changes. Concept A demanded a pin which could 

influence the flow pattern, but also the adapter concepts B-D could influence the flow pattern 

depending on the adapter’s design.  

Finally the screw was chosen as described within the report.   



 

APPENDIX D: SPOILER CONCEPTS 

Here, all scale model spoilers that were tested during the project are described by photographs 

and measures.  

Spoiler concepts have been developed and tested. All concepts are shortly described and 

illustrated by photographs.  

Spoiler Concepts  

Version 01 – Gate  

The reference wave was created by using the gate model as it is, without spoilers.  

Version 02 – Corner Spoilers 

A first assumption was that spoilers higher than the gate crest would slow down the flow speed 

and give a wave that would break before the rest of the flow. Hence, the corners were expected 

to give the desired shape of the wave. The corners created, in Figure D 1, where symmetrically 

in shape and had a width of 130 mm and a maximum height of 40 mm each. The height was 

chosen to result in a spoiler with a height of 0.5 m in full scale. The spoilers were smoothly 

shaped to imitate the curvature of the gate model’s crest, but the corners were slightly angled 

against the flow direction.  

 

Figure D 1. Corner spoilers.  

Version 03 – Thick Centred Chamfered spoiler 

Since the use of corner spoilers did not give a wave pattern as expected, a centred spoiler with a 

thick shape was formed. The shape copied the curvature of the gate crest and had a height of 40 

mm. Chamfers were added on both sides of the spoiler, Figure D 2, with the goal to give the U-

shape a wider and rounder shape. The chamfers were 4.5 mm wide each, resulting in a total 

spoiler width of 220 mm.  

 

Figure D 2. The thick centred spoiler with chamfers.  

 



 

Version 04 – Double the Height  

The previous concept version with a thick, centred spoiler was developed to a model with twice 

the height, 80 mm, Figure D 3. The idea was to abruptly change the size of the spoiler to analyse 

differences in wave shape. As version 03 the model had chamfers. The width of the model was in 

this version 310 mm.  

 

Figure D 3. Thick centred spoiler with twice the height.  

Version 05 – Thin Angled Wide Spoiler  

An idea was raised, that a thinner spoiler shape angled towards the flow would cause larger 

effect on the wave shape compared to the thick shape. A model was built with a height of 40 mm 

and a width of 450 mm. The spoiler height decreased smoothly from the middle to the edges, see 

Figure D 4.   

 

Figure D 4. The thin angled and wide spoiler.  

Version 06 – Flat Wide Spoiler 

With the wish of getting effect on the wave shape without affecting the flow and stability too 

much, a flat and wide spoiler was developed, Figure D 5. It had a height of 20 mm and a length 

of 480 mm. The height was constant over a width of 440 mm before the shape was ended by 

chamfers.  

 

Figure D 5. Flat wide spoiler.  

Version 07 – Thin V-shaped spoiler 

The spoilers above were developed with the method of changing the gate height at specific 

points along the channel width to get the wished wave shape. This specific version and the 

subsequent were developed to be placed horizontally and affect the wave shape depending on 

where the water left the gate.  



 

The spoiler was made thin and flat, Figure D 6. It was attached on the gate crest in an angle that 

would put the spoiler horizontal in the flow. The spoiler was wide and V-shaped to give an 

influence on the wave shape. It had a width of 500 mm and a length of 90 mm. The length would 

equal the spoiler height mentioned above if the gate would be placed vertically.  

 

Figure D 6. Thin V-shaped spoiler. 

Version 08 – Thick Spoiler with Concave Centre 

A spoiler with concave shape was created, see Figure D 7. It had a depression in its centre in a 

try to steer the flow to the channel’s centre. The spoiler was put horizontally and centred in the 

channel. This spoiler had a width of 310 mm and a length of 120 mm.  

 

Figure D 7. Thick horizontal spoiler with concave centre.  

Version 09 – Thick Spoiler with Convex Centre  

To compare the effect from a concave shape a convex shape was created. It had a V-shape and 

was put horizontal with the flow, Figure D 8. The spoiler width was 400 mm and the spoiler 

length 120 mm.  

 

Figure D 8. Thick horizontal spoiler with convex centre.  

