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Preface 
The aim of this report was to describe the trend analysis of Swedish Hydro 

Power Centre’s (SVC’s) fields of operation and to point out strategic issues for 

the future. The output will be used to define future fields of operation for SVC 

in a short as well as long term perspective.  

 

The main contributors to the report are as follows: 

 

Chapters Authors 

Comments from chairmen of steering 

groups 

Olle Mill, Svenska Kraftnät and Niklas 

Dahlbäck, Vattenfall AB Vattenkraft 

Hydrology Anders Wörman, Royal Institute of 

Technology (KTH) 

Embankment dams and erosion   Sven Knutsson, Luleå University of 

Technology and Anders Wörman, KTH 

Foundation of embankment dams 

and concrete dams 

Fredrik Johansson, KTH/SWECO 

Hydraulic design Patrik Andreasson, Vattenfall R & D 

/LTU and James Yang, Vattenfall R & 

D/ KTH 

Electromechanics and rotor dynamics Urban Lundin, Uppsala University and 

Jan-Olov Aidanpää, LTU 

Fluid mechanics Håkan Nilsson, Chalmers and Michel 

Cervantes, LTU 

Tribology, Machine elements and 

Tribotronics 

Sergei Glavatskih, LTU 

 

SVC is a competence centre for university education and research 

environments within hydro power and mining dams. SVC comprises of two 

knowledge areas: Hydraulic Engineering and Hydro Turbines and Generators, 

respectively. SVC’s budget during 2009-2012 is almost 100 MSEK. 

 

SVC was established by the Swedish Energy Agency, Elforsk and Svenska 

Kraftnät together with Luleå University of Technology, The Royal Institute of 

Technology, Chalmers University of Technology and Uppsala University. 

Participating hydro power companies are: Andritz Hydro, E.ON Vattenkraft 

Sverige, Fortum Generation, Holmen Energi, Jämtkraft, Karlstads Energi, 

Linde Energi, Mälarenergi, Skellefteå Kraft, Sollefteåforsens, Statkraft 

Sverige, Statoil Lubricants, Sweco Infrastructure, Sweco Energuide, SveMin, 

Umeå Energi, Vattenfall Research and Development, Vattenfall Vattenkraft, 

VG Power and WSP.  

 

More information about SVC can be found on www.svc.nu.  

 

Stockholm, 2010-11-19 

  

Cristian Andersson  Sara Sandberg  

Program Manager    

Hydro power   Hydro Power 

Elforsk    Elforsk  
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Summary 
 

 

The market for hydropower re-investments in Sweden is approx 2.5 billion 

SEK/yr the coming decade. Large investments will also be carried out in 

Swedish tailing dams. This will result in challenging projects and need of 

experts.  A crucial factor for a successful management of these challenges is 

the supply of engineers and researchers with hydro power and dam skills and 

knowledge.  

 

Swedish Hydro Power Centre (Svenskt vattenkraftcentrum, SVC) is a 

competence centre for university education and research environments within 

hydro power and mining dams. SVC comprises of two knowledge areas: 

Hydraulic Engineering and Hydro Turbines and Generators, respectively. SVC 

builds high-quality and long term sustainable knowledge at selected 

universities.  

 

The two fields of competence are managed by two steering groups. The 

chairmen of these groups have summed up the work within SVC so far and 

pointed out future challenges: 

 

 The hydraulic engineering related to civil works in hydro is still lagging. 

 There is no immediate need for new activity fields, but a refocusing 

may occur, especially to adapt to trends in needs (e.g. short time 

regulation, environmental effects).  

 It is important with international cooperation and possibility to 

assimilate others research and make knowledge useful for industrial 

partners. 

 An important success factor for SVC will be the capability to effectively 

address problem areas that need system perspectives. Specifically, the 

role of hydro power in the power system with flexible generation and 

ancillary services, and technology related to this is a system related 

issue and need a good host environment. 

 

Here follows a summary of chapter 3-9, each describing trend analysis and 

strategic issues for their respective fields of operation. 

 

 

Hydrology 

Hydrological models for river discharge are important for the estimation of 

design floods for dam spillways and as operational tools in hydropower 

production. However, climate change and changes of watershed management 

will challenge the validity of hydrological models as well as the underlying 

statistical-physical methods used for predicting design floods for dams. 

Regional hydrological analyses indicate that climate change will likely lead to 

significant positive trends in the mean river discharge (~20%) in the north 

part of Sweden. Changes in land use may have even more dramatic impact on 

the statistical distribution of river discharge than climate change, such as 

peak flows. An increased need for hydropower regulation in the power system 
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can lead to substantial drift of short-term statistics in river discharge with 

implications also for prediction of peak discharges.  

 

Two dominating trends in hydrological science stem from insufficient data and 

changes in the hydrological systems, especially due to climate change. The 

data insufficiency concerns both frequency and length of time series as well as 

spatial resolution of monitoring programs. This situation has led to the 

advancement of stochastic hydrology. One can consider stochastic hydrology 

as a relatively “mature” science after several decades of research. However, a 

related, emerging research discipline is the link between data uncertainty and 

the general change of the hydrological systems, which has significant 

implications for adaptation of hydropower to the natural conditions. Physically 

based hydrological modeling is also a relatively mature science. However, 

essential issues still remain due to insufficient data, heterogeneity of 

watersheds and the large number of runoff generating processes of different 

relevance under different flow conditions. 

 

For long-term planning as well as optimizing regular operation it may be 

necessary or economically beneficial to consider  

 

(1) higher precision in hydrological short-term predictions with implications 

both for design floods and short-term regulations and  

(2) coordination of hydropower regulation between several river basins. The 

proposed direction is to transfer the new knowledge to HYPE model 

framework, since this tool is available for the hydropower industry soon and it 

couples the range of different hydrological processes. 

 

 

Embankment dams and erosions 

Embankment dams can be grouped into zoned embankment dams (hydro 

power) and tailings dams (TD) used for storage of industrial processed 

material i.e. tailings. There are a number of similarities between the two main 

types, but also major differences. Tailings dams can have different design in 

different parts of the dam or at different heights since they are constructed 

continuously as the mining or industrial process is ongoing.  The safety aspect 

for the dams differs mainly in terms of the time perspective.  

For embankment dams erosion processes are one of the major deteriorating 

phenomena. Studies show that about 48% of embankment dams fail due to 

overtopping and 46% due to internal erosion. Improving protective measures 

against erosion (surface and internal erosion) of embankment dams is 

essential.  

 

The background to the internal erosion process and the initiation of the 

process is not yet fully understood. No common model exists for the 

development of internal erosion in a granular material subjected to a 

hydraulic gradient. A combination of numerical simulations and laboratory 

tests could give innovative results for the understanding and modeling of 

internal erosion. Methods to investigate and analyze deficiencies in a dam 

body that could initiate internal erosion need further development and could 

be more commonly applied.   
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In order not to endanger whole structures and to maintain high production in 

the hydropower plant, reconstruction or rehabilitation of embankment dams 

become more and more important. Grouting is used to reduce seepage in 

both foundation and dam body. Recently research has been conducted in 

order to find grout material being more flexible than normal cement based 

grouts. This will reduce the risk of internal erosion being initiated along the 

borders of a grouted body.  

 

Instrumentation of dams in order to follow their performance is becoming 

more frequent. Still instrumentation of WRD and tailings dams in Sweden is at 

a low level in international comparison. As the behaviour of the full sized 

structure is difficult to follow, due to lack of instrumentation, the learning 

process of comparison of in-situ measured values with those obtained by 

advanced modeling of the structure cannot be carried out.   

Regarding future development a combination of numerical simulations and 

laboratory tests could give innovative results for the understanding and 

modeling of internal erosion. Evaluation of risk of internal erosion and the 

understanding of the initiation of internal erosion is important. Models and 

methods should be developed in order to improve probabilistic mechanical 

and safety analysis of dam structures.  

 

Other areas for development are material parameters for the use in modern 

numerical analysis tools, deformation analysis of dam structures in relation to 

advanced modeling of dam behavior, methods for sampling and sounding in 

dam structures with minimal disturbance and grouting in dams and 

foundations with flexible grout. Erosion on dam slopes and surface protection, 

geomorphological development of rivers under new regulation strategies, 

protection of dam toe under heavy through flows and analysis of embankment 

dam behavior in cold climate, freezing and thawing effects are also strategic 

areas for further development. Full scale laboratory analysis of embankment 

dam structures for testing of material models and numerical models for 

mechanical analysis is also prioritized. 

 

 

Foundation of embankment and concrete dams  

Due to the need of re-assessments and rebuilding of the Swedish dam 

population, it is natural that the most strategic question is the stability 

evaluation of the dams. Especially since failure of a dam most likely would 

result in large consequences. It is important that the evaluation is performed 

with modern safety concepts such as structural reliability analysis (SRA). The 

concept and methods for SRA is well developed but needs to be implemented 

into geotechnical and dam engineering. This can only be achieved if future 

development is focused on: 

 

 The understanding on how shear strength in the concrete/rock 

interface should be described with respect to spatial variability over 

bonded and unbonded parts.  
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 The understanding on how the shear strength in rock joints and rock 

masses should be described, especially with respect to scale effects 

between laboratory samples and the in-situ large scale.  

 Stipulation of a target safety index/indexes for Swedish dams 

 New guideline based on reliability based methods based on calibration 

against existing Swedish dam. 

In addition to the question regarding the stability assessment of the dams 

there are other questions, not covered by SVC today, which are important in 

order to meet the future demand. These questions mainly concerns:  

 How the durability of the dams is affected by degradation processes 

which may weaken their strength and stability. In particular, this 

concerns the degradation of the grout curtain, the risk of internal 

erosion in zones of weak rock and the erosion in the rock foundation 

downstream the spillways. 

 How measures to strengthening the dams interact with the foundation 

and dam body under varying temperature and/or rock mass 

conditions. 

 How the ageing tunnel population and its support should be supervised 

and analysed.  

A more extensive and systematic research approach is needed on these 

questions. Especially with respect to possible consequences due to a higher 

need of regulation power and to tunnels where swelling clay is present. 

 

Hydraulic design 

The trend analysis covers  

a) Generic problems such as high velocity air-water interaction and transient 

loads related to bottom outlets, cavitation associated with flood discharge 

structures which is a well-known problem, but not well solved. Pulsations 

in the order of 1-10 Hz can cause resonant vibrations in adjacent 

structures. Strong pressure fluctuations in time and space can cause 

integral forces on large rock or concrete structures exposed to heavily 

agitated water. 

 

b) Tools and methods such as mathematical modeling is an area that is 

comparably underdeveloped as a design tool for hydraulic design. Physical 

modeling will most likely remain a needed tool in hydraulic design for the 

foreseeable future. As GPS functionality has improved, Acoustic Doppler 

Current Profilers, ADCP, have become a standard for measurement of flow 

velocities in open water. 

 

c) Associated or composite problems such as floating debris, dam breaching 

seepage in embankment dams, bank erosion, protection and sediment 

transport, hydrology and run-off models, fish migration, river ice, oil-spill 

dispersion and recipient hydraulics and transient flows.  

It is proposed that for the SVC period 2009-2012 the generic problems listed 

above are the focus areas of the research to be conducted. Since hydraulic 
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design is a fairly applied science, tool development should not be the 

dominating part in the research. Instead efforts should lie on the modification, 

adaptation and synthesization of existing tools and methods. Regarding 

associated or composite problems, these areas could be addressed as part of 

a research work, although focus should remain on the core of hydraulic 

design. One exception though is “transient flows”. The reason for highlighting 

this area is the outspoken ambition to stimulate co-operation between the two 

competence areas of SVC, i.e. Hydraulic Engineering and Hydro Turbines and 

Generators. 

 

 

Electro mechanics and rotor dynamics 

There are only a very few groups in the world who are active in the field of 

large synchronous generators. Up until the 21st century, there had basically 

been no research regarding rotor dynamics in relation to hydropower. Most of 

the development work takes place within the companies on the supply side 

which means that knowledge learnt from the operation, failure of machines, 

as well as new ideas, usually stays inside these companies and are not widely 

spread. This is a challenge for researchers in the field.  

The most important issues regarding the future development in the field of 

electromechanical field, on a time scale of 20-50 years, are replacement of 

old equipment in relation to future operational pattern of hydraulic units.  

Electro mechanics and rotor dynamics, being classic fields, means that no 

ground breaking results can be expected on the mathematical description of 

existing machines. On the simulation side, we can still expect things to 

happen. This is also true of coupled problems, i.e., in the intersection between 

different disciplines. 

Examples of such are the combination of electromagnetics and mechanics, 

such as rotor dynamics, or the development of new models for transmission 

grid simulations. Applying new measurement techniques and numerical 

computational tools to study hydropower has resulted in increased 

understanding of different components (fluid, turbine, bearing, generator and 

grid), and their dynamic interaction under changing conditions and demands. 

This has been and is suggested to continue to be in focus for SVCs research. 

In the rotor dynamics field the coupling between the flow and the structure 

(Fluid-Structure-Interaction - FSI) is suggested to be prioritized.   

 

Today many of the problems relate to vibrations, material fatigue and 

electrical insulation materials. It is suggested to utilize the SVC research 

environments to reach out for the innovation aspect of hydropower. New 

materials, power electronics and methods have been developed that could be 

utilized to a larger extent. It is also believed that access to information and 

fast communication could strongly affect how the power stations are operated 

and monitored. This should be a priority in research, as the power stations do 

not make use of the development in electronics that has occurred in the last 

few decades. 

Access to a small scale hydropower plant with focus of some smaller projects 

(and student education) would greatly enhance the innovative side of SVC 

and bring more benefit to the industry as a whole. At a medium scale, 

utilization of the Porjus facility in projects would greatly benefit University 

research and also the industry. 
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Fluid mechanics 

The development of hydraulic turbines generally has a focus on improvements 

of efficiency, availability and reliability. The tools, CFD codes and model tests, 

are quite well developed and validated regarding the basic features needed 

for hydro power design on a regular basis in industry. However, due to a 

change in operation of hydro power there is a need for further developments 

of methods and studies of the flow. 

Water turbines have been designed to operate under steady operating 

conditions, at a high efficiency, for more than a century. The demand rises for 

operation away from best efficiency under non-ideal conditions, where 

secondary flow features arise. Further, the competition between turbine 

manufacturers is very tough, fighting for 0.1% higher efficiency and more 

stable machines than the competitor. This requires appropriate tools to study 

hydropower flow phenomenon as well as to quantify accurately the effects of 

any modification.  

 

SVC should follow the scientific requirement of reproducibility. There is still 

not a fully open test case of a Kaplan turbine that can be used for 

international collaboration without any confidentiality agreements restricting it 

to a small group. Such a validation test case would be of great contribution to 

the global hydro community, and would bring SVC to the front-line. It is also 

very important from a scientific point of view that it is easy to get access to 

the experimental facilities so that it is possible to test new approaches easily 

both numerically and experimentally. Therefore, a larger focus on lab-scale 

activities at all the involved universities is important. Design and utilization of 

a turbine rig for detailed experimental and numerical flow investigations that 

can be made publically available is suggested. 

 

Quantification of any modification made on the prototype is only possible 

through an accurate estimation of the efficiency, which necessitates 

measurement of the flow rate. In Sweden there are mainly low head 

machines, for which this task becomes difficult andrequire continued research 

efforts. A working group on flow measurement composed of the 

manufacturers, producers, consultants and academics should be initiated to 

guide further development(s) on flow measurement technique for low head 

machines. 

 

As measuring the prototype efficiency is difficult it is mostly done in model 

scale.Scale-up formulas are of thus of great importance. Accurate scale-up 

formulas to determine the machine behavior is expected to be even more 

important when the machines are used more frequently at off-design. SVC 

has unique experimental facilities which should be utilized to in this matter.  

 

Impact and improvements related to off-design utilization of turbines is of 

importance. Research is needed to improve the flow field in Kaplan turbine 

draft tube cones,  and mitigating pressure pulsation in Francis turbines at part 

load. This includes better understanding of wall shear stresses, turbulence 

models, boundary layer development, and time-resolved simulations of the 

interactions between all the unsteady features of the flow. Active flow control 
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devices, flow diagnostics devices, and possibilities to introduce a new degree 

of freedom in the system to mitigate vortex breakdown in Francis turbines or 

increase the efficiency of Kaplan turbines should be envisaged. International 

co-operation could be further developed in this field in the future.  

Impact and improvement related to transients, in the sense of start/stop or 

change of operation including the system response (forces, displacements, 

stresses, vibrations and rotordynamics) is desired. 

 

Tribology, machine elements and tribotronics 

Environmental and operational aspects as well as reliability are three reasons 

for moving from old technological solutions such as white metal bearings or 

mineral oil base lubricants to more efficient and modern alternatives. The 

research activities within SVC have been focused on the development of high 

performance sliding bearings/contacts and environmentally adapted 

lubricants. All the ongoing projects are interconnected to achieve the highest 

efficiency. 

The most important strategic questions for the future are as follows 

 Designing dry contacts as a substitute for grease lubricated contacts. 

Polymer composite materials are the best candidates for such 

applications. 

 Investigating polymer composite hydrodynamic bearings to improve 

steady state and dynamic performance. Frictional losses can be 

reduced by 50% and other significant advantages can be obtained with 

compliant bearings. 

 Develop efficient numerical design tools for various tribological and 

mechanical components 

 An oil and grease free hydropower station is an important goal to 

achieve. This requires a broad research program covering tribological, 

mechanical, dynamic and other interconnected issues. Polymer 

nanocomposites are certainly of great interest for applications in water 

lubricated contacts. 

 The importance of the active condition monitoring is evident. The ever 

increasing severity of operating conditions requires more efficient and 

flexible condition monitoring. We suggest implementing tribotronic 

systems. Tribotronics means integrating tribology and electronics. 