Version 10 – Bulb shaped Spoiler 

A bulb was created to examine the influence of a spoiler shape that was streamlined and filled 

with material beneath the spoiler and downstream the gate crest. The model was placed on the 

gate so that the top surface would be almost horizontal, Figure D 9. The spoiler width was 370 

mm and the maximum length 90 mm. The lowest point of the bulb was 110 mm below the top 

point.  



 

 

Figure D 9. Bulb spoiler that was streamline shaped.  

Combination of Spoilers  

Combination 1 – Thin Angled Wide Spoiler with Corners  

Combinations of spoilers were tested. This spoiler concept was a combination of the corner 

spoilers, version 02, and the thin angled wide spoiler, version 05, Figure D 10.  

 

Figure D 10. Combination of the thin angled spoiler and the corner spoilers.  

Combination 2 – Flat Wide Spoiler with Corners   

In this version the flat wide spoiler, version 06, was combined with small acute corners. They 

had a height of 60 mm and a top and bottom width of 35 and 60 mm respectively, Figure D 11.  

 

Figure D 11. Combination of flat wide spoiler with acute corners.  

Combination 3 – Flat Wide Spoiler with Angled Corners Angled 

Another combination was made up by the flat wide spoiler, version 06, and new corners that 

were angled against the flow, Figure D 12.  

 

Figure D 12. Combination of flat wide spoiler and angled corners.  

 

  



 

APPENDIX E: SPOILER TEST 

This appendix shows a summary of the waves achieved during model tests. Results for spoilers 

placed on downstream and upstream gate models are separated.  

The spoiler versions presented in Appendix D were tested and index were given to the result by a 

letter, D or U, for downstream or upstream, and the numbers behind corresponds to the concepts 

in previous appendix. The wave shapes were captured by photos and clarified with the red lines.  

Downstream Gate 

The gate was put into the test trough in downstream position.  

Version D01 – Gate  

As a reference, the downstream gate model was used and the wave was observed. The wave 

front downstream the gate was almost straight, but influenced by the attachments of the gate 

plate, Figure E 1. In early tests the wood studs were poorly placed in flow and wave prospective. 

It showed that the wave appeared close to the point where the studs were placed and that some 

influence from the studs could be observed.  

 

Figure E 1. Waves downstream the gate without spoilers.  

Version D02 – Corner Spoilers 

Contrary to the expectations, the corner spoilers did not force the flow to break closer to the gate. 

As can be seen in Figure E 2, the wave shape was almost straight. Close to the channel wall the 

spoiler shape moved the wave downstream the channel and closer to the studs where the channel 

disturbance forced the wave to break.  

 

Figure E 2. Wave shape downstream the gate with corner spoilers mounted.  

The corner spoilers showed results opposite to expected and where therefore not further 

investigated. No measurements or films were taken during this test.  

Version D03 – Thick Centred Chamfered Spoiler 

The third spoiler version was created after the previous test had been done. It was assumed that 

the increased height of the gate, caused by the spoiler, moved the breaking point away from the 

gate. As expected, a window of clear water appeared directly downstream the spoiler, see Figure 

E 3. Since the spoiler was widened by chamfers it was expected that the shape of the clear water 

would be wide and rounded. When testing this spoiler model one stud on the left channel side 

was placed downstream the gate. Some disturbances were observed.  



 

 

Figure E 3. The wave pattern created downstream the thick centred and chamfered spoiler.  

When viewing Figure E 3 it can be seen that even though the wave shape is disturbed by the 

wood stud, the shape of the clear water is almost centred. The sides of the U-shape are rounded. 

This model was further developed with the goal to reach a symmetric and wider U-shape.  

Version D04 – Double the Height  

By using a spoiler twice as high as previous spoilers, it was predicted that the point of breaking 

of the wave would be further pushed away from the gate. The wave was pushed in a U-shape by 

the extra high spoiler, see Figure E 4. The influence was however larger for a lower spoiler. It 

can be observed that the U-shape is slightly shifted to the right. The shift is caused by the wood 

stud that is placed on only the left side in this part of the experiment.  

 

Figure E 4. Wave shape at different time points downstream the spoiler with double height.  

It could however be noted that the effect of the height was reduced when increased this much. 

The shape hindered the flow greatly and gave a wave that broke earlier than after a gate without 

spoiler. The conclusion was the need of a spoiler that is distinct in shape but not too high to 

prevent flow losses. The spoiler had bad impact on the wave stability.  

At gate positions and flow settings where waves were observed before, no wave occurred. 