 

More research in the areas specified is required in order to meet the goals on 

increased reliability, improved performance characteristics and minimized 

environmental impact. The main challenge is to ensure joint efforts of 

manufacturers, end users and researchers in achieving these goals. It is 

important to maintain a knowledge transfer from academic research to the 

hydropower industry. An excellent possibility is to use the Porjus facility. 
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Sammanfattning 
Marknaden för förnyelser av vattenkraften i Sverige uppskattas till ca 2.5 

miljarder kr/år den närmaste tioårsperioden. Stora investeringar kommer 

också att göras i svenska gruvdammar. Detta innebär nya, spännande 

utvecklingsprojekt och ett behov av specialistkompetens. En framgångsfaktor 

för dessa investeringar är tillgången på kompetenta och duktiga ingenjörer 

och forskare. 

  

Svenskt VattenkraftCentrum(SVC) är ett kompetenscentrum för utbildning 

och forskning inom vattenkraft och gruvdammar. SVC består av två 

kompetensområden: Vattenbyggnad respektive Vattenturbiner och 

generatorer. SVC skapar högkvalitativa och långsiktigt hållbara 

kompetensbärare vid utvalda högskolor. Utmärkande för SVC är den uttalade 

satsningen på seniora forskare. Dessa personer får riktade stöd för att 

koordinera och utveckla de insatser som görs inom respektive 

verksamhetsområde. De seniora forskarna utgör navet i det ”miljöbyggande” 

som karakteriserar SVC. 

 

De två kompetensområdena leds av styrgrupper med var sin ordförande. De 

två ordförandena har i denna rapport lämnat sin syn på SVC och dess 

omvärld: 

 

 Verksamhetsområdet Vattenbyggnadshydraulik relaterat till 

konstruktionsteknik släpar efter 

 Det är inte angeläget med ytterligare ett verksamhetsområde, men 

SVC kan behöva omfokusera för att hantera frågor kring 

korttidsreglering och miljöeffekter. 

 Det är viktigt med internationellt samarbete och möjlighet att 

tillgodogöra sig andras forskning och att nyttiggöra resultat för 

industrin 

 En viktig framgångsfaktor för SVC kommer att vara förmågan att 

hantera problem som kräver systemperspektiv. Specifikt gäller detta 

vattenkraftens roll i kraftsystemet. Dessa systemrelaterade frågor 

behöver hanteras i en bra forskarmiljö. 

 

Nedan följer en sammanfattning av kapitel 3-9, som innehåller en 

omvärldsanalys och författarens syn på vilka strategiska frågor som är viktiga 

för sitt verksamhetsområde. 

 

 

Hydrologi 

 

Förändringar i de hydrologiska systemen (klimat, markanvändning och 

nyttjande av vattnet) påverkar giltigheten för hydrologiska modeller såsom 

underliggande statistiska och fysikaliska metoder som används för att 

bestämma dimensionerande flöden för dammar. Regionala hydrologiska 

analyser indikerar att klimatförändringar troligtvis kommer att leda till ökning 

av vattenflödet i norra Sverige. Förändringar i markanvändning kan ha en 

ännu större påverkan på den statistiska fördelningen av vattenflödet än 

klimatförändringar.  Ett ökat behov av vattenkraftsreglering i kraftsystemet 
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kan leda till en successiv förändring av den statiska variationen i vattenflöden, 

vilket också kommer påverka prognoser av höga flöden. 

 

De dominerande trenderna inom hydrologisk forskning härstammar från 

otillräckliga data och förändringar i de hydrologiska systemen, särskilt på 

grund av klimatförändringar. Bristen på mätdata/observationer gäller såväl 

frekvens, längd på dataserier samt rumslig upplösning av 

övervakningsprogram. Denna situation har lett till utvecklingen av stokastisk 

hydrologi. Man kan betrakta stokastisk hydrologi som relativt mogen 

vetenskap efter flera årtionden av forskning. En angränsande och växande 

forskningsdisciplin är länken mellan osäkerhet i data och den generella 

förändringen av det hydrologiska systemet, vilket har signifikant inverkan på 

anpassningen av vattenkraft till naturliga förhållanden. Fysiska hydrologiska 

modeller är också en relativt mogen vetenskap, men väsentliga frågor 

kvarstår på grund av bristen på data, heterogenitet för vattenförekomster och 

det stora antal avrinningspåverkande processer med olika betydelse vid olika 

flödesförhållanden. 

 

För så väl långtidsplanering som optimering av driften kan det vara 

nödvändigt eller ekonomiskt fördelaktigt att  

 

(1) öka precisionen i de hydrologiska korttidsprognoserna med tanke på både 

dimensionerande flöden och korttidsreglering och  

(2) koordinera vattenkraftregleringen ytterligare mellan magasinen i älven. 

Föreslagen inriktning är att genom SVCs forskning bidra till utvecklingen av 

“HYPE” eftersom detta verktyg kommer att tillgängliggöras för 

vattenkraftindustrin och kopplar ihop flera hydrologiska processer. 

 

 

Fyllningsdammar och erosion  

 

Fyllningsdammar kan delas in i zonerade fyllningsdammar (vattenkraftdamm) 

och gruvdammar (eller dammar för anrikningssand) som används för 

deponering av industriellt processat material. Det finns en mängd likheter 

mellan dessa två typer, men också stora skillnader. Gruvdammar kan ha olika 

design i olika delar av dammen eller på olika höjder eftersom de är 

konstruerade kontinuerligt i takt med den pågående gruvprocessen. 

Säkerhetsaspekten för dammarna skiljer sig med avseende på 

tidsperspektivet.  

 

För fyllningsdammar är erosionsprocessen en av de främsta orsakerna till 

nedbrytning. Studier visar att ca 48% av fyllningsdammarna havererar på 

grund av överströmning och 46% på grund av inre erosion. Att förbättra 

skyddsmetoder mot erosion (ytlig eller inre erosion) är väsentligt.  

 

Processerna för hur inre erosion uppkommer och dess förlopp är ännu inte 

helt klarlagt. Det finns ingen enhetlig modell för utvecklingen av inre erosion i 

granulärt material som är utsatt för hydrauliska gradienter. En kombination 

av numerisk simulering och laboratorietester kan ge innovativa resultat för 

förståelsen och för modellering av inre erosion. Metoder för att undersöka och 
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analysera defekter i en dammkropp som kan initiera inre erosion behöver 

utvecklas och tillämpas i högre grad. 

 

För att inte riskera stora konstruktioner och för att bibehålla hög produktion i 

anläggningen blir det allt viktigare med successiv förnyelse och 

uppgraderingar av fyllningsdammarna. Injektering används för att minska 

läckage i såväl undergrunden som i dammkroppen. Inom ramen för SVC har 

forskning utförts för att hitta injekteringsmaterial som är mer flexibla än 

vanligt cementbaserat bruk. Detta kan minska risken för inre erosion som kan 

initieras längs kanten av en injekterad, stel kropp.  

 

Instrumentering av dammar i syfte att övervaka dess uppförande och funktion 

blir allt vanligare. Men tillämpningen av instrumentering av fyllnings- samt 

gruvdammar i Sverige är fortfarande låg i en internationell jämförelse. 

Avsaknad av instrumentering försvårar möjligheten att följa hur en 

dammkonstruktion beter sig. Detta förhindrar också jämförelse av data från 

fältmätningar med de som simuleringar ger.  

  

Forskningsbehov som identifierats är bland annat: 

 Utvärdering av risker för inre erosion och initiering av inre erosion  

 Modeller och metoder för sannolikhetsbaserad analys av dammar  

 Framtagning av materialparametrar för användning i moderna 

numeriska analysverktyg  

 Deformationsanalyser och avancerade analyser av beteende hos 

dammstrukturer, speciellt i kalla klimat  

 Metoder för sondering och provtagning i dammkroppar med minimal 

påverkan på konstruktionen. oförstörande tillståndskontroll av 

dammkroppar (sampling and sounding). 

 Fortsatt utveckling av injektering med flexibla bruk  

 Erosion på dammslänter och erosionsskydd  

 Påverkan av älvar och älvstränder vid nya regleringsstrategier  

 Utformning av dammtåförstärkning vid genomströmning  

 “Fullskaliga” laboratorietester av fyllningsdammar för tester av 

materialmodeller och numeriska modeller för mekanisk analys 

 

 

Grundläggning av dammar 

  

I samband med säkerhetsanalys och ombyggnation av det svenska 

dammbeståndet är den mest strategiska frågan stabilitetsutvärdering av 

dammarna. Särskilt eftersom ett dammras sannolikt skulle få stora 

konsekvenser. Det är viktigt att utvärderingen utförs med moderna 

säkerhetskoncept såsom “structural reliability analysis” (SRA). Koncept och 

metoder för SRA är välutvecklade men behöver implementeras på 

dammområdet. Detta kan enbart uppnås ifall den framtida utvecklingen 

fokuseras på: 

 

 Förståelse för hur skjuvhållfasthet i ytan mellan betong och berg ska 

beskrivas med avseende på rumslig variation över sådana partier som 

är fast sammanfogade och sådana som inte är det. 
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 Förståelse för hur skjuvhållfastheten i berg och bergsprickor ska 

beskrivas, speciellt med avseende på skaleffekter mellan 

laboratorietester och fullskala.  

 Etablering av säkerhetsindex för svenska dammar  

 Nya riktlinjer baserade på tillförlitlighetsbaserade metoder kalibrerade 

mot befintliga svenska dammar. 

 

Utöver stabilitetsanalys av dammarna finns det ett flertal frågor som inte 

behandlas inom SVC idag, vilka är viktiga att behandla för att möta 

framtidens utmaningar. De främsta frågeställningarna är: 

 

 Hur dammars beständighet påverkas av nedbrytningsprocesser som 

kan försvaga deras stabilitet. I synnerhet gäller detta nedbrytning av 

injekteringsskärm, risken för inre erosion i zoner med svagt berg samt 

erosion i grundläggningen nedströms utskoven.  

 Hur dammförstärkande åtgärder interagerar med grundläggningen och 

dammkroppen under varierande temperaturer och/eller bergmassans 

förhållanden. 

 Hur det åldrande tunnelbeståndet samt dess förstärkning ska 

övervakas och analyseras. 

Ett mer omfattande och systematiskt angreppssätt behövs för att behandla 

dessa frågor på ett bra sätt. Detta gäller inte minst med hänsyn till möjliga 

konsekvenser på grund av ökat behov av reglerkraft samt tunnlar där med 

svällande leror.  

 

 

Vattenbyggnadshydraulik 

 

 Det finns flera generiska problem såsom luftinblandning och transienta 

laster i bottenutskov, kavitation i avbördningsanordningar och 

lågfrekventa pulsationer välbekanta, som är välkända men olösta 

problem. Starka tryckförändringar i tid och rum kan orsaka integrala 

krafter på stora bergs- och betongstrukturer som utsätts för vatten i 

kraftig rörelse.  

 Verktyg och metoder som t.ex matematisk modellering är relativt 

underutvecklade som designverktyg inom hydraulisk design. Fysisk 

modellering kommer med största sannolikhet fortsätta att vara ett 

behövligt verktyg för hydraulisk design i den närmaste framtiden. 

Medan funktionaliteten hos GPS har förbättrats har Acoustic Doppler 

Current profilers, ADCP, blivit standard för hastighetsmätning av flödet 

i öppet vatten. 

 Sammansatta problemställningar såsom drivgods, dammbrottsförlopp i 

fyllningsdammar, skydd och sedimenttransport, hydrologi och 

tillrinningsmodeller, fiskvandring, is, oljeutsläppsspridning, 

älvhydraulik och transienta flöden.  

 

Förslaget är att SVC under perioden 2009-2012 fokuserar på några av de 

generiska problemen. Eftersom vattenbyggnadshydraulik är en ganska 
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tillämpbar vetenskap bör verktygsutveckling inte dominera forskningen. 

Istället ska man lägga kraft på modifiering, anpassning och tillämpning av 

befintliga verktyg och metoder. När det gäller sammansatta problem, kan de 

hanteras som en del av forskningen men fokus bör vara kärnan i 

vattenbyggnadshydrauliken. Ett undantag är “transienta flöden”. Skälet för att 

lyfta fram detta är den uttalade ambitionen att stimulera samverkan mellan 

SVCs båda kompetensområden.  

 

 

Elektromekanik och rotordynamik  

  

Det finns bara ett fåtal grupper i världen som är aktiva inom området stora 

synkrona generatorer. Fram till år 2000 fanns det i stort sett ingen forskning 

om rotordynamik för vattenkraftanläggningar. Större delen av utvecklingen 

sker hos leverantörerna, vilket betyder att kunskap från driften, haverier samt 

nya idéer stannar internt i företagen. Detta är en utmaning för forskare på 

området. De viktigaste elektromekaniska frågorna i tidsskalan 20-30 år rör 

utveckling för att möta framtida behov vad gäller driftsmönster i relation till 

utbyte av gammal utrustning. I den korta tidsskalan handlar 

problemställningarna om vibrationsproblem, materialutmattning och elektrisk 

isolation 

 

Inga banbrytande resultat kan förväntas med avseende på den matematiska 

beskrivningen av befintliga maskiner. Vad gäller simuleringar, kan däremot 

fortsatta framsteg förväntas. Det gäller även “kopplade problem”, t.ex vad 

gäller gränssnittet mellan olika discipliner; Fluid – turbin – lager - generator – 

nät och den dynamiska interaktionen under förändrade förhållanden. På det 

rotordynamiska området föreslås att kopplingen mellan flödet och structuren 

(Fluid-Structure_Interaction – FSI) prioriteras.  

 

Idag rör många problem vibrationer, materialutmattning och elektriska 

isolationsmaterial. Det föreslås att SVC-miljöerna ska användas för att nå ut 

till den innovativa aspekten på vattenkraft. Nya material, kraftelektronik och 

metoder finns som borde kunna utnyttjas i högre grad. Information och 

kommunikationsteknik kan komma att påverka hur vattenkraften nyttjas och 

övervakas. Detta borde prioriteras forskningsmässigt. Tillgång till en mindre 

anläggning med fokus på mindre projekt (och utbildning) skulle förstärka den 

innovativa delen av SVC och öka nyttan för industrin. Utvecklat utnyttjande 

av Porjus-anläggningen skulle gynna såväl forskningen som industrin.  

 

 

Strömningsmekanik 

  

Utvecklingen av vattenturbiner har generellt sett fokus på förbättringar av 

verkningsgrad, tillgänglighet och tillförlitlighet. Verktyg, CFD och 

modellprover, är relativt välutvecklade och validerade vad gäller de 

grundläggande behoven hos industrin. Vattenturbiner har designats för 

stationär drift vid hög verkningsgrad i mer än hundra år.  Kraven ökar på drift 

ifrån bästa verkningsgrad under icke-ideala förhållanden, där 

“sekundärflödesegenskaper” uppstår. Konkurrensen mellan tillverkarna är tuff 

med avseende på verkningsgrader och stabila maskiner. Det kräver lämpliga 
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verktyg för att studera flödesförhållanden och gör kvantifieringar av 

modifieringar.  

 

Vetenskapligt bör SVC inrikta sig på vetenskapligt reproducerbarhet. Det 

saknas fortfarande ett öppet testfall för en Kaplan-turbin som skulle användas 

för internationellt samarbete och utan sekretessavtal. Ett sådant 

valideringsfall skulle vara ett stort bidrag till vattenkraftgrupperingar världen 

över och det skulle föra SVC till frontlinjen. Det är också viktigt att ha god 

tillgång till laborativa resurser, för att kunna testa nya angreppssätt såväl 

numeriskt som experimentellt. Därför är det viktigt att satsa på laborativa 

aktiviteter vid alla inblandade universitet. Design och nyttjande av en 

turbinrigg för detaljerade beräkningsmässiga och experimentella 

flödesundersökningar som kan göras tillgängliga publikt är ett förslag. 

 

Mätning av verkningsgrad på prototyper är svårt att genomföra och därför är 

uppskalning viktigt eftersom olika typer av modifieringar kan kvantifieras väl i 

en modell. Noggrann uppskalning förväntas bli ännu viktigare när maskiner 

allt oftare används utanför bästa verkningsgrad.  SVC har unika 

experimentella förutsättningar som bör tas tillvara i detta avseende. 

 

Flödesmätning i lågfallhöjdsmaskiner kräver fortsatta forskningsinsatser. En 

arbetsgrupp med representanter för tillverkare, ägare konsulter och forskare 

bör initieras för att vägleda fortsatt utveckling.  

 

Påverkan och förbättringar relaterat till körning utanför bästa verkningsgrad 

är viktigt. Forskning behövs för att förbättra minska förluster i Kaplansugrör 

och mildra tryckpulsationer i Francisturbiner vid dellast. Detta innebär ökad 

förståelse för väggskjuvspänning, gränsskiktsmodellering och tidsupplösta 

simuleringar av instationära  flödesförhållanden. “Active flow control devices” 

och utrustning för flödesdiagnostik samt möjligheten att introducera en nya 

“frihetsgrad” i systemet för att åtgärda virvelupplösning i Francis-turbiner 

eller för att öka effektiviteten i Kaplan-turbiner förutspås också vara viktiga 

områden i framtiden.  

 

Påverkan och förbättringar relaterat till transienter i bemärkelsen start/stopp 

eller förändrade driftsförhållanden och systemrespons (krafter, deformationer, 

spänningar, vibrationer och rotordynamik) är också viktiga forskningsfrågor.  

 

 

Tribologi, maskinelement och tribotronik 

  

Miljö, driftaspekter och tillförlitlighet är tre starka motiv för att ersätta gamla 

tekniska lösningar såsom vit metallager och mineraloljor till mer effektiva 

alternativ. Forskningsinsatserna inom SVC har fokuserat på utveckling av 

högpresterande glidlager/ kontakter och miljöanpassade smörjmedel. 

Pågående forskningsprojekt är kopplade till varandra för att uppnå högt 

utbyte.  