Instead, the gate had to be submerged to let an equal amount of flow pass over the gate. The 

spoiler was not validated.  

Version D05 – Thin Angled Wide Spoiler  

The angled wide spoiler was developed for an abrupt change in wave behaviour without 

decreasing the flow. When increasing the width of the spoiler the clear water space got wider, 

Figure E 5. Nevertheless the U-shape did not show the same depth as for spoilers with smaller 

width.  

 

Figure E 5. With increased spoiler width the U-shape was wider but had less depth.  



 

It appeared that the angle against the flow resulted in weak stability of the wave with quick 

changes in shape and breaking point.  

It can be noted that the fastening of the model plate was rebuilt at this stage. The plate was 

extended so that the wood studs should not affect the breaking of the wave. As can be seen in 

Figure E 6 the breaking of the wave still started at approximately the same spot and was thus not 

triggered by the position of the stud.  

 

Figure E 6. Wave and surf board which would be 2 m long in original size.  

Version D06 – Flat Wide Spoiler 

A smoothly height increasing spoiler was tested, Figure E 7. The goal was to change the wave 

shape by a small increase of height, but with a crest shape like the gate crest. The effect of the 

spoiler was a wave shape as wished, but the depth of the U was also not so large.  

 

Figure E 7. Wave shapes downstream the gate with a flat wide spoiler.  

The spoiler did not improve the wave shape much in compare with the gate without spoiler. It 

was concluded that a shape that increased the gate height naturally also reduced the flow. The 

gate had to be submerged for waves to be created, and thus no improvements were gained.  

Version D07 – Thin V-shaped spoiler 

A thin and V-shaped spoiler was tested. The goal was to test a spoiler that was not vertically 

placed, corresponding to decreased flow, but that was shaped in the horizontal plane. In the first 

test it had a small angle up into the flow, see Figure E 8.  



 

 

Figure E 8. Angle of the thin v-shaped spoiler during test.  

The wave was observed to be U-shaped, Figure E 9. A U-shape was reached and the shape was 

large enough to fill the total channel width.  

 

Figure E 9. The wave shape using the thin V-shaped spoiler.  

D07-version 

The spoiler was adjusted on the gate crest so that it would be horizontally placed on the gate 

when tested. The shape of the wave is described by Figure E 10. The angle of the spoiler highly 

improved the stability of the wave. The breaking was reduced without flow reductions.  

 

Figure E 10. The wave caused by the horizontally placed thin and V-shaped spoiler.  

Version D08 – Thick Spoiler with Concave Centre 

The concave spoiler was tested in a position as in Figure E 11.  

 

Figure E 11. Position of the concave spoiler when tested on downstream gate.  

Resulting wave shapes are described by Figure E 12. As can be seen, the wave showed a U-

shape at the channel centre, but along the channel wall the pattern was different; the turbulent 



 

zone was wider as wished. The value of    decreased abruptly outside the measured     and 

was kept constant at the value of    .  

 

Figure E 12. Waves downstream the thick spoiler with concave centre.  

Version D09 – Thick Spoiler with Convex Centre 

A spoiler with convex centre was tested. The object was to see if the wave result would differ 

from the concave spoiler shape. U-shapes were created downstream the gate, Figure E 12. The 

increased spoiler width in comparison to the concave spoiler added width to the U-shape.  

 

Figure E 13. Clear U-shapes were found for the convex spoiler.  

D09-version 

The spoiler position was tuned to be horizontally placed when tested. The new wave results can 

be found in Figure E 14. As can be seen the width of the U-shape was increased.  

 

Figure E 14. The width of the U-shape was increased with a horizontally placed spoiler.  

The stability of the wave was improved by the angular change of the spoiler. When placed 

horizontally the number of breaks was reduced.  

Version D10 – Bulb shaped Spoiler 

A bulb shaped spoiler was tested, in a try to test a streamlined spoiler. The result was not an 

improvement compared to waves created by other spoilers. The U-shape was not clear and the 

bulb beneath the top surface did not seem to affect the water flow, Figure E 15.  



 

 

Figure E 15. Waves created downstream the bulb shaped spoiler.  

Combination 1 – Thin Angled Wide Spoiler with Corners  

In a try to create a larger U-shape, where the flanks of the wave would break closer to the gate, 

spoiler version 05 was combined with corners. When comparing Figure E 16 with Figure E 5 it 

could be noted that the corners had almost no effect on the wave shape. If any, a trend of later 

breaking of the wave along the channel walls could be found. Hence, this combination of 

spoilers was not further developed.  

 

Figure E 16. The combination gave a centred U-shape but the corners pushed the breaking point downstream. 

Combination 2 – Flat Wide Spoiler with Corners 

In a try to improve combination 1, new sharp corners, strongly leant against the flow direction, 

were mounted together with the flat spoiler of version 06. These corner spoilers also had an 

effect on the wave opposite to the wished. Close to the trough walls clear water areas appeared 

where the wish was to get an area of turbulent water, Figure E 17.  

 

Figure E 17. The use of the flat centred spoiler together with sharp corners against the flow gave a wave pattern with 

clear water areas in the centre of the channel as well as along the channel walls.  

Upstream Gate 

The segment gate model was turned in the trough so that the same model could represent the 

upstream gate Slussen. As for the downstream gate, the spoiler versions presented in Appendix 

D were tested and indexed with the letter U for upstream and a number behind corresponding to 

the concepts in previous appendix.  

 

 



 

Version U01 – Gate 

The upstream gate was first tested without spoilers mounted. The resulting wave was used as a 

reference. The wave showed a slight U-shaped pattern, Figure E 18.  

 

Figure E 18. Wave patterns after the upstream gate model.  

Version U02 – Corner spoilers 

As for the downstream gate the corner spoilers resulted in clear water areas along the trough 

walls instead of in the trough centre as wished, Figure E 19. The corner spoilers were not further 

developed.  

 

Figure E 19. Wave pattern when using corner spoilers showed not centred clear water areas.  

Version U03 – Thick chamfered centred spoiler 

The thick centred spoiler, which gave good wave results for the downstream gate, did not show 

the distinct area of clear water directly downstream the spoiler as expected, Figure E 20. 

Probably this was caused by the difference in gate geometry. Although a wave appeared for this 

gate and flow setting, the spoiler design had to be further developed. It was assumed that the 

spoiler was badly angled in the flow.  

 

Figure E 20. Wave patterns for the thick chamfered spoiler.  

Version U05 – Thin wide spoiler angled along the flow 

When using the thin and wide spoiler on the upstream gate, the geometry made it point along the 

flow instead of against it as in previous downstream gate tests, waves in Figure E 21. The 

geometry did not improve the wave shape but did rather worsen the shape compared to the wave 

created by just the gate, version U01.  



 

 

Figure E 21. The thin wide spoiler did not show a U-shape of the wave breaking.  

The wave shape was so bad, that the spoiler was removed from further tests and developments.  

Version U06 – Flat wide spoiler 

When using the flat and wide spoiler some progress was reached. For this smoothly increase of 

the gate crest a U-shape was detected, see Figure E 22. The upstream gate seemed to be more 

sensitive in wave prospective. The flat spoiler was developed to imitate the gate crest shape but 

with a slight rise over the actual crest.  

 

Figure E 22. A U-shape appeared for the upstream gate when using a flat spoiler.  

Version U07 – Thin V-shaped spoiler 

The version with a thin V-shaped spoiler was tested, but sufficient pictures were not taken, 

compare with Figure E 23. The spoiler was screwed on the gate model in an upward pointing 

angle. A U-shape was observed but the wave stability was somewhat low.  

 

Figure E 23. The thin V-shaped spoiler gave a clear U-shape.  

U07-version 

The spoiler was mounted on a steel plate and could then be controlled in position. By changing 

the angle of the spoiler the wave stability was improved. The U-shape could also be improved. 

When placing the spoiler in horizontal position the stability was the best reached for the 

upstream gate model and the U-shape was clear, Figure E 24.  

 

Figure E 24. By controlling the angle of the spoiler the stability could be improved.  



 

Version U08 – Thick Spoiler with Concave Centre 

The concave spoiler was mounted on the upstream gate not horizontally, but in an angle pointing 

upwards, see Figure E 25.  

 

Figure E 25. Position of spoiler version 08 on upstream gate.  

The U-shape was clear, but was not sufficient rounded; instead the U-flanks were almost parallel 

with the channel walls, Figure E 26. This was considered to be caused by the centred spoiler with 

small width.  

 

Figure E 26. Shape of the wave after passing the upstream gate with spoiler version 08 mounted.  