 

Utmaningen framgent är att säkerställa gemensamma insatser från 

tillverkare, användare och forskare för att möta målen med förbättrad 

tillförlitlighet och prestanda samt minimal miljöpåverkan. Det är viktigt att 
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säkerställa kunskapsöverföringen mellan akademin och vattenkraftsindustrin. 

En bra möjlighet för detta är Porjusanläggningen.  

 

De strategiskt viktigaste frågorna för framtiden är:  

 Torra kontakter som ersättning för fettsmorda. Polymerkompositer är 

lovande kandidater.  

 Polymerkompositer i hydrodynamiska lager för förbättrad stationär och 

dynamisk prestanda. Förluster kan reduceras med 50% och 

signifikanta fördelar kan uppnås.  

 Utveckla effektiva numeriska designverktyg för tribologiska och 

mekaniska komponenter  

 En olje- och fettfri vattenkraftstation. Det kräver breda 

forskningsinsatser avseende tribologi, mekanik, dynamik och andra 

kopplade frågor.   

 Polymera nanokompositer är av stort intresse för applikationer i 

vattensmorda kontakter.  

 Vikten av aktiv tillståndskontroll är uppenbar. Svårare driftförhållanden 

kräver effektivare och mer flexibel tillståndskontroll. Implementering 

av tribotroniska system föreslås.   
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1 Introduction 

Reinvestments, refurbishments, upgrading and even replacements with new 

hydro power units will continuously be carried out due to aging units and 

changed conditions.  A crucial factor for a successful management of these 

challenges is the supply of engineers with hydro power skills and knowledge. 

Competent engineers and researchers are equally important as new 

knowledge. The experience gathered by engineers outside the universities is 

an important source for further developing of the competence environments.  

 

Factors with impact on managing and renewal of the hydro power plants are: 

 

 Performance as regulating resource in the power system 

 Climate change impacts of water supply 

 Environmental considerations 

 Dam safety 

 

The market for hydropower re-investments in Sweden is approx 2.5 billion 

SEK/yr the coming decade. Large investments will also be carried out in 

Swedish mining dams. This results in challenging projects and need of 

experts. 

 

Swedish Hydro Power Centre (Svenskt vattenkraftcentrum, SVC) is a 

competence centre for university education and research environments within 

hydro power and mining dams. SVC comprises of two knowledge areas: 

Hydraulic Engineering and Hydro Turbines and Generators, respectively.  

 
 

 

 

Figure 1 Organisation chart of SVC 



ELFORSK 
 

2 
 

SVC’s vision is to secure the knowledge and competence supply, of Sweden, 

for an efficient and reliable hydropower production, as an important part of 

the nation’s energy provision, and necessary stabilizing factor in the power 

system, as well as, for ensured dam operation safety. 

 

SVC builds high-quality and long term sustainable knowledge at selected 

universities: Royal Institute of Technology, Luleå University of Technology, 

Chalmers and Uppsala University. What characterises SVC is the pronounced 

strategy to support post doctoral researchers. These experts are each 

responsible for coordinating and developing their fields of competence.  

 

SVC is unique in terms of allocation of resources in the entire chain of 

education: University courses, Master thesis, PhD-students, research school, 

Post doc projects, adjunct professors, experimental activities and seminars. 

The exchange of knowledge between universities, industries and authorities is 

the main thread in SVCs activities. 
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2 Comments from chairmen of the 

steering groups 

SVC is organized in two knowledge areas: Hydraulic Engineering and Hydro 

Turbines and Generators. The chairmen of the two knowledge area steering 

groups give their view on three different areas: 

 

 The specific character of SVC and its core task, as well as technology 

fields that are not addressed elsewhere  

 Do we have right focus in the way forward? Both concerning supported 

research fields and the type of activities. 

 The need of system perspectives  

2.1 Specific character of SVC core task 

2.1.1 Technology fields addressed as SVC responsibilities  

Most large scale Hydropower Projects in Sweden were developed in a few 

decades in the middle of the last century. The situation is similar in many of 

the western hemisphere countries. The intense project development era 

created many innovations that today have become a mature technology.  

Today we are facing an increased number of rehabilitation projects in existing 

plants and dams. The ageing, new demands on environmental adaptation or 

safety, or new functional needs set the demand on rehabilitation projects. It is 

important that there is access to engineers that together understand all 

aspects of hydro. Especially is expected a mix of original and new 

technologies be operatively used in plants, which requires a thorough system 

understanding. 

 

There are some specific characters of a Hydro Project such as;  

 large geometry scale 

 long life span on vital parts and subsystems  

 rapid changes in large energy flow (hydraulic, mechanical and 

electrical) .  

 

These characteristics create a unique problem area not addressed elsewhere. 

Dams in the mining industry have clearly the first two characters and are 

consequently incorporated in the interest of SVC. 

 

SVC prioritizes activity fields creating research environment that are not 

naturally addressed by needs in other non hydro applications. This means that 

e.g. hydrology, which obviously is important for hydro power, is not as 

prioritized as building technology for large dam structures. Specific hydrology 

application aspects for hydropower will still be supported by SVC on project 

basis. 
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It is not an immediate need to include more activity fields than the existing 

ones. On the other side there may be changes in the future focus.  

 

It is important to keep in mind in the discussion of each chosen activity field 

the SVC characteristic perspective. To continue a successful development of 

SVC it is crucial that: 

 The research has to be prioritized within SVC specific core areas.  

 The education has to include a hydro system perspective in many 

technologies and also be able to cover possible missing fields still 

important for hydro.  

 Engineering training situations have to be included at both educational 

level and research level.   

2.1.2 Future Industrial and Society needs 

SVC has a starting point in the Swedish perspective, but it has to be 

recognized that several of the industrial partners acts in many countries. This 

is true both for plant owners, manufacturers and consultants. 

  

The main investments in Swedish hydro power aim for asset management and 

for optimizing operation. Important drivers in these industrial reinvestments 

are:  

 

 Reliable production and plants easy to maintenance  

 Dam safety 

 Environmental consideration 

 Use and development of the capability for balancing and short time 

regulation in the electric power system 

 Climate change with e.g. increasing water resources in some areas  

 

Important drivers for the society are: an increasing share of electric energy 

made from renewable sources, low green house gas emissions and efficient 

use or generation of energy.  

 

Important competence areas for engineers with responsibilities for renewal 

and administration of hydro power facilities are:  

 Hydrology – water supply, reservoirs and regulation 

 Hydraulic design – interaction between hydraulic and design of the 

structures: 

o Hydraulic – for optimizing electricity production and capacity – 

the water ways in the perspective of the river and the power 

plant, the turbine   

o Civil structures – reservoirs, channels, tunnels, intakes, intake 

gates, penstocks, spiral casing, draft tubes, draft tube gates, 

outlets, surge galleries etc.  

o Power units and steering systems – interaction with civil 

structures in the power house and their hydraulic response – 

interaction with the electrical grid and load 
o Fluid mechanics/hydraulics in the turbine unit and the 

surrounding water conduits. 
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o Power unit – turbine and generator – design and optimisation 

for desired performance and techniques for verification of 

performance 

 

SVC addresses both dams in hydro industry and mining industry. Dam safety 

is the dominant driving force in managing dams and requires a special system 

perspective related to potential consequences of dam failure. Important 

competence area to renew and administer dams is: 

 

Hydrology – design flood sequences for the dams in the river system  

 Design, maintenance and supervision of earth and rock fill dams, concrete 

dams, foundation and connections  

 Design of discharge facilities including aspects such as; principal system 

choice, design of spillway, energy dissipater, gates with belonging 

equipment for manoeuvre and control.  

 Steering and supervision of regulation and discharge  

 Tailings dams’ safety in a perspective of thousands of years  

2.1.3 Possible trends 

More and more subsystems will come close to their life span. At a 

reinvestment some vital parts are kept if they are assumed to function for 

some further decades. To have methods and equipment to analyze status, 

risks and life span is essential both in planning reinvestment projects (now 

and in the next generation) as well in planning operational use. This means 

that the engineering focus is more of analyzing function. The design focus will 

still be there, but in many cases directed to find solutions to adapt to existing 

surrounding situation.  

 

The international trend with fewer manufacturers with competence centers 

geographically further away seems to continue. Large project investments in 

China create a base for growth of companies and competence there. SVC may 

have use of exchange of experiences both at research and educational level. 

This is already in place in civil engineering related areas. 

 

It is important that SVC assimilate technology development made 

elsewhere.   

 

The need for balancing and ancillary services in the electrical grid is expected 

to increase due to intermittent energy sources (wind) and efficient electrical 

usage. As hydro is characterized by high flexibility and large energy storage, 

this need will probably create an increased demand on short time regulation 

of hydro systems. 

 

The influence on river system ecology will get continued and intensified 

attention. This creates demands on knowledge and competence in areas like: 

 Effects of short time regulation – fauna and flora, erosion and 

sedimentation, influence on tourism etc. 

 Methods/devices handling fish passages 
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The environmental area will still not start a prioritized activity field within 

SVC, but the aspects have to be covered in many of the existing activity 

fields.  

2.2 Are we doing the right things in the right way?  

An important success factor will be the long time stability of each competence 

node not being solely dependent on SVC. This means that a closely related 

research activity for other needs give each SVC research environment more 

than one base. Note that this is not so much commented in the activity field 

chapters.  

 

International cooperation will be important to develop the research 

environment but also in benchmarking the quality level. The activity fields 

have performed well in this way. 

 

It is important to note that generation of good engineers and 

researchers is a primary requested result from the SVC research 

activities. This means that studying near real applications is crucial, not to 

primarily solve a commercial problem, but instead to get a total view of a 

hydro electric system and how this relates to subsystem studied in the current 

research. 

 

The industrial experiences collected outside universities are an important 

source to enhance the development in the university research. 

 Doctoral students with an industry base are extra valuable and are seen as a 

good way to create relation between research and real applications. 

 

We also note that it is difficult to realize good practicing moment for 

engineers, for example in hydraulic design or construction planning. It is not 

naturally a large part of a university research project.  An idea will be to 

support engineering tasks helping the research, such as construction of test 

rig performing full scale measurements. The industrial engagement is today 

much larger from plant owners than from manufacturers. SVC will gain if 

more manufacturing issues will be involved. 

2.3 System perspectives 

 

There is a need to formulate cross coupling activities based on competence 

areas or applications. An example of the former is hydraulic design (fluid 

engineering) and the resulting forces (mechanical engineering). An example 

of the latter is consequences of sudden stop or other regulation in several 

system parts.  In addition to the necessity to understand some specific 

problems such cross coupling activities may show synergy effects and create 

increased hydro system understanding. 

There is also a need from effectiveness in the performing of research projects. 

For example full scale tests in plants demands resources for careful planning 

why such an opportunity may be used for several purposes at one occasion.  

There may also be synergies in some methodologies and tools, e.g. numerical 

modeling. 
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To handle risk analyzing there is an obvious need of having a complete 

system perspective. One purpose is to compare absolute risk levels in 

different subsystems, another purpose is for understanding complex risks 

when different subsystem affects each other. 

 

A system perspective is also necessary to understand function and 

consequences in the hydro system when used for ancillary services in the 

electrical grid.  

  

An important success factor for SVC will be the capability to 

effectively address problem areas that need system perspectives. This 

is a challenge for researchers in each activity field to widen their scopes, and 

a challenge for industrial partners to encourage and coordinate cross coupling 

activities. 

2.4 Conclusions 

 

We are pleased with the development of SVC so far. However the hydraulic 

engineering related to civil works in hydro is still lagging. 

There is no immediate need for new activity fields, but a refocusing may 

occur, especially to adapt to trends in needs (e.g. short time regulation, 

environmental effects). It is important with international cooperation and 

possibility to assimilate others research and make knowledge useful for 

industrial partners. 

 

An important success factor for SVC will be the capability to effectively 

address problem areas that need system perspectives. 

Specific, the hydro role in the power system with flexible generation and 

ancillary services, and technology related to this is a system related issue but 

need a good host environment 

 

The generation of good engineers and researchers is a primary requested 

result from the SVC research activities. New ideas approaching this task are 

welcome. 
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3 Hydrology 

3.1 Trend analysis 

3.1.1 Political and economical trends of relevance to hydropower  

The Sustainable Development Strategy of the EU indicates a strong political 

ambition to move in the direction of sustainable use of water and energy 

resources (European Commission, 2000; 2009). The energy directives are 

particularly focused on the use of renewable energy forms (European 

Commission, 2009), but the legislation within the energy sector intends to 

promote also energy efficiency, market-based instruments, security of supply, 

etceteras. These ambitions form a prime driver for the expected change of the 

energy market and the recently launched water management plans for 

watersheds (SFS, 2004; NFS, 2008). The change of the energy production 

from fossil based resources to renewable energy forms will put extensive and 

new constraints on the hydropower production and regulation of rivers in 

general. The Royal Swedish Academy of Sciences forecasts that electricity will 

become the major energy carrier in the future because most renewable 

energy forms involve electricity (KVA, 2010). This means that hydropower will 

be an integrated part of the major energy system. Further, hydropower is one 

of the prime energy resources suitable for short-term regulation of the 

electricity production and its new role implies significant demands both on the 

production system as well as the environment. The Swedish Energy Agency 

(sv.: Energimyndigheten) suggests that a national aim should be to introduce 

additionally 30 TWh Wind Power until 2020. 

 

  

Figure 2 The change of the energy production from fossil based resources to 

renewable energy forms will put extensive and new constraints on the 
hydropower production and regulation of rivers in general. (Photos: Wind 
power in Trelleborg and Matfors hydro power plant, www.eon.se) 
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The authority foresees potential problems with the additional need for 

hydropower regulation of the electricity production due to the intermittent 

nature of wind power. An analyses undertaken on the request of Elforsk AB 

indicates that 30 TWh of annual wind power production (and more) can be 

balanced by the existing hydropower production (totally 65 TWh/year), but 

with an increasing spill corresponding to up to 0.4 TWh annually depending on 

limitations in transmission lines (Amelin et al., 2009). In addition to these 

European political trends, the energy market becomes increasingly integrated 

within the European union and improved possibilities to export electricity are 

realized with new power lines. This link between the energy market and 

changing hydrological conditions has been studied in the Nordic Project on 

Climate and Energy (Mo et al., 2006; Fenger, J., 2007). Consequently, there 

are a number of political-economical trends that will enhance the need for 

coordination and optimization of hydropower production, especially with 

regard to availability of electricity on demand.  

 

Runoff models are used to for coordinating production at hydropower plants 

and optimize economy in the same river system, but also for prediction of 

design floods used in structural design and flood mitigation. Ever since the 

Swedish guidelines for design food were published in 1990 (Flödeskommittén, 

1990) design floods are determined by using process based runoff models. 

Consequently, these two main purposes of runoff models in hydropower 

requires that the model can handle predictions of river discharge under a 

range of different conditions. 

3.1.2 Changes in hydrological systems and scientific trends 

Two dominating trends in hydrological science stem from insufficient data and 

changes in the hydrological systems, especially due to climate change. The 

data insufficiency concerns both frequency and length of time series as well as 

spatial resolution of monitoring programmes. This situation has led to the 

advancement of stochastic hydrology, involving sub-disciplines like 1) 

stochastic models in both sub-surface and surface hydrological sciences 

(Dagan, 1989; Rodriguez-Iturbe and Rinaldo, 1997), 2) time series analysis 

and extreme value statistics (Box and Jenkins, 1974; Grimaldi, et al., 2006; 

Fleming et al., 2002; Labat, 2005) as well as 3) calibration-validation 

techniques for hydrological models, such as e.g. the GLUE method (Beven and 

Binley, 1992). These three sub-disciplines still undergo significant advances in 

detailed aspects, but overall one can consider stochastic hydrology as a 

relatively “mature” science after several decades of research. However, a 

related, emerging research discipline is the link between data uncertainty and 

the general change of the hydrological systems, which has significant 

implications for adaptation of hydropower to the natural conditions. Specifillay 

important issues are due to the “non-stationarity” in hydrological data such as 

the mean value, variance and so on.  

 

Hydrological data in Sweden is characterised by relatively long time-series 

(sometimes hundreds of years), but changes in the environment due to land-

use and water regulations introduces problems of data representativity and, 

hence, limitations of calibrated runoff models to account for the 

environmental change. Commonly, there is also lack of data describing the 
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nature of the environmental change due to land use or precipitation. 

Currently, the International Panel on Climate Change (IPCC) indicates that the 

global rise of temperature can be as high as several degrees Celsius in a 

hundred year period depending on scenario (Solomon, et al., 2007). The 

higher energy level of the atmosphere implies increased circulation in the 

hydrological cycle, leading to higher precipitation as well as higher 

evaporation. Regional hydrological analyses indicate that climate change will 

likely lead to significant positive trends in river discharge (~20%) in the north 

part of Sweden (Bergström et al., 2001; Fenger, 2007). Trend analysis of 

existing discharge time series indicates that the mean values in river 

discharge may have increased about 10% already during the 20th century in 

some areas of Sweden (Lindström and Alexandersson, 2004). Trend analyses 

from other parts of the World also indicate that mean river discharge statistics 

is far from being stationary (Jianzhu and Ping, 2007; Vörösmarty et al., 

2000). A recent study suggests that changes in land use may have even more 

dramatic impact on the statistical distribution of river discharge than climate 

change (Wörman et al., 2010). Land use changes also affect the mean values 

of river discharge, since it may affect evapotranspiration significantly 

(Lindström and Alexandersson, 2004). Consequently, both climate change and 

general changes of watershed management will challenge the validity of 

hydrological models as well as the underlying statistical-physical methods 

used for predicting design floods for dams. This problem has, for instance, 

been recognized by ICOLD that recently announced the formation of a new 

technical committee on Global Climate Change and Dams, Reservoirs and the 

Associated Water Resources. 

 

Traditionally, the design floods for dams are determined either based on 

statistical (time-series) analysis of river discharge time series (Chow et al., 

1988) or physically based runoff models (Grayson et al., 1992; Neitsch et al. 

2005; Bergström, 1992; Lindström et al., 1997) that are applied for pre-

defined climatic scenarios (Bergström et al., 1992). Since the beginning of the 

1990s the Swedish approach for estimating design floods for hydropower 

dams utilizes physically based modelling of the runoff generation 

(Flödeskomittén, 1990; Swedenergy, Svenska kraftnät and SveMin, 2007). 

The physically based models can either consider a limited number of control 

volumes of water units, such as a lake or river (Neitsch et al., 2005; 

Bergström 1992; Lindström et al., 2010) or onedimensional flow pathways 

(Snell and Sivapalan, 1994; Rinaldo, et al., 1991; Rodriguez-Iturbe and 

Rinaldo, 1997; Saco and Kumar, 2002). The onedimensional formulation 

allows consideration of hydromechanic equations, like Saint-Venant equations 

for stream flow and Darcy equation for groundwater, i.e. partial differential 

equations that conserve physical entities (Sing, 1997; Bathhurst and Cooley, 

1996). In addition, the physical descriptions of flow pathways and water 

transit times facilitate separation of the hydromechanical problem from the 

water quality problems (Rodriguez-Iturbe and Rinaldo, 1997; Rodriguez-

Iturbe et al., 2009). This can enhance utilization of data and physical support 

of the model statements. Raster-based (pixel based) models can be seen as a 

fully two- or threedimensional representation of the water flow in the 

watershed (Grayson et al., 1995).  
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Similar as for stochastic hydrology, physically based hydrological modeling is 

a relatively mature science with routes in hydromechanics from the 19th and 

20th century. However, essential problems still remain due to insufficient data, 

heterogeneity of watersheds and the large number of runoff generating 

processes of different relevance under different flow conditions. It has been 

particularly pointed out that predictions of design floods are essentially far 

outside calibration intervals and associated with great uncertainties 

(Lindström and Harlin, 1992; Seibert, 2003). Parodi and Ferraris (2004) 

conclude that there are often uncertainties in historical stage-discharge for 

the estimation of annual maximum discharge. 

 

In addition to these general problems of generalising hydrological models to 

high flows, changes in the role of hydropower on the European energy market 

and climate change will cause even further drift of runoff time series and need 

for applying hydrological models under different conditions than before. If 

hydropower is used in a larger degree than today as a regulating source on 

the European energy market this can lead to substantial drift of short-term 

statistics in river discharge with implications also for prediction of peak 

discharges. In addition to this, it is expected that the ongoing climate change 

increase runoff pattern in many parts of Europe and that extreme runoff 

events and droughts are becoming more common. 

3.1.3  Status of research projects at KTH 

The SVC funded research at KTH focus on two areas, firstly, on the use of 

data assimilation for improved modelling of snow cover distribution and 

thawing (melting / runoff) (Gustafsson et al., 2009; Ahlberg et al., 2009) and, 

secondly, on modelling peak discharge by implementing rapid in-stream 

hydraulics in runoff models (Wörman, et al., 2010; Åkesson et al., 2010). The 

relevance of introducing improved physical representation is stressed by the 

findings that runoff time series show significant variation over time (Fig. 3) as 

discussed above and the fact that current runoff models have increasing 

model error with decreasing time period of discharge fluctuations. For 

instance, drainage works in watersheds leads to lesser weight to shorter 

discharge fluctuations than longer, which means that drainage works 

promotes lower peak discharge (for constant precipitation). The drift of 

statistics also implies uncertainties on how to utilise existing records and the 

relevance for future extrapolations.  
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Figure 3 Graph showing the variation during the 20th century in slope of the 
so-called power spectrum of annual discharge time series (Wörman et al., 
2010). The power spectrum separates the parent time series in harmonic 
functions with different period and amplitude. A change in slope of the power 

spectrum implies a change of the weighting between shorter and longer 
periods in the discharge fluctuations. Land-use changes in the watershed 
upstream of Forsmöllan has caused a gradual change in the runoff spectrum 
(more predictable and lower peak discharges) that are far more significant 
than corresponding changes in the precipitation spectrum. 

 

Tentative results indicate that especially peak discharge can be predicted with 

significantly higher precision if the non-linear hydraulic response in the 

network of stream channels is accounted for (Fig. 4). The light blue curve in 

Fig. 4 represents a runoff simulation using the HYPE model with a response 

function for the surface water that is calculated separately based on a hydro-

mechanical routing model and detailed geographical description of the 

watershed stream network. The importance of the in-stream hydraulic 

behaviour will increase with the size of watershed and, hence, the effect of 

the non-linear response functions on the simulated peak discharge can be 

expected to be larger in the major hydropower regulated watersheds in 

Sweden compared to those demonstrated in Fig. 4.  
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Figure 4 Observed and simulated runoff from Heåkra watershed (about 200 
km2) using a conventional representation of in-stream response functions 
(red curve) and a non-linear hydraulic response function (light blue curve) 

(Åkesson et al., 2010). 
 

It has been shown in many studies that the main limitation in modelling the 

snow accumulation and melt are uncertainties in the input meteorological 

forcing data, especially precipitation and temperature distribution in the 

mountain areas where many hydropower reservoirs are located. The choice of 

model structure, for example between the empirical day-degree models where 

snowmelt is calculated using air temperature only, and the energy balance 

models which take into account radiation and turbulent heat exchange 

between snow and atmosphere, is often of less importance compared to 

uncertainty in the input data. Consequently, a lot of research has been 

focused on measurements of the snow cover mass and extent in order to get 

data to correct the model forecast. Today, the availability of distributed snow 

data is rapidly increasing, through remote sensing and ground based 

measurement systems. However, the methods to take these data into account 

in the hydrological models have to be developed further. Especially, there are 

several questions related to what model structure and what data assimilation 

methods that are best suited for utilizing the information in these distributed 

snow data. Previous attempts with for instance the HBV model indicate that it 

is important to have a good representation of the spatial processes in order to 

make use of the distributed data. The research at KTH focus on both the 

measurement techniques (in collaboration with the group in Luleå) and on 

statistically based data assimilation methods which acknowledge uncertainties 

both in the input data, measured snow cover data, and in the snow model 

itself. It has been shown that assimilation of distributed snow data indeed 

improves the simulation of snow melt runoff if the spatial distribution of the 

snow (due to snow drift processes) is acknowledged by the model. The future 

research will focus on the use of various available remote sensing snow 

products (for instance the GlobSnow dataset from Finnish Meteorological 

Institue) and on the potential to transfer the information from the snow data 

assimilation to neighbouring areas.  
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Other related projects on hydraulic-hydrological modelling at KTH include 

large-scale exchange of surface water and groundwater, with importance e.g. 

for long-term water balance and understanding of deep as well as shallow 

groundwater behaviour. The Swedish Radiation Safety Authority and the 

Swedish Research Council fund this research. Other related projects are 

funded by SIDA and concern prediction of floods in semi-arid areas.  

 

The research on short-term peak discharge predictions is performed in 

collaboration with SMHI and the common purpose is to improve algorithms for 

surface water flows and solute elements as support for water quality analyses. 

 

The SVC funded hydrological research at LTU is mainly focused on the 

development of the ground penetrating radar (GPR) technique for 

measurements of snow parameters. It has been shown in previous studies 

that GPR is an excellent method for measurements of snow water equivalent 

in dry snow conditions as long as the density is known. Liquid water in the 

snow cover reduce the velocity of the impulse radar signal, which may lead to 

large overestimation of the snow mass. There are different possibilities to 

estimate both snow density and snow liquid content from the radar signal 

without time-consuming manual reference measurements. The method 

outlined by the LTU and KTH researchers is based on analysis of the 

amplitudes from an array of GPR antennas with different separation distance 

between transmitting and receiving antenna. An alternative that has been 

presented by an US research group is based on analysis of frequency content 

in the radar signal. The current research at LTU has resulted in an empirical 

relationship between the liquid water content in the snow and the attenuation 

of the radar signal, independent of salinity in the snow melt water, which will 

be further used in the suggested method. The further research will focus on 

implementing the method in field conditions and comparison with the 

alternative methods. 

3.2 Future development 

3.2.1 Strategic research issues 

As discussed in section 3.1.1 important political and economical factors for the 

hydropower sector includes the change towards more renewable energy 

sources, the water management plans and the integration of the European 

energy market. This gives rise to new research and development issues 

because of the new role of hydropower as a regulator of the energy 

production. For long-term planning as well as optimizing regular operation it 

may be necessary or economically beneficial to consider 

1. higher precision in hydrological short-term predictions with 

implications both for design floods and short-term regulations 

2. coordination of hydropower regulation between several river basins 
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Figure 5 Coherence spectrum of model prediction vs. data using a generic 
compartment model (HYPE) and daily discharge data from Heåkra watershed 
for a 30-year period. 

 

Fig. 5 shows results of an analysis of how a hydrological (runoff) model 

represents daily runoff data from a minor watershed in south Sweden. The 

coherence spectrum separates the time series on dominating periods 

(frequencies) and shows that long periods of the data can be simulated 

relatively well by the model (coherence is close to 1.0). As the period of the 

discharge variation decreases, so does the model behaviour and for periods 

less than about a week, the reliability of the simulation is relatively poor. The 

underlying processes responsible for those short-term variations in runoff are 

primarily surface runoff (e.g. due to snow melt or Hortonian overland flow) 

and in-stream hydraulic responses. This indicates that hydrological simulation 

models can be significantly improved particularly with respect to those short-

term processes. Short-term predictions are important also for design floods 

and safety of infrastructure, such as the hydropower dam, other infrastructure 

and flood predictions. Such safety issues have great relevance regardless of 

any political and economical trends. A failure of a major embankment 

(rockfill) dam would have tremendous financial implications for society and 

the dam owner. Further, the failure percentage (appr. one in every 100 dam 

year) seems to be constant irrespectively of any technological development. A 

key issue for the safety of embankment dams is to have spillway capacity that 

exceeds peak discharges, and design peak discharges are still highly uncertain 

(one order of magnitude). Currently, KTH develops research on hydrological 

aspects of short-term regulation with support of strategic research funds from 
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the Swedish government (SRA research funds). The motivation is the 

expected change of the energy sector and the new role of hydropower as a 

regulating energy resource. A purpose is to develop knowledge on 

hydrological-hydraulic aspects of river systems of importance for optimizing 

the cost-efficiency of hydropower with account to availability of water and the 

hydrodynamical interaction of water. This hydrodynamical-hydrological 

discipline should be linked with a technical understanding of electricity 

demand variability and constraints due to the grid of electric power 

transmission. Essential issues concern the optimization of a defined set of 

hydropower stations within one or several watersheds from an operational 

perspective as well as the long-term planning perspective. The latter 

perspective includes issues such as national localization of new power plants 

with regard to water availability and electric power transmission constraints 

as well as constraints due to environmental impact. 

3.2.2  Development issues 

Essential development issues concern the implementation of research findings 

on a platform suitable as hydrological operation tool or estimation of the 

design discharge. The proposed direction is to transfer the new knowledge to 

HYPE model framework, since this tool is available for the hydropower 

industry soon and it couples the range of different hydrological processes. 

Hence, in one of the PhD projects at KTH a main purpose is to develop and 

test new algorithms for surface water responses in HYPE. These new 

algorithms should reflect more precisely than before the non-linear 

relationship between stage and discharge, especially under flood conditions. 

This will be important for future estimations of the maximum possible flood 

used for design of spillways and, generally, safety assessments of 

embankment dams. Estimations of design floods will inevitable include 

extrapolations outside calibration intervals for the model and, thus, particular 

needs to provide physical reasons for the prediction. An important part of the 

research programmes at LTU and KTH is the education of engineers and 

scientists that will be professionally active in the scientific community as well 

as industry and authorities. Most doctoral students will continue their 

profession outside the university and this process is facilitated by performing 

the research education within externally funded projects with an involvement 

of different stakeholders. To facilitate this involvement it is important that 

ongoing research projects are linked to development activities within the 

industry. 
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4 Embankment dams and erosion 

3.1 Trend analysis 

Embankment dams are the most common dam type in Sweden and are 

constructed of granular materials. Material can be geological or industrially 

processed materials. Embankment dams can be grouped into two major 

groups: 

 Zoned embankment dams mostly being used as water retention dams 

(WRD). In Sweden the major use is in hydropower applications. 

Internationally important uses are for drinking water storage and 

irrigation in addition to hydropower. 

 Tailings dams (TD) are used for storage of industrial processed 

material i.e. tailings. In Sweden most of the tailings dams are related 

to mining industry and thus located in mining areas. Deposition of 

tailings material is normally done in form of a slurry and design and 

performance of these dams therefore have similarities with WRD:s but 

also major differences. The final cover of the deposit can be based 

upon either a free water surface or upon a relatively thick dry cover. If 

the water cover method is used, then the tailings dam has to function 

as a WRD in many aspects. 

 

There are a number of similarities between the two main types, but also 

major differences. WRD:s are constructed during a relative short time period 

(years) while tailings dams are constructed continuously as the mining or 

industrial process is ongoing (10-30 years or more). Tailings dams therefore 

can have different design in different parts of the dam or at different heights. 

This often reflects the common design practice at the time of construction or 

common design philosophy. In contrast to this, WRD show the same design in 

the whole structure as the dam is designed and constructed within a relatively 

short time period.  

 

Due to site conditions and time of construction the design varies between 

dams. Many dams in Sweden are located in regions with harsh climate and 

thus most of the dams are subjected to winter climate for shorter or longer 

periods of time. In design this is not always taken into consideration. 
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Figure 6 Embankment dam Trängslet in Sweden. Photo: Fortum. 

 

The safety aspect for the dams differs mainly in terms of the time 

perspective. Good safety of a tailings dam is often interpreted as a dam 

having acceptable stability and performance also in the long time phase i.e. 

after the mining activity has come to an end. In this case the performance 

should be good without maintenance in a 103 year perspective. In this aspect 

WRD:s are easier constructions as they normally can be, and are, subjected 

to observations and maintenance during their entire life time. Life time of 

WRD:s are in the range of 102 years.  

 

WRD:s can in principle be removed when there are no need for them any 

more. However, this is very seldom done unless the dams are very small and 

placed in rural areas. This is in contrast to tailings dams which never can be 

removed as society never can accept the release of the stored tailings. 

Potential removal of a WRD involves a number of legal and environmental 

questions which are not dealt with today. One question is whether the 

removal of a dam can be regarded as an environmental impact or not. The 

river is turned back to its original shape, but at the same time people and 

society have been adapted to the water levels resulting from the water level 

in the reservoir. Society might therefore look at it as an environmental 

impact.  

 

The safety of embankment dams is a continuously essential issue and dam 

safety works are carried out continuously. Hugh investment programs, to 

increase dam safety, have been implemented during the last decade in 

Sweden. International statistics regarding the issue is given in Fell et. al. 

(1992), but this information does not take into account effects of dam safety 

works carried out during the last 20 years.  

 

For embankment dams, erosion processes in combination with deterioration 

phenomena of all materials involved, are the major dam deteriorating 

phenomena. Improving protective measures against erosion (surface and 

internal erosion) and better understanding of environmental and technical 

(infra-structural) effects of erosion in watercourses are essential. Studies 



ELFORSK 
 

23 
 

show that about 48% of embankment dams fail due to overtopping and 46% 

due to internal erosion. Available statistics for tailings dams, show that for 

incidents, failure and event driven maintenance, (i) internal erosion 

represents 22 % while (ii) structural deficiencies are the cause for 23 % of 

reported cases (Bjelkevik 2005 and Bjelkevik, 2006).  

 

Overtopping occurs primarily because of imbalance between peak river flow 

(inflow to reservoir) and spillway capacity. Peak or design floods for 

hydropower dams were revised due to the report of the Swedish Flow 

Committee (Flödeskommittén) in 1990. The new design floods and related 

issues have initiated safety action plans for a significant number of 

embankment dams in Sweden. Most of them are still going on (Swedenergy, 

2007). In addition, design floods are continuously revised due to changes in 

hydrological and meteorological conditions, like climate and landscape 

characteristics, as well as the changes in the role of risk perception and 

probabilistic aspects. The regulation of river system can also cause bias of 

data and affect the hydraulic retention. This area is closely related to the area 

lined out in chapter 3. Hydrology. 

 

Design flows for tailings dams differ somewhat from those used in hydropower 

industry, due to the smaller uptake area for a tailings dam than for a typical 

reservoir of a WRD. However, recent studies have shown that the difference 

in uptake area can be corrected for and thus information from Swedish Flow 

Committee can be used also for the design of discharge capacity for tailings 

dams even though some uncertainties still exists and the topic has to be 

analyzed further. 

 

According to governmental plans the Swedish Energy Agency plans for 

introduction of 30 TWh wind power (SOU, 2008). This implies a significantly 

larger proportion of intermittent electricity production and higher demand for 

regulation within hydropower. The new regulation strategies may have 

indirect effects on erosion problems in watercourses and reservoirs. Rapid and 

frequent water surface fluctuations may have implications for erosion 

processes along stream banks (Minarski, 2008, Darby et al., 2007; Rinaldi, et 

al., 2008), especially on high slopes (Armanini and Gregoretti, 2005), as well 

as on the upstream dam face, reservoir shores and river beds (Lenzi, et al., 

2006). Geomorphologic processes can generate increased debris flows with 

technical implications for dam safety. 
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Figur 7 Rapid and frequent water surface fluctuations may have implications 
for erosion processes along stream banks. Photo: Cristian Andersson.  