U08-version 

The flexibility with controlled spoiler position improved the wave shape, Figure E 27. As 

expected the U-shape was more stable when the spoiler was put in horizontal position. The 

spoiler was considered to have to small width.  

 

Figure E 27. The controlled spoiler in horizontal position improved the U-shape.  

Version U09 – Thick Spoiler with Convex Centre 

Spoiler version 09 was first mounted on the spoiler in an upstream pointing direction. The top 

surface was placed horizontally. The design was however weak, the spoiler position did not gave 

a good wave size and no U-shape was achieved, see Figure E 28. The concept with spoilers 

pointing upwards in the channel was not further investigated.  

 

Figure E 28. The design with an upstream pointing spoiler was weak in wave prospective.  



 

U09-version 

When the spoiler was turned to point downstream, the U-shape was improved, Figure E 29. The 

U-shape was wider than the one achieved for the concave spoiler, probably caused by the larger 

width of the convex spoiler. This spoiler version showed larger wave stability, once again 

indicating that the stability depends on the angular position of the spoiler.  

 

Figure E 29. Spoiler pointing downstream improved the U-shape.  

Version U10 – Bulb Shaped Spoiler 

The bulb shape was developed for the downstream gate position. Therefore it could not be 

mounted on the gate in a horizontal position. The clear water shape did not show the pattern of a 

U, but of a W, see Figure E 30. The bulb was not further developed or tested.  

 

Figure E 30. The bulb shape did not improve the wave shape.  

Combination 3 – Flat wide spoiler with corners angled against flow 

The flat wide spoiler, version 06, was combined with small corner spoilers, greatly angled 

towards the flow. The aim of the corners were to force the wave to break earlier along the trough 

walls. The result was not consistent with the wish, but as for previous tests; once again the clear 

water zones close to the channel wall appeared, Figure E 31.  

 

Figure E 31. Combination of the flat wide spoiler and small angled corner spoilers.  

  



 

APPENDIX F: MEASURED WAVE DATA 

Here wave data originating from model tests are collected. Measurements done in scale model 

are presented as well as translated wave data for original scale. The second part of the appendix 

consists of stability data achieved from filmed tests.  

Wave Data 

During spoiler tests wave properties were measured as described in the test method. 

Measurements that were done on both input parameters and the wave size. The input parameters 

for the downstream gate model are presented in Table F 1 and for the upstream model gate in 

Table F 2. Data presented in this chapter are data in model scale.  

Table F 1. Measured input data for spoiler versions mounted on downstream gate model, model scale. 

Version    [m]    [l/s]    [m]     [m] 

D01 0.23 97.5 0.39 0.34 

D02 Not tested 

D03 0.23 97.9 0.38 0.32 

D04 0.19 98.2 0.36 0.30 

D05 0.18 98.0 0.36 0.31 

D06 0.23 93.5 0.39 0.35 

D07 0.23 88.0 0.40 0.36 

D07v 0.22 100.0 0.39 0.34 

D08 0.23 96.0 0.38 0.34 

D09 0.23 95.0 0.40 0.34 

D09v 0.21 95.0 0.36 0.31 

D10 0.23 98.0 0.39 0.35 

Combination 1 0.24 98.5 0.45 0.40 

Combination 2 0.26 98.0 0.43 0.38 

Table F 2. Measured wave data for spoiler versions mounted on upstream gate model, model scale. 

Version    [m]    [l/s]    [m]     [m] 

U01 0.27 75.0 0.40 0.35 

U02 Not tested 

U03 0.23 94.0 0.38 0.35 

U04 Not tested 

U05 Not tested 

U06 0.30 85.5 0.45 0.40 

U07 0.26 73.4 0.41 0.35 

U07v 0.22 96.0 0.38 0.33 

U08 0.25 96.4 0.42 0.37 

U08v 0.29 42.0 0.36 0.33 

U09 0.26 96.0 0.42 0.37 

U09v 0.20 96.0 0.38 0.35 

U10 0.25 96.0 0.42 0.36 

Combination 3 0.29 96.0 0.44 0.38 



 

The wave size was measured according to the test plan. Measures taken was depth in the wave 

trough and crest,                  , as well as the horizontal distance between trough and 

crest,   , in the channel centre, half way to the wall and along the channel wall. Data for the 

downstream gate position can be found in Table F 3 and for the upstream gate position in Table 

F 4.  

Table F 3. Measured wave data for spoiler versions mounted on downstream gate model, in model scale. 