The two major causes for dam failure is overtopping of the dam crest and 

internal erosion (Foster et al., 2000). These processes are therefore standing 

issues for research. The background to the internal erosion process and the 

initiation of the process is not yet fully understood. A number of studies of the 

process have been performed over the years. To some extent they have been 

carried out in Sweden, but mostly in other countries. Within the framework of 

SVC, studies of the basic phenomena of internal erosion has been performed 

as PhD works (Hellström, 2009 and Jantzer, 2009). The former was studying 

the basic phenomena of internal erosion while the other had a focus on critical 

gradients causing internal erosion. A number of committees and networks 

have been formed in order to understand, study and model the internal 

erosion process. In Europe we have the “European club for internal erosion” 

within ICOLD as an example. Laboratory work is carried out and in parallel to 

this mathematical models are developed and tested. The broad lines of the 

process is known and internal erosion in WRD mainly occur either due to 

cracks (Wan and Fell, 2004), in soil stratifications (Viklander, 1997, Wörman 

and Olafsdottir, 1992; Wörman and Xu, 2001) and piping mechanisms (ICOLD 

working group, 2007). More work is need to be done in order to be able to 

assess the potential for internal erosion in an acceptable way. 

 

Generally, embankment dams with fine grained material on the crest sustain 

only very little overtopping or practically no overtopping, which is clear from 

model exercises of overtopping of the crest (Froehlich, 2008), overtopping of 

the morain core in dams (Wörman and Olafsdottir, 1992) and observations of 

field-scale experiments (Vaskinn, et al., 2004). Consequently, essential 

research issues include erosion protection of the dam slope, possibly on 

localised flow paths (Mattsson et. al., 2008) introduction of fuse plugs (Hardt 
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and Klippenberger, 2006) and erosion protection of the downstream face 

(dam toe) as protection for leakage through the dam.  

 

A key element in WRD:s is the use of filters. The idea is that the filter should 

make it impossible for small grains from the core to move downstream into 

the coarse material and thus create internal erosion in the core. Much work 

has been performed in relation to filter criteria during the years and this 

started with the early work of Terzaghi in the 1930:ies. 

 

Filter criteria are studied as well as internal stability of different material in 

relation to hydraulic gradients. Still, no common model exists for the 

development of internal erosion in a granular material subjected to a 

hydraulic gradient. This is true even though the main phenomenon is basically 

understood. In the case of tailings dams, the need to have a basic 

understanding of the development of the phenomenon is high, as the granular 

material in a tailings dam is subjected to hydraulic gradients during very long 

time periods. Whether it is possible to identify a “critical hydraulic gradient” 

for a given material in order not to get development of internal erosion is not 

fully answered yet. If such a value exists it is likely to believe that a value of 

this type will be time dependent. Work of this type has been carried out within 

SVC (Jantzer, 2009 and Jantzer and Knutsson 2010). Thus, a higher value 

may be used in case of a WRD than for a tailings dam as the life time of a 

WRD is significantly shorter than that of a tailings dam. The risk of clogging of 

filters has also to be looked upon, mainly for tailings dams due to the very 

long time perspective. Such work has to be initiated. 

 

Studies are under way to analyze natural analogies in order to get values of 

critical hydraulic gradients valid for very long time periods of loading with 

hydraulic gradients. Laboratory tests are carried out and theoretical models 

are developed based upon this. The draw back of laboratory tests is the short 

time period possible to observe the development of internal erosion in 

comparison to what is the case in a real construction. This problem has been 

highlighted by SVC (Hellström, 2009). 

 

Laboratory tests are often carried out with very high hydraulic gradients 

acting across the tested sample. High gradients are used in order to make the 

tests faster or in order to get any water through the sample at all. Until 

recently very little attention has been paid to the impact of high hydraulic 

gradients in a tested sample. The transition between laminar and turbulent 

flow in the granular material has to be considered in order to have a proper 

evaluation of the parameters. Within SVC numerical modelling of the flow in 

granular materials has been performed and shows how the transition between 

laminar and turbulent flow influence the evaluation of hydraulic conductivity 

of a sample (Hellström, 2009). It also affects the development of internal 

erosion as the force on the individual grains will change due to the flow 

characteristic. This is possible to study by use of numerical analysis, but today 

this is just possible for very simple grain structures. This does not reflect the 

behaviour of real soil material with varying particle sizes and varying shapes 

of the grains. Also the particle density, friction, type of mineral etc will have 

an impact on how internal erosion can be modelled on a microscopic level.  
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However, it is likely to believe that this type of analysis can give invaluable 

information about initiation and progress of internal erosion in granular 

materials. The numerical analysis should be compared with results from 

laboratory tests. Some tests of this type have already been carried out 

independently from the numerical modelling work. Some detailed laboratory 

work has been performed on internal erosion of smectite rich clays, within the 

application to storage of nuclear waste within the framework of SKB (Pusch 

2009). A combination of the two development lines could give innovative 

results for the understanding and modelling of internal erosion. Advanced X-

ray studies have also been performed to study the change of particle 

structure in percolating water (Hall, 2009). 

 

In order to get results related to the development of internal erosion in big 

structures another concept for numerical modelling has developed in the 

combination between soil mechanics, fluid mechanics and structural 

mechanics. It is based upon modelling the formation of narrow zones with 

highly localised deformation. The development of such localised deformation 

zones might cause significant stress redistribution and strength reduction by 

softening, which can lead to a progressively developing slip line that induce 

failure of the entire soil structure. These bands then acts as initiation of 

internal erosion process. There exist a lot of different strategies for numerical 

modelling of localisation, Tano (2001). If discrete crack formulations are used 

the shear bands are following the boundaries of the elements and a 

remeshing algorithm is necessary, when the stress path is not known in 

advance, in order to be able to get cracks in the proper directions. This makes 

the work time consuming and complicated. If, on the other hand, formulations 

based on element-embedded discontinuities, e.g. the inner softening band 

method described by Tano (2001), remeshing is normally avoided and 

relatively large elements can be used. This strategy seems to be the most 

efficient at the moment and preparatory work has been carried out within SVC 

(Mattsson et. al. 2008). 

 

Internal erosion is primarily initiated due to structural deficiencies arising from 

construction time in combination with external loading of the dam structure. 

External loading might be climatic effects (freezing and thawing), settlements, 

high reservoir levels, often at the first load cycle etc. This type of deficiencies 

can not easily be modelled but have to be analyzed separately. Some of them 

are partly studied in Sweden (Viklander 1997, Jantzer 2004). 

 

Different materials being used for construction behave differently in this 

aspect. Studies  on embankment dams composed of broadly graded glacial 

soils have shown that dams of this type are susceptible to internal erosion, 

perhaps more than dams of other soils types. A filling material subjected to 

internal erosion becomes washed out of fine-grained particles, and depending 

on the mode of initiation, it occurs within the material itself or at an interface 

to another dam zone. Based on the review of more than 90 existing moraine 

core dams, located mainly in Scandinavia but also in North America and 

Australia/New Zealand, the study show that not only filter coarseness needs 

to be reviewed, when assessing potential for surfacing internal erosion. In 

addition also the grading stability of the filter and core material, as well as the 

cross-referencing between these aspects has to be considered. A main result 
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is that internal erosion depends on the nature of the filter material. Filter 

criteria is unreliable to apply on broadly graded materials, because most 

available criteria are based on testing of narrowly graded granular soils and 

separation of the materials during construction. This work has been carried 

out as a licentiate work within SVC (Rönnqvist, 2010). 

 

To investigate and analyze deficiencies in a dam body, different observation 

techniques are used. Geophysical methods are nowadays used to some extent 

in combination with classical observations of surface movements and 

settlements. Temperature measurements are being used for seepage 

identification in combination with automatic and semi automatic veirs.  

 

Sampling and different types of sounding techniques in dam bodies are not 

often used and especially not in the dam core. This makes analysis of 

identified leakage difficult as samples cannot be taken and sounding not 

performed everywhere. Sampling is avoided due to uncertainties of how the 

sampling operation will influence the performance of the dam structure.  

 

As dams are “aging”, different phenomena appear and these are often related 

to increased leakage through the dam body and through the foundation. Sink-

holes might develop and in many situations internal erosion has taken place 

and thus being the major cause of the event. Before reconstruction or 

rehabilitation of a dam starts, it is important to understand the type, 

placement and extent of the deficiencies causing the problem. In order not to 

endanger whole structures and to maintain high production in the plant, 

reconstruction or rehabilitation of embankment dams become more and more 

important. Grouting is used to reduce seepage in both foundation and dam 

body. Grouting technique has developed by intense research in Sweden and 

elsewhere. Research within SVC has been conducted in order to find grout 

material being more flexible than normal cement based grouts. This flexible 

grout material has a stress/strain relationship being more similar to the 

material in the dam core than that of cement based material. This will reduce 

the risk of internal erosion being initiated along the borders of a grouted 

body. Different grouts for injection are also developed, in many cases in close 

relation to rock mechanic/construction research (Lagerlund, 2009) 

 

Methods for reconstruction of embankment dams are under continuous 

development in close cooperation between dam owners, consultancy 

companies, contractors and academia.  

 

In the process of dam safety assessment, dam safety improvements are 

carried out. Different constructions and methods for safety improvements are 

chosen based upon analysis of the dam structure with simple analytical 

methods. In most cases very simple methods for slope safety analysis are 

used, like Morgenstern-Price method or similar slip surface methods for ideal 

elasto-plastic materials. Embankment dam materials are known not to be 

ideal elasto-plastic but still the methods are used, mostly because good 

information of more appropriate material properties are lacking. More 

advanced software is therefore not possible to use and consequently good 

analysis of the dam safety by modern methods are not possible to carry out.  
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This is the situation for both WRD and tailings dams. In WRD geological 

materials are normally used in the central parts of the dam, whereas crushed 

material is mostly used in the support fill. For the geological material a lot of 

experience exists regarding the mechanical behaviour and the simple analysis 

tools can be used for these materials. However, in the overall dam structure 

there are different materials in different places and the combination of 

materials with highly different stress/strain relationships can not easily be 

analyzed from a dam safety point of view with these simple tools. As an 

example, the risk of arching is not possible to evaluate by using the present 

methodology and therefore the risk of internal erosion is difficult to assess in 

dam structures. 

 

For tailings dams the present situation is worse. In this case the dam 

structure is normally constructed by the coarse fraction of the tailings. This is 

a processed material being crushed and milled. The particles are all very 

angular and sharp edged. The mechanical behaviour of this material is not 

well understood today and consequently very simple analytical methods are 

used for the dam design and for the dam safety assessment. Statistical 

variations of different properties are not known and we cannot perform very 

much of statistical analysis of probability for failure. The today methods are 

based on deterministic methods and the determined factor of safety for dam 

slopes is looked upon as a fixed value.  

 

Degradation of particles, mainly tailings, with time is today very little 

assessed. How degradation affects the mechanical properties is not known 

and therefore long term mechanical behaviour cannot be assessed today. This 

of course affects dam stability assessment in long time perspective. If design 

and safety analysis of embankment dams are carried out based upon 

properties related to “fresh” materials, this is likely not to be relevant in a 

long term perspective. Cementation between particles might occur as well as 

degradation and weathering. Crushed particles are angular and subjected to 

degradation and fine grained particles from weathering are likely to fill space 

between coarser particles, thus affecting e.g. strength and hydraulic 

conductivity. Similarities exist with problems related to storage of nuclear 

waste. 

 

Instrumentation of dams in order to follow their performance is becoming 

more frequent in Sweden. Still instrumentation of WRD and tailings dams in 

Sweden is at a low level in international comparison. As the behaviour of the 

full sized structure is difficult to follow, due to lack of instrumentation, the 

learning process of comparison of in-situ measured values with those 

obtained by advanced modelling of the structure cannot be carried out.  To 

get full information from instrumentation in an analysis of a structure it is 

needed to have good simulations of the structure. As the numerical modelling 

cannot be carried out today due to lacking information about material models 

to be used in software, the benefit of the instrumentation decreases. Better 

methods for deformation behaviour of full scale structures and better 

simulations have to be carried out. 
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Figur 8 Instrumentation. (Foto: Pontus Sjödahl, HydroResearch) 

4.1 Future development 

Based upon what has been discussed in previous section the following areas 

for development can be identified: 

 Understanding of the internal erosion process in short and long term 

perspective 

 Modeling of internal erosion by numerical models 

 Evaluation of risk of internal erosion (IE) and the initiation of IE 

 Models and methods for improved mechanical analysis of dam structure.  

 Probabilistic methods for dam safety analysis 

 Material parameters for the use in modern numerical analysis tools.  

o Parameters for materials used in WRD 

o Parameters for materials used in tailings dams 

o Parameters for coarse grained materials in dams 

 Deformation analysis of dam structures in relation to advanced modeling 

of dam behavior 

 Methods for sampling and sounding in dam structures with minimal 

disturbance 

 Grouting in dams and foundations with flexible grout 

 Erosion on dam slopes and surface protection 

 Geomorphologic development of rivers under new regulation strategies 

 Internal erosion and filter problems – mechanical design 

 Protection of dam toe under heavy through flows 

 Probabilistic aspects of internal erosion zones and risk analyses 

 Analysis of embankment dam behavior in cold climate, freezing and 

thawing effects 

 Full scale laboratory analysis of embankment dam structures for testing of 

material models and numerical models for mechanical analysis 

 Use of modern technology for scanning dam structures in order to follow 

deformations, not only in singular points but more continuously. 
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5 Foundation of embankment dams 

and concrete dams 

5.1 Trend analysis 

5.1.1 Introduction  

Most of the hydropower dams in Sweden were built during the 1950´s, 60´s 

and the 70´s. This means that main parts of the Swedish dam population 

have reached ages where processes of degradation can affect the safety of 

the dams. Examples of such processes are leaching of the concrete and 

corrosion of rock bolts. Another example is the degradation of grout curtains, 

which could result in internal erosion and increased uplift pressures under the 

dams. Safety evaluations of existing Swedish dams (SEED) have also shown 

practical difficulties to quantify the available shear strength in the foundation, 

resulting in uncertain levels of safety.  

 

Having these aspects in mind, it is essential that re-evaluations of the safety 

of the dams are performed with modern safety concepts and that the 

knowledge and understanding of the mechanisms that govern the shear 

strength are increased.  

 

At the same time, new guidelines for the calculation of the design flood have 

been issued after the main parts of the dams were built (Swedenergy et al. 

2007). In a relatively near future, changes may also occur in the climate due 

to the global warming that will affect the design flood. Also, the demands 

from society to ensure a sufficient level of safety are high and may increase 

even further in the future. Furthermore, the introduction of wind power will 

influence the regulating power situation in the power system, which will affect 

the running manners of the stations (Dahlbäck 2010). 
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Figure 9 The main part of the Swedish dam population have reached ages 
where processes of degradation can affect the safety of the dams. Photo: 

Cristian Andersson. 

 

In addition to this, questions regarding the durability and the integrity of the 

dam and the foundation are ongoing issues, and their importance will 

probably increase as the dams grow older. Examples of such processes are 

internal erosion in zones of weak rock due to the degradation of the grout 

curtain and erosion of the rock foundation downstream the spillways. Also, 

the stability and maintenance of hydropower tunnels are parts of the 

hydropower stations which are affected by these processes. Changed running 

manners due to the introduction of wind power, with a higher frequency of 

starts and stops, might also affect the durability of the tunnel support, since it 

will be subjected to an increased number of changes in the water pressure. 

5.1.2 Stability analysis 

In Sweden, according to the present guidelines RIDAS, the stability of 

concrete gravity dams and buttress dams have to be checked against 

overturning, sliding and that the concrete or foundation material is not 

crushed. 

 

Overturning is controlled by calculating an overall safety factor defined as the 

ratio between stabilizing and overturning moments. The safety against sliding 

is assessed with a coefficient of friction, μ, defined as the ratio between the 

sum of horizontal and vertical forces along the sliding plane. The calculated 

coefficient of friction should be smaller than an allowable coefficient of 

friction. Crushing of the concrete or the foundation material is checked by 

calculating the stresses with, for example, Navier’s formula. The calculated 

stresses are thereafter compared against allowable stresses for the specific 

material being checked. 
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In practice, the method proposed in RIDAS for sliding stability constitutes a 

rough control in the contact between concrete and rock and in the rock mass 

based on experience. By using a suitable value on the allowable coefficient of 

friction, a nominal safety against failure can be calculated when the dam is 

founded on a rock mass of good quality. However, it has not been clearly 

explained how a rock mass of good quality should be defined. Practice 

appears to have been to make sure that no persistent rock joints appear in 

the foundation with an unfavourable strike and dip. If such joints were 

encountered, lower values on the allowable coefficient of friction have been 

utilized.  

 

Regarding the control of the stability of the dams in other countries, only Italy 

uses a coefficient of friction as in Sweden. Most other countries use a system 

where safety factors are calculated. In these countries, cohesion is also 

allowed to be accounted for. However, when cohesion is accounted for, higher 

values on the allowable safety factor is recommended due to the high 

uncertainties associated with this parameter. Only one other country, China, 

practices a system based on partial coefficients. However, it is unclear to the 

author how these partial coefficients have been calibrated. 

  

In 2009, Eurocode, EN 1990, replaced the BKR which contained construction 

rules regarding geotechnical structures. However, Eurocode does not apply for 

the construction of dams. According to the Eurocode standard, EN 1990:2002, 

design for limit states shall be based on the use of structural and load models 

for relevant limit states. Also, the safety requirements should be achieved by 

the partial factor method. As an alternative, a design directly based on 

probabilistic methods may be used.  

 

Due to the demands of a modern, more exact and nuanced safety concept, 

together with the implementation of Eurocode, a natural development of the 

assessment of the stability of the dams would therefore be a transition into a 

system based on reliability based methods. 

5.1.3 Structural reliability analysis 

Structural reliability analysis (SRA) is a probabilistic method for design and 

assessment of structures. It can also be used for calibration of the partial 

factor design method, e.g. as described in the Eurocode, EN 1990:2004. The 

input to a SRA is a limit state function (LSF) which described the failure mode 

and stochastic distribution of the input variables. The output, among other 

things, is a safety index, β, or a nominal value of the probability of failure. 

The calculated probability of failure can be combined with the associated 

consequences in case of failure, resulting in a measure of the nominal risk. In 

this way, it is well suited for use in the risk management process as 

advocated in e.g. ICOLD (2005). 

 

Three doctoral projects within SVC have used SRA in order to assess, or 

study, the safety of existing Swedish dams; these are Jeppsson (2003), 

Johansson (2009) and Westberg (2010). Both Jeppsson and Johansson used 

SRA to study and compare it against the conventional safety concept with 

safety factors. In these studies, it was concluded that SRA is a suitable 
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methods for the assessment of safety and that it gives a more nuanced 

information of the problem and which parameters that may govern the safety 

against failure. Westberg and Johansson (2010) performed a more 

comprehensive study on SRA, where the probability of failure for the spillway 

structure in Laxede concrete dam was calculated. One of the conclusions were 

that SRA provides an excellent overview of the behaviour of a structure and is 

an effective tool to quantify the probability side of risk for use in the risk 

management process, e.g. to prioritise dam safety measures.  

The field of SRA in the safety of dams are not well developed, but there 

seems to be an increasing attention to this field. Studies that have been 

published in this area are presented in table 1 (From Westberg 2010). 

 
Table 1 Summary of papers on structural reliability (SRA) of concrete dams. Full prob.= overall 
safety index, fragility curve= pf presented as a fragility curve (From Westberg 2010). 

Authors Year 
Rigid 

body 
FE 

Seis-

mic 

Full 

prob. 

Fragility 

curve 
Indata from tests Focus 

Bury & 

Kreuzer 

1985 x  x x  Partly Show method 

Baylosis & 

Bennett 

1989 x  x x  Partly Show method 

Ajaújo & 

Awruch 

1998  x x x  Partly Finite Element analysis and 

show method 

Ellingwood 

& Tekie 

2001 x x x  x Upper & lower bounds, 

uniform dist. 

FE model+fragility, show 

method 

Tekie & 

Ellingwood 

2003 x x x  x Partly, mostly eng. 

judgement 

FE-model+fragility, show 

method 

Jeppsson 2003 x   x  Partly Show the method 

Saouma 2006  x x x  For fracture energy Demonstrate method to FM 

Carvajal et 

al. 

2007 x   x  For flood+ shear strength Show method + develop for 

guideline purpose 

Lupoi & 

Callari 

2009  x x  x Partly Show method and discuss why 

not used more 

Royet et 

al. 

2009 x   x  For flood+ shear strength Show method+develop for 

guideline purpose 

Krüger et 

al. 

2009 x   x  No published data+ dam 

safety review documents 

Show method and discuss why 

not used more 

Altarejos 

et al.  

2009 x   x  Partly Show method and discuss why 

not used more 
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5.2 Future development 

5.2.1 Structural reliability analysis 

The concepts and methods of structural reliability analysis (SRA) are well 

developed and it is not necessary to further develop these methods. Instead, 

it is the application into the field of geotechnical and dam engineering that 

needs to be developed in order to introduce the partial factor method or a 

system directly based on reliability based methods into the stability 

assessments of dams.  

 

As the initial studies of Jeppsson (2003), Johansson (2009) and Westberg 

(2010) have shown, it is necessary to describe the limit state functions and to 

have knowledge of the parameters regarding their probability density 

functions, mean values and standard deviations. In addition to this, it is also 

necessary to have knowledge about their spatial variation in the material 

since this can affect the variance/standard deviation of the parameter. 

Equations describing the limit states are relatively easy to define if the 

problem if simplified. However, in problems where load and resistance are 

dependent on the degree of deformation, it might be necessary to consider 

this. Examples of such problems are sliding in the interface between concrete 

and rock, sliding along rock joints or through the rock mass. Another example 

is the interaction between the reinforcement in tunnels and the rock mass. 

Some initial studies on the subject have been performed by Holmberg and 

Stille (2007 and 2009), where the observational method was implemented. 

5.2.2 Shear strength of the foundation 

Calculation of the safety of dams have shown that it is mainly the parameters 

that governs the shear strength that are of major importance in order to 

accurately describe the probability of failure. In the assessment of the 

probability of failure for the spillway section of Laxede concrete dam, se figure 

4.1, it was recognised by Westberg and Johansson (2010) that several 

practical difficulties have to be solved in order to make a better estimate of 

the probability of failure. Questions which have to be solved or investigated 

further in the future are the expected value and standard deviation of the 

cohesion in the concrete rock interface, the behaviour and extent of cohesion 

in the interface, the location of the normal force in relation to the bonded area 

of the interface, the persistence, strike and dip of horizontal or sub-horizontal 

joints in the foundation and the different mechanical behaviour of a bonded 

and an unbonded contacts. 

 

Of specific importance is the understanding on how the scale affects the shear 

strength of rock joints and the interface between concrete and rock. The 

subject has been studied by several researchers. Today, only empirical 

derived equations are available, and they are associated with large 

uncertainties since it is unclear under which conditions they are valid. A model 

that can be used to predict the behaviour of joints and interfaces at different 

scales and degrees of matedness were proposed by Johansson (2009). 

However, the model needs to be verified with more tests before it can be used 

with confidence. It is therefore important with further research in the area. 
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The scale effect of joints is also coupled to the interaction between grouted 

rock bolts and joints in the rock mass and/or in the interface between 

concrete and rock. It is the dilation angle of joints or interfaces that will 

mobilize the tensile capacity of the bolt. However, in hard rock masses, the 

bolts are sheared off at small relative shear displacements, before the dilation 

angle of the joints might have been mobilized. In other words, if the bolts 

should be accounted for, it might only be the basic friction angle that is 

effective. This question is important when, for example, measures to 

strengthening the dams have to be undertaken. The same question is also 

valid if strengthening is performed with pre-stressed anchor cables, i.e. how 

much friction can be mobilized at the yield stress of the anchor cables. 

Without knowing these questions, the strengthening measures of the dams 

might only be apparent. 

5.2.3 The degradation and integrity of the dam and the foundation 

The degradation of the grout curtains is a problem where the extent is 

unknown. Work by Bodarchuk (2009) has shown that under certain conditions 

in the rock mass, displacements could occur which could damage the grout 

curtain resulting in increased pore pressure and initiation of internal erosion in 

zones of weak rock. However, it is relatively unknown how degradation 

processes affects the durability of the grout curtain and its expected length of 

life. The methods present today to assess the risk of internal erosion in zones 

of weak rock under the dam are also uncertain. Further research is required 

within this area in order to judge the extent of this possible problem and how 

it should be analysed.  

 

Another problem with degradation processes and durability regards the 

concrete in the dam. Even though the problem is not directly linked to the 

foundation, it is linked to the overall stability of the dam since the foundation 

interacts with the overlying structure. 

 

Several of the Swedish dams are subjected to erosion in the rock foundation 

downstream the spillways. With time, such erosion could affect the stability of 

the dam. At the same time, it is expensive to take measures and adjust the 

structure in order to prevent this problem.  

 

In both of these areas, further research is required in order to increase our 

knowledge on these issues and how measures best are performed. 

5.2.4 Hydropower tunnels 

Large amounts of hydropower tunnels belong to the power stations. It is 

important that these tunnels are reliable in service, not causing any 

unplanned hold-up of the power production. At the same time, there has 

occurred several collapses of tunnels, mainly where swelling clay has been 

present. Examples of such collapses are Norrängen (1989) and Gidböle 

(1991). That swelling clay constitute one factor is clear, but other unknown 

factors might exist that affect the stability of these tunnels. Obviously, this is 

a problem with insufficient knowledge, since these collapses occur and 

continue to occur. 
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With an increasing age of the tunnel population and its support it is also 

important to supervise and analyse the condition of the tunnels. In light of the 

tunnel collapses that do occur, it can be questioned if this is the case. In 

addition to this, if the running manner of the stations will change due to a 

higher need of regulation power, the need of more frequent inspections of the 

tunnels might be necessary and it can not be ruled out that tunnel collapses 

will occur more frequently due to an increased number of pressure changes in 

the tunnels. Today, it is unclear what the impact might be on the tunnels and 

its support if the demand on regulation power increase. There is a need for a 

more extensive and systematic research approach on these questions. 

5.2.5 Summary and conclusions 

Due to the need of re-assessments and rebuilding of the Swedish dam 

population, it is natural that the most strategic question concerns the stability 

evaluation of the dams. Especially since failure of a dam would result in large 

consequences. It is important that the evaluation is performed with modern 

safety concepts such as structural reliability analysis (SRA). The concept and 

methods for SRA is well developed but needs to be implemented into 

geotechnical and dam engineering. This can only be achieved if future 

development is focused on: 

 The understanding on how shear strength in the concrete rock 

interface should be described with respect to spatial variability over 

bonded and unbonded parts.  

 The understanding on how the shear strength in rock joints and rock 

masses should be described, especially with respect to scale effects 

between laboratory samples and the in-situ large scale.  

 Stipulation of a target safety index/indexes for Swedish dams 

 New guideline based on reliability based methods based on calibration 

against existing Swedish dam. 

 

In addition to the question regarding the stability assessment of the dams 

there are other questions, not covered by SVC today, which are important in 

order to meet the future demand. These questions mainly concerns:  

 How the durability of the dams is affected by degradation processes 

which may weaken their strength and stability. In particular, this 

concerns the degradation of the grout curtain, the risk of internal 

erosion in zones of weak rock and the erosion in the rock foundation 

downstream the spillways. 

 How measures to strengthening the dams interact with the foundation 

and dam body under varying temperature and/or rock mass 

conditions. 

 How the ageing tunnel population and its support should be supervised 

and analysed. A more extensive and systematic research approach is 

needed on these questions. Especially with respect to possible 

consequences due to a higher need of regulation power and to tunnels 

where swelling clay is present.  
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6 Hydraulic design 

The definition of Hydraulic Design is quite wide. ASCE Task Committee on 

Teaching of Hydraulic Design (ASCE, 2001) gives an implicit definition by 

listing most of the English-spoken literature on the subject. In this 

bibliography a clear emphasize is on the actual mechanical properties of the 

flowing water, “hydraulics”, classified in two groups: Open Channel Hydraulics 

and Closed Conduit Hydraulics. This harmonizes with the focus of “Hydraulic 

Design” in SVC, i.e. the Swedish term “Vattenbyggnadshydraulik” which 

implies emphasize on hydraulic properties. Sometimes the term Hydraulic 

Engineering is used for this area also. 

 

 

Figure 10 Matfors power station. Photo: Cristian Andersson. 

 

Even with this narrowed “hydraulic” definition of Hydraulic Design, the SVC 

objective needs to be further focused with respect to the application of 

hydropower. Similarities with other applications, e.g. irrigation, flood control, 

urban spill and drainage water handling, navigation, etc. should be 

recognized, however not prioritized. Hence, focus should be on non-

pressurized water flows flow in or adjacent to hydraulic structures in 

hydropower. Hereafter, this is the definition of Hydraulic Design used in this 

text. 

 

The most obvious civil engineering hydraulic structures for hydropower are 

spillways. However, other man-made constructions are channels and tunnels 

at inlet (upstream penstock) and or outlet (downstream draft tube) for 

generation, guiding walls, de-sanding facilities, protective measures against 

erosion, ice-loads, debris, designs enablement of logging or navigation (ship 

locks), fish migration devices, etc.      

 

The function of weirs and spillways is to discharge water from the reservoir 

directly past the dam without generating electricity. Designs to accomplish 

this are almost as plentiful as the number of dams. Some general features 

may be recognized though: 

 Inlet region where the reservoir water is accelerated into the spillway. 

This is usually a crest (overflow) or an orifice (submerged) but could 

also be structures such as shafts, siphons, collecting side channels, 

etc. 
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 Regulating devices are usually installed but not always. Examples are 

sluice gates, radial gates and flap gates but also a fuse plug is a type 

of regulating device. 

 In the main part of the spillway the flow is transported, usually loosing 

potential and gaining kinetic energy. Accelerating flows occur if the 

flow is exposed to atmospheric pressure, i.e. free-fall jets, chutes, 

free-flow tunnels, etc. However, there are also cases where 

acceleration is suppressed by dissipating designs such as in stepped 

spillways, fish ladders or pressurized tunnels.  

 At the end of the spillway there is usually a need for some device to 

dissipate excessive kinetic energy. This could be in the form of a 

stilling basin, plunge pool, buckets, impact obstacles, etc.  

Research findings regarding design, performance, empirical relations, etc for 

such different designs are plentiful in the literature. Scientific journals like 

Journal of Hydraulic Research (IAHR), Journal of Hydraulic Engineering 

(ASCE), International Water Power & Dam Construction and Hydropower & 

Dams are good sources for international trends and updated information on 

this topic. To further cite specific studies here is not meaningful. An overview 

of different spillway designs is given in Khatsuria (2005) or Novak et al. 

(2006).  

 
In this area there are of course research potentials for SVC in hydraulic 

design, i.e. findings and problem solving for existing sites. However, as a 

strategy for SVC it is suggested to focus on generic problems or applications 

of hydraulic structures. Also methods and tools to predict or assess the 

hydraulic behavior in such structures are obvious research areas. When site-

specific designs and findings could be incorporated in such research it is an 

obvious success-factor.  

 

Another research area to address is associated or composite processes and 

problems, either not directly influenced by the hydropower constructions or of 

a strong multi-disciplinary or composite nature. Such areas are for instance 

(natural) river hydraulics, erosion, sediment transport, river ice engineering, 

fish migration, recipient hydraulics (dispersion of oil-slicks), floating debris, 

etc. 

 

In the trend analysis below research challenges and potentials are classified 

into these three principal focuses, i.e. generic problems, tools and methods, 

and associated or composite problems. 

6.1 Trend analysis 

To cover all trends in hydraulic design in this analysis is of course impossible. 

However, based on the discussion above the trend analysis focuses on some 

selected topics, grouped in three sub-chapters representing one principal 

focus each.   
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6.1.1 Generic problems 

Bottom outlets 

A review of Swedish bottom outlets were conducted by SWECO on 

commission from SVC (Dath & Mathiesen, 2007). Research issues raised in 

this report are mainly related to high velocity air-water interaction and 

transient loads related to this. Two Ph. D. student projects have been initiated 

in SVC as a consequence of this.  

 

Cavitation in spillway chutes and energy dissipators 

Cavitation, especially associated with flood discharge structures, is a well-

understood problem, but unfortunately not well solved. This is evidenced in 

many dams, some of which are new. 

 

Due to inadequate design, misalignments in joints, roughness elements, 

previous damages, etc. pressure can locally drop below vapor pressure when 

velocities are high enough. This might occur in spillway chutes for instance. 

This process is well documented, see for example Falvey (1990). Recent 

publications are focusing on predicting aeration and aeration methods to 

counter-act cavitation in spillways, see for example Wilhelms & Gulliver 

(2005a, 2005b, 2007). Cavitation can also occur as a consequence of 

fluctuating pressure depressions or vorticity in heavily agitated flow as in 

energy dissipators. One recent publication on this is Güven et al. (2006).  

  

Vibrations of structures 

The energetic eddies of turbulence generated in hydropower designs have 

pulsations in the order of 1-10 Hz. This can cause resonant vibrations in 

adjacent structures such as divide/side walls, slabs, deflectors, gates, etc. 

(Khatsuria, 2005). Damages due to vibrations can be caused by differences in 

dynamic pressures around an object or in combination with under-

pressure/cavitation. Research in this area is mainly focused on site-specific 

problem solving and assessments, see for example Cassidy (1990), Lin et al. 

(2008) and Bakthyar et al. (2007). This area seems to be open for more 

generic assessments, especially regarding tool-development (eddy-resolving 

measurements/modeling and assessments of fluid-structure interaction). 

 

Scour and erosion of rock and concrete slabs 

A similar mechanism that causes vibrations in structures also creates strong 

pressure fluctuations in time and space which can cause integral forces on 

large rock or concrete structures exposed to heavily agitated water. Pressure 

propagation in joints, fractures and fissures can cause heavy scour during 

such conditions. Quite a number of papers have been presented on this topic, 

for instance Pinheiro & Melo (2008a, 2008b, 2009), Melo et al. (2006, 2007), 

and Pei-Qing & Ai-Hua (2007a, 2007b). Erosion and stone block movements 

in fractured rock were previously simulated for Midskog and Ligga under 

extreme spillway discharges (Billstein et al. 2003, Ekström et al. 2007). Rock 

scouring immediately downstream of the spillway can jeopardize the stability 

of spillway and is an issue of concern for many existing dams.  
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6.1.2 Tools and methods 

Mathematical models 

Mathematical modeling is an area that is comparably underdeveloped as a 

design tool for hydraulic design. The reason for this is partly due to the 

inherent complex physics. Typical flows in hydraulic engineering is usually of 

complex two-phase type, the range of fluctuating time and length scales is 

very large, and the solid boundaries are usually very rough, sometimes 

without a spatial scale separation between roughness and geometry.  

 

Following other industrial applications, it seems likely that most research 

challenges are in three-dimensional modeling, i.e. in computational fluid 

dynamics (CFD). Some leading papers that outlines the area of free-surface 

modeling with air-entrainment are Chanson & Gualtieri (2008), Chanson & 

Brattberg (2000), and Brocchini & Peregrine (2001a, 2001b).  

 

New CFD-techniques are also being developed. One interesting is Smooth 

Particle Hydrodynamics (SPH). Recently the Journal of Hydraulic Research 

published an extra issue dedicated to this topic for free-surface flows: edited 

by Gomez-Gesteria et al. (2010). Another urgent area for CFD in Hydraulic 

Engineering is Quality and Trust (Q&T). This area is today established and 

developed in most industrial applications. For Quality general 

recommendations exist, e.g. Casey & Wintergerste (2000) and ASME (2009). 

However, compiled recommendations for hydraulic design applications in 

hydropower are lacking. In Trust SVC already has some validation experience: 

Andersson et al. (2010), Dargahi (2006) and Alavyoon & Rundqvist (1999). 

Further validation tests of CFD for hydraulic design are obviously needed. 

 

For dam safety and cost effectiveness, many of the practical issues, like 

freeboard, safety margins and even the level of confidence, are associated 

with air entrainment and flow unsteadiness. More efforts are needed to 

correctly reproduce these aspects in CFD.  