Version           [m]           [m]     [m]     [m]     [m] 

D01 0.30 0.35 0.25 0.21 0.15 

D02 Not tested 

D03 0.28 0.32 0.15 0.06 0.04 

D04 0.27 0.30 0.15 0.09 0.05 

D05 0.26 0.31 0.14 0.11 0.06 

D06 0.30 0.35 0.22 0.13 0.11 

D07 0.32 0.36 0.22 0.14 0.10 

D07v 0.30 0.35 0.24 0.17 0.14 

D08 0.27 0.34 0.23 0.14 0.09 

D09 0.30 0.35 0.25 0.10 0.13 

D09v 0.25 0.32 0.26 0.22 0.12 

D10 0.29 0.35 0.24 0.18 0.14 

Combination 1 0.38 0.41 0.23 0.15 0.10 

Combination 2 0.34 0.40 0.22 0.13 0.08 

Table F 4. Measured wave data originating from spoiler versions mounted on upstream gate model, model scale. 

Version           [m]           [m]     [m]     [m]     [m] 

U01 0.32 0.36 0.20 0.20 0.13 

U02 No data     

U03 0.32 0.36 0.24 0.19 0.14 

U04 Not tested     

U05 No data     

U06 0.36 0.40 0.21 0.18 0.20 

U07 0.31 0.36 0.20 0.16 0.10 

U07v 0.28 0.34 0.25 0.15 0.13 

U08 0.33 0.38 0.23 0.20   0.12 

U08v 0.30 0.34 0.15 0.09 0.11 

U09  0.33 0.37 0.14 0.16 0.16 

U09v 0.32 0.35 0.20 0.15 0.15 

U10 0.32 0.37 0.19 0.22 0.12 

Combination 3 0.32 0.39 0.16 0.10 0.07 



 

Wave Stability 

The stability of the wave shape was analysed with films made during tests. The stability was 

defined as average time between break and was calculated as a time interval divided by the 

number of breaks during that specific interval. The resulting stability numbers, calculated in 

model scale, are summarised in Table F 5 and Table F 6 for the downstream respective upstream 

gate.  

Table F 5. Stability data originating from downstream gate tests, model scale.  

Version VIDEO No of breaks [counts] Time [s] Stability [s] 

D01 0070 6 9 1.5 

D02 No wave achieved 

D03 0023 10 10 1.0 

D04 0022 17 5 0.29 

D05 0035 23 16 0.70 

D06 0069 10 8 0.80 

D07 0059 7 7 1.0 

D07v 0068 5 10 2.0 

D08 0061 10 11 1.1 

D09 0062 10 8 0.80 

D09v 0066 6 8 1.3 

D10 0072 8 6 0.75 

Combination 1 0044 11 8 0.73 

Combination 2 0058 10 11 1.1 

Table F 6. Stability data collected from upstream gate tests, model scale.  

Version VIDEO No of breaks [counts] Time [s] Stability [s] 

U01 0047 6 10 1.7 

U02 Not tested 

U03 0048 13 11 0.85 

U04 Not tested 

U05 Not filmed 

U06 0050 7 8 1.1 

U07 0077 8 7 0.88 

U07v 0089 6 8 1.3 

U08 0075 12 9 0.75 

U08v 0082 11 9 0.82 

U09 No wave achieved 

U09v 0079 8 10 0.9 

U10 0080 8 8 1.0 

Combination 3 0054 8 9 1.1 



 

APPENDIX G: STRUCTURAL ANALYSIS RESULTS 

The structural analysis of the spoiler geometry was analysed, giving results presented in this 

appendix.  

Bending Moment 

The bending moment of a meter wide segment spoiler was analysed with the structural analysis 

software Contram. Table G 1 presents the maximum bending moment,   , in each of the twenty 

spoiler elements.  

As can be seen, the bending moment for load case 1 was larger for elements one to eight. 

Thereafter the load case 2 dominated the bending moment. This was caused by the difference in 

load distribution. When comparing the bending moment’s dependence on spoiler angle it can be 

seen that the maximum value appears in the elements where the spoiler is fastened to the gate at 

attachment point A.  

Table G 1. Bending moment acting on beam elements in the central spoiler part. Grey marks dimensioning.  

 Load case 1 Load case 3 

                  

Element    [kNm]    [kNm]    [kNm]    [kNm] 

1 0.0021 -0.38 0.00 -0.18 

2 0.77 -0.74 0.30 -0.35 

3 1.5 -1.1 0.59 -0.52 

4 2.2 -1.1 0.86 -0.52 

5 2.9 0.61 1.1 0.30 

6 3.5 1.5 1.3 0.70 

7 4.0 2.3 1.5 1.1 

8 4.0 3.1 1.5 1.7 

9 3.7 3.8 1.4 1.7 

10 3.4 3.8 1.4 1.7 

11 3.2 3.5 1.4 1.7 

12 2.6 2.8 1.2 1.5 

13 2.1 2.2 1.1 1.3 

14 1.6 1.7 0.96 1.2 

15 1.2 1.3 0.82 1.0 

16 0.80 0.88 0.69 0.83 

17 0.51 0.56 0.55 0.67 

18 0.29 0.32 0.41 0.50 

19 0.13 0.14 0.27 0.33 

20 0.03 0.035 0.14 0.17 



 

Deflection 

The deflection was design dependent and ended on values presented in Table G 2.  

Table G 2. Deflection data for spoiler parts, grey marks dimensioning.  

 Load case 1 Load case 3 

Spoiler angle                         

Central part       [mm] 55.69 39.21 34.86 33.60 

Middle part       [mm] 32.91 23.90 28.40 28.61 

Outer part       [mm] 13.70 11.87 19.60 21.47 

Shear Force 

As for the bending moment the shear force in every element of the central spoiler is presented, 

see Table G 3. The dimensioning shear force appeared for load case 1 and the spoiler in angle 

     .  

Table G 3. Shear force acting on each beam element in the central spoiler part. Grey marks dimensioning.  

Element 

Load case 1 Load case 3 

                        

   [kN]    [kN]    [kN]    [kN] 

1 0.094 -8.7 0.0 -4.1 

2 17 -8.3 6.8 -4.0 

3 17 -7.6 6.6 -3.7 

4 16 19 6.2 9.2 

5 15 19 5.6 9.3 

6 13 19 4.8 9.1 

7 11 19 3.9 8.6 

8 -6.4 18 -1.1 7.9 

9 -6.0 16 -0.92 6.9 

10 -5.4 -5.9 -0.69 -1.1 

11 -5.7 -6.2 -1.2 -1.5 

12 -5.1 -5.6 -1.2 -1.5 

13 -4.6 -5.0 -1.2 -1.5 

14 -4.0 -4.4 -1.2 -1.5 

15 -3.4 -3.7 -1.2 -1.5 

16 -2.9 -3.1 -1.2 -1.5 

17 -2.3 -2.5 -1.2 -1.5 

18 -1.7 -1.9 -1.2 -1.5 

19 -1.1 -1.2 -1.2 -1.5 

20 -0.57 -0.62 -1.2 -1.5 



 

APPENDIX H: BOLTED JOINT 

The data needed for the bolted joint dimensioning is presented in this appendix.  

The bolted joints were dimensioned for bolts of dimension M8 to M16, 8.8. Needed bolt data is 

presented in Table H 1.  

Table H 1. Bolt dimension data
5
.  

Bolt dimension M8 M10 M12 M14 M16 

Bolt’s ultimate tensile strength,     [MPa] 800 

Tensile stress area,    [mm
2
] 36.6 58 84.3 115 157 

Hole diameter    [mm] 9.0 11 14 16 18 

Result of the bolted joint dimensioning was collected in Table H 2. The slip resistance was 

dimensioning, showing the lowest resistance. However the two bolt rows could be handled 

separately, with the tension resistance affecting bolt row b, and the other affecting row a.  

Table H 2. Calculated resistance data for five different bolts of bolt class 8.8. 

  M8 M10 M12 M14 M16 

Tension resistance       [kN] 21.1 33.4 48.6 66.2 90.4 

Shear resistance       [kN] 14.1 22.3 32.4 44.2 60.3 

Bearing resistance       [kN] 29.8 37.2 44.6 47.8 48.5 

Slip resistance       [kN] 3.09 4.91 7.14 9.74 13.3 

The needed number of bolts is presented in Table H 3. It corresponds to the needed number of 

bolts per bolt row. The number is not rounded to the nearest integer for transparency of the 

actual need. It was concluded that it would be sufficient with two bolts of dimension M8 for bolt 

row b. Row a’s bolts had to resist the slip, resulting in a need of either 2 M16 or 4 M12 bolts.  