 

Physical models 

In general, there seem to be consensus that physical modeling will remain a 

needed tool in hydraulic design for the foreseeable future. For many issues 

the quality of existing CFD-models is still too poor and better precision can be 

achieved by physical modeling. Here quality improvements almost always 

pays-off. Designs can be better cost-optimized by reducing construction 

margins, since compensation-needs for uncertainties in the model predictions 

are less.  

 

There are many papers on this, e.g. Paxson et al. (2008). Research in this 

area often focuses on scale-effects (e.g. Chanson & Gualtieri, 2008) and flow 

measurements. The latter topic includes measurements of air concentration 

and cavitation (e.g. Murzyn & Chanson, 2008 and Kim et al., 2010) or surface 

PIV (e.g. Akoz et al., 2009). The Chinese development in experimental 

measurement techniques suitable for physical models is particularly 

interesting to follow, however fairly poorly covered in international journals. 

Here it is also likely to find issues related to ongoing dam projects. 
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Figure 11 Physical modeling in the Älvkarleby laboratory. Photo: Vattenfall 
Research & Development. 

Field measurements 

As GPS functionality has improved, Acoustic Doppler Current Profilers, ADCP, 

have become a standard for measurement of flow velocities in open water 

(Rennie & Rainville, 2006). This is a possible research area since there are 

outstanding questions from a hydraulic perspective, e.g. spatial precision and 

repeatability, momentaneous versus average velocities, spectral analysis (i.e. 

large scale coherent structures versus turbulence), etc. As a tool, this is quite 

interesting from a hydraulic design perspective since actual field conditions 

constitutes the final or “true” hydraulic design behavior (prototype validation). 

Of course, other field measurement research areas also exist.  

6.1.3 Associated or composite problems 

Floating debris 

From a dam safety perspective floating debris during extreme flood situations 

have gained some experience in recent years. Since 2006 there is an DSIG-

project (Dam Safety Interest Group) on floating debris. Part of this project 

involves different scale model testing of debris flow blockage of spillways, 

partly financed by ELFORSK. To the authors knowledge the final report from 

this work has not yet been published. However, the project is in its final stage 

and is expected to constitute a good validation platform for hydraulic 

considerations and modeling of debris flow.  
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Early works in this area are Johansson (1995), Johansson & Cederström 

(1995) and CEATI (2005). An internationally published concept for hydraulic 

modeling of floating debris approaching spillways is Stocksill et al. (2009). 

Model tests have also been conducted in Älvkarleby in connection with certain 

projects (e.g. Laxede and Höljes) and prerequisites for the use of debris 

booms and visors have been examined (Yang, et al., 2009).  

 

For a dam or river catchment, the study of reservoir debris in the context of 

dam safety should start with identification of debris sources and production 

(e.g. type, amount, length and density), which is a complex issue. To study 

countermeasures is of course necessary but comes is a secondary step.  

 

Dam breaching 

Dam breaching is an area bordering between hydraulics and soil-mechanics.  

Several sets of unique data from the large-scale embankment test site at the 

Røssvatn reservoir near Mo i Rana has been documented. These are both 

from dam failure by overtoppning and for internal erosion/piping, see for 

example Höeg et al. (2004). Here validation material for modeling the dam-

breach process may be found. A special issue of the Journal of Hydraulic 

Research (Garcia & Zech, 2007) reports results from the European project 

IMPACT, based on these full scale experiments in Norway.  

 

Hydraulic modeling of dam breaching phenomena today includes sediment 

transport and the morphological evaluation of the process. One of the first to 

perform such dambreak hydraulic modeling was Cao et al. (2004). A state-of-

the-art review on breach modeling was presented by Morris (2008). A recent 

paper by Schmocker & Hager (2009) also outlines the topic. On piping a Ph.D. 

work has been presented within the SVC community: Hellström (2009). 

Research on seepage flow is however primarily within the area of Soil 

Mechanics in SVC.  

 

Seepage in embankment dams 

Seepage and material transport in an embankment is of great concern in dam 

safety (Wörman 1992). A dam should tolerate a design leakage (that is 

turbulent) without loosing stability. Particle transport and toe stability subject 

to turbulent seeping flow are topics that need further understanding and 

Solvik’s method for estimating required stone size for stability, as used in 

RIDAS, should be looked into as compared with other methods (Yang & Løvoll 

2006, Sundqvist & Yang 2007). Like dam breaching above, this area also 

borders to Soil Mechanics in SVC. 

 

Bank erosion, protection and sediment transport 

Spillway channels and canals are often protected against erosion, in form of 

riprap as in most Swedish dams. Though different empirical formulae lead to 

varied results in terms of requisite stone size, the research in the area is not 

of great interest. The procedure is fairly well established. The methods are 

most often based on flow velocity  although reservoir slope protection is only 

based on wave motions with zero velocity.   
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However, one concern of significance is the design of bank erosion 

immediately downstream of stilling basins, where both high flow velocity and 

strong wave motions are dominant. Damages have occurred in many dams, 

as in Stenkulla and Gallejaur (Yang & Cederström 2006).  

 

Sediment transport is not an issue of great concern in Sweden. There are 

some problems in e.g. Klarälven and Siljan, and some power plant as 

Älvkarleby (Yang & Johansson, 2004, Darghai, 2008, and Admass & Dargahi, 

2007). 

 

Hydrology and runoff models 

Hydrology is a research area that borders to hydraulic design. In SVC 

hydrology is one of the competence areas and its trend analysis is made in 

the hydrology chapter. The border lies basically in runoff modeling, to which 

some of the other issues raised here touches. Transients in rivers is of course 

of influence also to hydraulic structures, river ice formation and break-up 

needs the consideration of long river reaches, accurate predictions of runoff 

needs consideration of cross sectional variations in shape, roughness, lateral 

flow, etc., transport of debris and oil-slicks needs to be considered for longer 

distances, etc., etc. At KTH research in runoff modeling is being conducted, 

however mostly considered in the hydrological competence area of SVC. 

Runoff linked to the hydrological HBV-model is one important part of this 

research. Research on the HBV-model is frequently cited. One recent is 

Engeland (2010). 

 

 

Figure 12 Älvkarleby. Photo: Cristian Andersson 

River ice 

Research in this area has decreased to close to zero in Sweden the last ten 

years or so. However, climate change effects in Sweden is expected to worsen 
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the problems with river ice. Research topics in this cover quite a wide range 

and several recent papers can be found. One, outlining the future of river ice 

breakup processes is Beltaos (2007). The “Bible” on River Ice Engineering is 

Ashton (1986). 

Fish migration 

Research on fish migration is gaining increased interest, in Sweden as well as 

internationally. The last decade research publications in this area has 

increased drastically. This is a highly interdisciplinary research field and only 

about 5% of the articles focus on hydraulic design. In Sweden the third period 

of a research program called “Environmental Effects, Measures and Costs in 

presently regulated waters” (translated from Swedish, link: 

www.vattenkraftmiljo.nu) will be ended spring 2010. However, hydraulic 

design is not a significant part of this research. At LTU several studies 

addressing fish migration are and have been performed. Here focus is on 

hydraulic conditions close to the plants and fish attraction, see for example 

Lundström et al. (2010) and Lindmark (2008). From an hydraulic design 

perspective this is more interesting, although fish migration must be 

considered to be periphery to the classical areas of dam safety and 

generation.  

 

Oil-spill dispersion and recipient hydraulics 

A good state-of-the-art paper on oil-slick modeling is ASCE (1996). This area 

is usually classified as Recipient Hydraulics which is relevant to hydropower 

since it addresses the flow in rivers and surface waters. Although some 

aspects of recipient hydraulics is of interest to hydropower, it is not entirely 

central in the field of hydraulic design/engineering. Focus is on mixing, i.e. 

diffusion and dispersion processes. Fisher (1979) is still frequently referenced 

in most general recipient hydraulic applications.  

 

Transient flows 

One interesting aspect for SVC is transient phenomena in hydropower 

generation. This also borders to hydraulic engineering/design as parts of the 

transients are in open or low-pressure tunnels, surge towers and canals. This 

area strongly interacts with other competences, some of which targeted in 

SVC. There are several papers written on this topic, usually taking into 

account the entire system including turbine regulation behavior. Some papers 

that include aspects of hydraulic engineering are Afshar et al. (2009), Nicolet 

et al. (2007) and France (1996). Another research area is to combine detailed 

transient CFD-simulations close to the turbine with 1D-modeling of system 

dynamics of (surges, waterhammer, etc). The damages due to rapid 

transients, either to tunnel lining, surrounding rock or other concrete 

structures, but of course also turbine, spiral case, etc. are topics of practical 

interest. This area bridges to the other leg of SVC: Hydropower Turbines and 

Generators.  

 

http://www.vattenkraftmiljo.nu/
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6.2  Future development 

The direction of Hydraulic Engineering in the 21st century was commented by 

Chanson (2007), who, among other things, is the writer of one of the most 

popular recent text-books in Open Channel Hydraulics (Chanson, 2004). 

During the second half of the 20th century, hydraulic engineering lost “flair” in 

most of the early-developed countries. This was a consequence of a re-focus 

from exploiting to management of available natural water resources. 

Subsequently Chanson raises the question “So is there a need for further 

hydraulic engineering?”. His answer is yes, based on a combination of three 

corner stones: 

 Innovative engineering 

 Research excellence 

 Higher education of quality 

 

This combination also comprises the ambitions of SVC in Hydraulic Design. 

 

The driving force of SVC in hydraulic engineering is to re-establish this 

competence at a sustainable level at LTU and KTH. This is to secure the 

supply of educated Masters skilled in hydraulic design, i.e. the last bullet in 

Chanson’s list above. One key success-factor for this in SVC is to create 

sustainable research environments (the two first bullets). This environment 

should focus on the core of hydraulic design, to ensure a sound base from 

which to teach and address research tasks. As stated in the beginning of this 

chapter the core is “Open Channel Hydraulics and Closed Conduit Hydraulics” 

(ASCE, 2001) and for SVC this should be further limited to address hydraulics 

in or adjacent to hydropower structures.  

 

In the trend analysis above three focuses were addressed. From this structure 

the proposed development of SVC Hydraulic Design is outlined below. 

6.2.1 Generic problems 

In section 5.1.1 above a few generic problems are listed of Swedish and 

international interest. It is proposed that for the SVC period 2009-2012 these 

are the focus areas of the research to be conducted. This of course 

harmonizes with already decided PhD-students (two on bottom outlet) and 

the discussed profile of the third (tunnels and transients). The focus on these 

problems does not exclude other similar applications or problems, as a 

complement in a Ph.D.-work. Likewise, site-specific applications or problem 

solving should be encouraged if it harmonizes with the decided Ph.D.-profile.  

 

This focus on generic problems or applications, reassures that the industrial 

interests are met. However, academic interest also includes requirements on 

uniqueness, excellence and potential for publishing. Therefore the next focus, 

tools and methods, is important to incorporate also since it provides a degree 

of freedom for universities to include state-of-the-art techniques or findings. 
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6.2.2 Tools and methods 

In this focus several clear academic challenges may be found: developing Q&T 

in CFD-modeling of hydraulic design, air-entrainment features, experimental 

techniques and results, etc. This in combination with the focus on generic 

problems above, strong and interesting research tasks can be formulized. 

However, since Hydraulic Design is a fairly applied science, tool development 

should not be the dominating part in the research. Instead efforts should lie 

on the modification, adaptation and synthesization of existing tools and 

methods to specific conditions and demands of hydropower, i.e. “steal with 

pride”. 

 

A clear need in hydraulic design is to improve Q&T in CFD-predictions. This is 

a general need. More specific needs in CFD are to handle air-entrainment, 

free-surface stability, roughness representation, coherent large-scale 

fluctuating structures, etc. In measurement technique there are several 

interesting new techniques (surface-PIV and, surface tracing, air-void 

measurements, etc.) that for sure are interesting for experimental studies in 

SVC (physical models of bottom outlets, tunnels or what SVC decides to focus 

on). A really interesting recent development is ADCP-measurements for field 

measurements. This is already a part of the research being conducted at 

targeted universities (e.g. Andersson et al., 2010), although today outside the 

formal frame of SVC.  

6.2.3 Associated or composite problems 

In section 5.1.3 a number of research areas are listed, not directly influenced 

by the hydropower constructions or of a strong multi-disciplinary or composite 

nature. These, and other similar areas, are of importance to hydropower, 

however somewhat in the outskirts of hydraulic design. It is here suggested 

that these areas could be addressed as part of a research work, although 

focus should remain on the core of hydraulic design. These associated or 

composite problems should only serve as a complement if conditions are 

favorable, i.e. pick “low-hanging fruits” if they are available. After the 

establishment period 2009-2012 for hydraulic design, it is expected that also 

these associated or composite problems could be given full focus in Ph.D.-

projects. Then it is expected that a sufficient size and stability of the research 

environments in hydraulic design is reached. 

 

If one R&D-area should be mentioned explicitly, it would be “Transient flows”. 

This is because there is an outspoken ambition to foster co-operation between 

the two competence areas of SVC, i.e. Hydraulic Engineering and Hydro 

Turbines and Generators. “Transient flows” is a joint research topic of both 

“legs” and initiatives for co-operation have been initiated.  
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7 Electro mechanics and rotor 

dynamics 

7.1 Trend analysis 

The field of electro mechanics is well established and based on fundamental 

principles where the deeper theoretical understanding is well known since a 

long time. Sweden has a long tradition in the manufacturing of hydropower 

equipment, and generators have, since long, been a part of that tradition. 

Later years have seen the formation of larger international companies on the 

manufacturing side of electrical equipment, and smaller market players have 

joined to form larger companies. This, of course, changes the situation for the 

buyers, but all in all, there are still good competence and strong and stable 

suppliers in the Nordic region, and this will most likely continue for the 

nearest future. Further, because the Nordic hydropower was among the first 

in the world to develop larger hydropower projects, the competence on 

refurbishing the now old machines is quite good. One challenge for the 

industry is that no, or very few, new projects appear in this region; the action 

is now in Asia and South America. This cause a problem with competence 

since large scale development is a very good seeding ground for competent 

personnel, and attracts skilled students that want to work in the industry.  

 

 

Figure 13 Generator (www.uu.se) 

 

On the research side, there are only a very few groups in the world who are 

active in the field of large synchronous generators, more effort is placed 

internationally on turbo generators. The problems faced are of a similar 

nature, but the scale of and importance of different phenomena is remarkably 

unlike. One reason for this is the small air gap of the hydropower generators 

compared to the turbo machinery, and their slower rotational speed. Most of 
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the development work on the hydro generator side now takes place within the 

companies on the supply side which means that knowledge learnt from the 

operation, failure of machines, as well as new ideas, usually stays inside these 

companies and are not widely spread. This is a challenge for researchers in 

the field. Therefore, research groups usually have strong ties with companies 

in the supply chain.  

 

Research on hydroelectric generators is not a large field in the research 

community. Among the most prominent research group in the field of large 

synchronous machines that are active in the field are: “Institut für Elektrische 

Energiewandlung” in Darmstadt, Germany http://www.ew.e-technik.tu-

darmstadt.de/cms/index.php with names such as Binder, and Traxler-Samek,   

“Laboratoire de machines électriques” in Lausanne, Switzerland 

http://lme.epfl.ch/ with Simond as head, “Department of Electrical & 

Computer Engineering” in Alberta, Canada 

http://www.engineering.ualberta.ca/ece/res_power.cfm with mainly Knight as 

main researcher. The research carried out by SVC has a much shorter history 

than the research conducted in the above mentioned groups. However, 

considering that SVC only started in 2006 the research group does well, even 

on an international scale.  

  

 

 

Electro mechanics, being such a classic field, means that no ground breaking 

results can be expected on the mathematical description of existing 

synchronous generators. On the simulation side, we can still expect things to 

happen. This is also true of coupled problems, i.e., in the intersection between 

different disciplines, since this is a technical field. A survey of the recent 

research shows that new discoveries and better modelling are mainly seen, 

either in the application of new methods to solve old problems, or where 

different disciplines meet. Examples of such are the combination of 

electromagnetics and mechanics, such as rotor dynamics, or the development 

of new models for transmission grid simulations. The largest developments 

have been in the field of measurement, and in the field of modelling. Applying 

new measurement techniques and numerical computational tools to study 

hydropower has resulted in increased understanding of different components, 

and their interaction. Figur 14 Utilization of modern simulation tools and 

measurement equipment makes it possible to study electro mechanics in 

http://www.ew.e-technik.tu-darmstadt.de/cms/index.php
http://www.ew.e-technik.tu-darmstadt.de/cms/index.php
http://lme.epfl.ch/
http://www.engineering.ualberta.ca/ece/res_power.cfm
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more detail. The figure shows two examples applied to synchronous 

generators.  

The largest development in the recent decades in electro mechanics has been 

on power electronics. The introduction of power semiconductors on a larger 

scale has made DC-links and FACTS/STATCOM readily available technologies. 

Power electronics is a wide area, and technologies developed could get a 

wider spread in the somewhat conservative hydropower industry. There have 

also been developments in new materials. For example, superconductors can 

find application niche products like circuit breakers.  

7.1.1 Rotordynamics 

Rotating machinery are important in many different industries in our society. 

Some examples are electrical power production, gasturbines, aircraft engines, 

process machines in heavy industry, fans, pumps and ship engines, which are 

only a few of the applications in which rotating machinery has a central role. 

The designs of many rotating machines are now fifty to hundred years old; 

however, the demands of these units are continuously changing. Hence, it is 

important to work with product development and research in the area of 

rotating machinery. 