Table H 3. Needed number of bolts for five different bolts of bolt class 8.8. 

  M8 M10 M12 M14 M16 

Tension resistance        1.6 1.0 0.71 0.52 0.38 

Shear resistance        1.6 0.99 0.68 0.50 0.37 

Bearing resistance         0.74 0.59 0.49 0.46 0.45 

Slip resistance        7.1 4.5 3.1 2.3 1.7 

It was desired to have one bolt dimension over the entire spoiler, so M12 was chosen. For easier 

mounting, it was decided that the four bolts of bolt row 1 were distributed, not over the entire 

spoiler, but collected in the slots already designed.  

  

                                                 

5
 Björk, K., 2003. Formler och tabeller för mekanisk konstruktion. 6 ed. Spånga: Karl Björks Förlag HB. 

 



 

APPENDIX I: STEEL DIMENSIONING 

The spoiler was dimensioned in a steel version to begin with. However, the heavy weight made it 

rejected before reaching a very last optimisation step. Results of the dimensioning carried out 

are presented in this appendix.  

As described within the report, high strength steel as a material choice for the full scale spoiler 

was rejected. Even though, the material had been used throughout most of the dimensioning 

before a decision was made and the dimensioning results are here presented. Material data for 

steel used during the dimensioning is presented in Table I 1.  

Table I 1. Material data for steel.  

Yield strength,     690 [MPa] 

Young’s modulus,   310 [GPa] 

Density,   7800 [kg/m
3
] 

As for the aluminium plate, the dimensioning gave optimisation of plate thickness and stiffener 

dimensions. The dimensioning ended on a steel plate of thickness      mm and a total 

stiffener width of 30 mm. The stiffener height was dimensioned to be 34 mm over the crest, 50 

mm in the bend and 38 mm on the horizontal part. The stiffeners ended at 900 mm out from the 

bend.  

The utilization calculated for the central spoiler part shows that the spoiler was not as optimized 

as the aluminium, the utilization can however be seen in Table I 2.  

Table I 2. Coefficient of utilization.  

Spoiler segment Central 

Bending resistance plate 0.27 

Bending resistance T-beam 0.46 

Deflection 0.73 

Shear force resistance 0.21 

Bearing resistance of spoiler 0.07 

The final mass of the central spoiler part ended on 55.8 kg. The mass was at that stage of the 

dimensioning too much larger than the aluminium, that also further optimizations would have 

given the aluminium alternative a lower weight.  

 

 

  



 

APPENDIX J: RISK ASSESSMENT 

A short risk assessment for the spoiler mounting and use has been compiled.  

A short risk assessment could be stated. Each risk was valued with a probability to occur on a 

scale of 1 to 5, where 5 represents that the risk is much likely to happen. Each risk also has been 

weighted according to the consequence, with 5 as large consequence. The risks are divided into 

two sections, one consisting personal injuries and the second other types of risks, Table J 1.  

Table J 1. Risk assessment for spoiler mounting and use.  

Risk Probability Consequence Action plan 

Personal injuries    

Injuries for personnel during 

surfing 

3 2 All sharp edges should be 

rounded on spoiler parts 

Prepare with first aid kit 

Heavy lifting 3 2 Two persons should mount 

the spoilers on the gate 

together 

Other risks    

A spoiler part falls to the channel 

bottom during mounting 

1 5 To prevent that risk, holes 

will be drilled through the 

plate in which a floating line, 

of longer length than the 

water depth, is tied 

The spoiler detaches during 

surfing 

1 5 Since somebody could be 

hurt by the metal spoiler 

parts, the tightening of the 

bolts must be carefully done  

Characteristic loads are 

underestimated 

1 5 The final spoiler design must 

be rigorously tested in a FEA 

software 

Full scale spoiler will be 

tested at large flows before 

taken into use for surfing 

The spoiler gets damaged by e.g. 

a boat 

1 4 To minimize the 

consequences the spoiler 

should be weak enough to be 

damaged, preventing the 

segment gate to be damaged  

The spoiler gets damaged during 

use 

1 3 The tightening of the bolts 

should be done carefully and 

according to instructions  

A bolt/tool falls to the channel 

bottom during mounting 

3 1 If something is dropped no 

action is performed 

Channel bottom cleaned once 

a year 
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