 

Dynamics of rotating machinery, rotordynamics, is normally considered as a 

separate area within structural dynamics. The two major differences are that 

the eigenfrequencies depends on the whirling speed due to the gyroscopic 

effect and that the direction of the vibrations is important for determining 

forward and backward whirl. The research on rotating machines started with 

Rankine's paper on whirling motions of a rotor in 1869 where he incorrectly 

concluded that a rotating machine will never be able to operate above the first 

critical speed. De Laval showed around 1900 that it is possible to operate 

above the critical speed, with his one-stage steam turbine. Jeffcott derived 

1919 the theory which shows that it is possible for rotating machines to 

exceed the critical speeds. De Laval's and Jeffcott's names are still associated 

with the simplified fundamental rotor model with the disc in the middle of the 

shaft. In 1918, the influence of gyroscopic effects was presented by Stodola. 

Green continued the work with gyroscopic effect in 1948 with his four degrees 

of freedom overhung rotor. Bishop started the research of continuous rotors 

in 1959. Booker and Ruhl where the first to use finite element method in the 

area of rotor dynamics 1972. Nelson and McVaugh generalised this model 

1976 by also include gyroscopic moment, rotating inertia and axial force.  

 

Since these fundamental rotordynamic theories were created, and up until 

modern times, extensive research has been conducted aimed at further 

developing these theories as well as developing theories about how 

interconnections such as bearings, generators and turbines impact on the 

systems’ dynamic properties. However, this research has been focused 

primarily on steam and gas turbines. NASA, the aviation industry and nuclear 

power have all been driving forces behind this research. The rotors in these 

systems are generally relatively slender and rotate supercritically. Most of 

these systems are also horizontal, the shaft has a high peripheral speed in the 

bearings, and the bearings have a different design from those used within 

hydropower. In other words, these systems incorporate clear differences 
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compared to hydropower. Up until the start of the 21st century, there had 

basically been no research regarding rotordynamics in relation to hydropower. 

 

Since 1945 several strong research groups has been developed around the 

world. Today, two examples of strong groups are; 

Texas A&M University, USA, (Prof. Dara Childs [9], Dr. John Vance [10] and 

Dr. Luis San Andres). http://www.mengr.tamu.edu/research/research.html  

and Technische Universität Darmstadt, Germany. (Prof H. Ecker, Prof H. 

Irretier, Prof R. Markert and Prof R. Nordmann). 

http://www.ims.tu-darmstadt.de/forschung_9/ 

allgemeinermaschinenbau/einfhrung_4/allgemeines_3.de.jsp  

Their research, like that of most others, has focused on bearings for 

horizontal gas turbines, steam turbines and compressors. 

7.2 Future development 

7.2.1 Electro mechanics 

When discussing the future development and analysing the situation for the 

existing hydropower portfolio you have to take into account transmission and 

consumption of electric energy, since this is believed to have a major impact 

on the future development. Our view is that the two most important technical 

issues regarding the future development in the electromechanical field, on a 

time scale of 20-50 years, are:  

1. Replacement of old equipment and the operational pattern of hydraulic 

units in the future.  

2. The fact that the future role for hydropower is unclear, i.e., is it to be 

used as an energy reserve, or more like a power reserve [11], and the 

development of new grid solutions.  

The impact these questions has on the electro mechanic equipment decides 

the design, and thereby, the direction the development will take in the near 

future. In this field the research will have to be in the front line.  

 

SVC has now established a sound competence basis on the partaking 

Universities. It would be good to now utilise these strong research 

environments to reach out for the innovation aspect of hydropower. The 

hydropower power plants have been virtually unchanged for the last few 

decades, and new materials and methods have been developed that could be 

utilised to a larger extent. Access to a small scale hydropower plant with focus 

of some smaller projects (and student education) would greatly enhance the 

innovative side of SVC and bring more benefit to the industry as a whole. At a 

medium scale, utilisation of the Porjus facility in projects would greatly benefit 

University research and also the industry.  

 

Since SVC is a educational program, the link between the University and the 

industry should be strong. We would like to see more collaboration (in terms 

of master thesis projects for instance) that is a operated in conjunction 

between Universities and Industry.  

http://www.mengr.tamu.edu/research/research.html
http://www.ims.tu-darmstadt.de/forschung_9/allgemeinermaschinenbau/einfhrung_4/allgemeines_3.de.jsp
http://www.ims.tu-darmstadt.de/forschung_9/allgemeinermaschinenbau/einfhrung_4/allgemeines_3.de.jsp
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In the field of electro mechanics many of the problems arise due to vibrations 

and material fatigue. On the generator side we see that many questions relate 

to the electrical insulation material.  

Therefore on the material side, maybe more could be done by the industry, 

and SVC, to make use of new products and more specialized materials, for 

example in the generator insulation [12].  

 

New products have been discussed within SVC, and it seems that introduction 

of power electronics could have a bigger impact in the design of hydropower 

units. At present there are plans to develop new products that make use of 

the recent developments in materials technology and power electronics; this 

could be encouraged by SVC. Internationally there is also an interest in 

developing conceptually different machines, e.g., superconducting generators.  

 

The development in communication technology in the past decade has been 

substantial. Smart grids is a hot topic in transmission, distribution and local 

production. It is believed that access to information and fast communication 

could strongly affect how the power stations are operated and monitored. This 

should be a priority in research, as the power stations do not make use of the 

development in electronics that has occurred in the last few decades, and a 

system change is on the horizon.  

 

It has been noted that participation in failure investigations and breakdowns 

represents good opportunities for seniors and students. Means and a structure 

for this could be initiated by SVC, the University could partake as a neutral 

partner in these investigations.  

7.2.2 Rotordynamics 

During 2009 a symposium was initiated by IUTAM1 to evaluate the future 

trends in rotordynamics. It has been noted that many of the researchers are 

old and the field is decreasing in several countries. Old professors are today 

replaced by other research fields where the universities expect to get more 

funds. Therefore it is expected that within ten years only 10% of the old 

research groups will be working in the field. There are however exceptions. In 

developing countries like India and China there is today a growth in the field 

of rotordynamics. From the IUTAM symposium it was concluded that main 

topics for the future are  

- Multi-physics in rotordynamics, e.g.  interaction of the rotor with 

electromagnetic field and fluid. 

- Control systems to design the dynamics of rotating systems, e.g. 

electromagnetic bearings. 

- Design of maintenance by rotordynamic simulation and measurements. 

 

During the period 2001–2009, LTU has been working with rotordynamics of 

Hydropower rotors. Areas covered are electromagnetic interaction generator, 

rotor bearing interaction, measuring techniques, rotor modelling and fluid 

rotor interaction. Most of the research has been focused on electromagnetic 

                                           
1 International Union of Theoretical and Applied Mechanics (IUTAM) 



ELFORSK 
 

62 
 

interaction and modelling of hydropower rotors. The area of fluid rotor 

interaction is still undeveloped and there is a need for more research in order 

to evaluate the influence on the dynamics. Most of the rotordynamics 

performed so far are basic modelling in order to understand how to model the 

rotor and its interaction with bearings, fluid and electromagnetic forces. By 

understanding these interactions, more detailed analysis can be performed in 

order to simulate transient loading such as startup and different operating 

conditions. From transient analysis it will be possible to optimize start ups for 

minimal wear or to evaluate the cost of different operating conditions. 

Another area of interest is nonlinear dynamics. There are several sources of 

nonlinearity in hydropower units e.g. turbine contact, misalignments, fluid 

forces and electromagnetic forces. Understanding these nonlinearities makes 

it possible to run the turbine more safely. For the hydropower industry the 

results from the rotor dynamic research will therefore result in a more 

effective use of the hydropower units. 

 

Suggested future developments are 

- Fluid interaction: Evaluate the influence on inertia, damping and 

stiffness during different operating conditions.  

- Rotor models: 3D models of the rotor and support structures. 

- Electromagnetic interaction, modelling of torsional vibrations when 

generator and grid are including. 

- Nonlinear dynamics: Evaluation of turbine contact nonlinear interaction 

in bearings, fluid and electromagnetic field. 

- Transient vibrations: When interactions are understood the transient 

behaviour can be simulated for the system to predict absolute 

vibrations during different operating conditions. 
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8 Fluid mechanics 

The area of fluid mechanics within SVC is divided in two sub-areas, numerical 

and experimental, with one responsible senior scientist in each area, and 

synergies through common projects. The analysis made in sections 8.1 and 

8.2 is preceded with a short general description of trends and future 

developments in fluid mechanics in hydropower. This introduces the reader to 

the main flow features that are commonly studied experimentally and/or 

numerically in the literature. Those sections are followed by detailed 

discussions on trends and future developments in experimental and numerical 

fluid mechanics in the field of hydropower, i.e., the areas of research within 

fluid mechanics in SVC. 

 

The development of hydraulic turbines generally has a focus on improvements 

of efficiency, availability and reliability. Fluid mechanics of course plays a 

great role in this work, since the flowing water is the source of the power that 

is delivered, but also the source of the main problems with the machines. A 

better understanding of the different fluid flow phenomena arising in such 

machines is therefore necessary, both for increasing the efficiency, and to 

increase the availability and reliability of the machines. Some of the most 

important flow features will be briefly described in the following. Since Kaplan 

and Francis turbines are in use at most Swedish hydro power plants, they are 

the focus here. Kaplan turbines are of axial type, while Francis turbines are of 

radial-axial type. 

 

 

Water turbines have been 

designed to operate 

under steady operating 

conditions, at a high 

efficiency, for more than 

a century. The Euler 

turbine equations give a 

very good description of 

the flow under ideal 

conditions. However, as 

the electric market has 

been deregulated the 

water turbines must now 

run under non-ideal 

conditions, where 

secondary flow features 

arise, which cannot be 

captured by the Euler 

turbine equations. 

Further, the competition between turbine manufacturers is very tough, 

fighting for 0.1% higher efficiency, and more stable and silent machines than 

the competitor. This all requires new research on the flow in water turbines, 

Figure 15 Photo: Cristian Andersson. 
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and development of experimental and numerical methods to investigate and 

predict the flow with high accuracy both in time and space. 

 

A general feature of the flow in hydraulic turbines is the large Reynolds 

number, yielding a turbulent flow and very thin boundary layers. This gives 

flow features that are extremely small both in time and space. Together with 

the large dimensions of water turbines, the scale span is very large. Although 

the turbulent eddies in the boundary layers are very small, together with the 

length of the water passages and complicated geometry, they yield a 

continuously developing and changing flow with secondary flow features. Fine-

tuning of the geometry is necessary to avoid separation and large 

recirculation zones compromising the efficiency of the machines and even its 

integrity due to unsteady separation: the optimum being just before 

separation. Such tuning should be considered with other flow phenomena 

present in the machines influencing boundary layer development. During the 

years, many different attempts have been done to control the flow using 

passive geometrical shapes, or actively adding air or water to reduce the 

effect of the dangerous flow features. There is often a quite large cost 

involved in such devices, in the form of reduced efficiency, so most of those 

devices are not used. Some recent work has been focusing on new methods 

that with a small input may influence the flow to a large extent [1,2]. Looking 

outside the water turbine field, much research has been done on active flow 

control, both experimentally and numerically. The general concept is that 

problems with the global flow features, such as large-scale separation, can be 

reduced by making small manipulations of the flow in the upstream boundary 

layers. However, in order to be able to know how to do this it is necessary to 

develop detailed experimental and numerical techniques in order to have full 

control of those manipulations. 

  

 

Figur 16 Älvkarlebyfallen i Dalälven. Photo: Vattenfall. 

 

Turbulence, discussed above, describes the “random” unsteady small-scale 

motion of the fluid. Besides turbulence, the flow in water turbines is highly 

unsteady due to the rotating runner blades. Blade-wakes disturb the 

boundary layers downstream the runner and influence the losses while stay 



ELFORSK 
 

66 
 

and guide vanes perturb the runner blade boundary layers. Furthermore, the 

interaction between the flow in the different parts of the water turbine yields 

pressure waves that propagate both upstream and downstream. All these 

unsteady flow features are on a much larger scale than the turbulence in the 

boundary layers. It is not reasonable that any turbulence model should be 

able to take into account the effect of travelling wakes. Both experimental and 

numerical methods need to be developed to be able to study these effects to 

a high accuracy in a large geometry where it is difficult to control the global 

boundary conditions. Some work has been done (e.g. the HYDRODYNA project 

[3]), both experimentally and numerically in this field, but the resolution has 

yet been too low. Much more work on this topic can be found in the gas 

turbine field. 

 

Looking at flow features that occur at even larger scales in time and space, 

the largest scale is determined by the size of the geometry: hydraulic 

diameter. One example of this is the flow leaving the runner, which still has a 

large vortex covering the entire cross-section of the inlet to the draft tube. 

The total swirl and the velocity distribution in the vortex may influence the 

large-scale flow in the draft tube to a very large extent. This is characteristic 

of Francis turbine at part load where vortex breakdown occurs. Such 

phenomenon limits the use of Francis turbines at part load due to large 

pressure pulsations. In Kaplan turbines the pulsations are smaller, but may 

influence the performance of the draft tube that is very important in low-head 

machines. Quite a lot of research has been done on this topic, and both the 

experimental and numerical methods are now able to resolve such flow 

features (e.g. the FLINDT project [4], work in Timisoara [5] and Stuttgart [6], 

and SVC [7,8]). However, more research is needed in order to find ways to 

manipulate the flow to reduce the effects of the vortex after the runner. 

Another example of a large-scale flow feature is the flow separation in curved 

pipes, such as the inlet pipe of the U9 turbine [9]. At the turbine runner 

design stage, the pipe system is not taken into account although that system 

states the boundary conditions of the central parts of the power plant. The 

pipe system itself is the largest scale in a hydro power plant, in which it is 

very expensive to apply detailed experimental and numerical methods. On the 

numerical side, the equations are reduced to 1D [10], and the details of the 

turbulence and large-scale secondary flow must then be included as models. 

 

Another phenomenon generally arising in the low-pressure region below the 

runner is cavitation, i.e., vaporisation of water. It may also be present in 

other region of the machine where very large velocity arises. The extent of 

cavitation may in certain cases influence the large-scale flow and therefore 

the efficiency. As cavitation may erode the material, it may also influence the 

reliability and availability of the machine. Some work on this topic can be 

found in hydraulic turbine related journals and conferences, but much more 

can be found in the ship hydro field [11]. Similar to turbulence, cavitation can 

be studied at different scales. For effects on the efficiency, it has been shown 

that it is quite sufficient to predict the effective flow path change, which can 

be viewed as a modification of the geometry. As long as the cavity is 

reasonably steady it doesn't have any effects on erosion, pulsation, and noise. 

This has been known and used by the turbine manufacturers for decades. 

Such cavities can quite easily be studied both experimentally, and numerically 
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(using mixture models). When it comes to unsteady cavities they appear in 

many shapes. Some are problematic in terms of erosion, pulsation and noise, 

and some are not. Lots of work has been done in order to categorize this kind 

of cavitating flow experimentally (e.g. EROCAV [12]), and numerical methods 

employing the Volume Of Fluid (VOF) method with an appropriate mass 

transfer model seem to capture the global features of the flow quite well [13]. 

This field has however just scratched the surface of the complexity of 

cavitating flow, and all studies are qualitatively describing flow features rather 

than quantitatively describing the details. The erosive process of cavitation 

and the high-frequency noise arise due to implosion of cavitation bubbles. 

This process is extremely difficult to study experimentally, even in lab scale, 

and numerical methods must resolve everything in the vicinity of a single 

bubble or rely on bubble dynamic models such as the Reyleigh-Plesset 

equation [14]. 

 

The coupling between the flow and the structure (Fluid-Structure-Interaction - 

FSI) has been studied to some extent in the hydro turbine field.  In such 

studies, the flow is generally unsteady and excites motion of the structure at 

a given frequency which may in turn influence the flow. On the structure side 

this may lead to fatigue of the material, which has been reported for stay 

vanes, guide vanes, and runner blades. In the worst case, the 

eigenfrequencies of the structures may be triggered by the flow, yielding e.g. 

vibration of the runner blades. The runner may end up wobbling, yielding an 

unknown influence on the flow that needs further research. 

 

The above-mentioned flow phenomena involve a large variety of length and 

time scales.   They may be studied with advanced numerical and experimental 

tools, which trends and expected future developments are described in the 

following.  

8.1 Trend analysis 

8.1.1 Trend analysis of experimental fluid mechanics 

The following lines handle only experimental fluid mechanics associated to the 

study of Kaplan and Francis turbines. 

 

Actual hydropower turbines are the result of more than a century of 

development. Until the beginning of the 80th, development was mainly 

experimental through model test and thereafter has been combined with 

Computational Fluid Dynamics (CFD). CFD is becoming increasingly popular 

for design purpose as computer capacity and turbulence models are 

developing. However, CFD accuracy is still unsatisfactory to replace 

experimental model investigation and should be seen as a powerful 

complement.  

 

The main experimental rigs available to investigate Kaplan and Francis flows 

and further develop hydropower turbines are full-scale machine or prototype, 

model test rig and generic test rig. Full-scale machine is defined as a machine 

with a power of 10 MW or more producing electricity delivered to the grid. A 
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model test rig is a model geometrically similar to an existing prototype with a 

runner diameter varying from 0.3 to 0.5 m. Prototype design is the result of 

model test. Prototype efficiency is obtained from model efficiency with the 

help of scale-up formula since prototype and model are not running under 

dynamical similarity. Therefore, the flow in prototype is not optimum from an 

efficiency point of view since optimized for model flow, which has higher 

viscous losses. Generic test rig is defined as a laboratory test rig specially 

built to study a specific flow phenomenon appearing in a hydropower turbine 

such as swirling flow or unsteadiness. Experimental challenges as well as cost 

increase severely from generic test rig to model test rig and from model test 

rig to prototype. 

 

The cost associated to production loss as well as the difficulty to get stable 

and repeatable conditions on prototype during testing limit considerably 

prototype experiments. However, they are essential to develop scale-up 

between model and prototype and flow measurement technique. Scale-up of 

specific flow phenomena, beside efficiency, is becoming increasingly important 

as machine are running away from best efficiency more often due to the 

deregulation of the electricity market and the introduction of intermittent 

renewable energy resources such as windpower. More important, the 

prototype is the product delivered by the turbine manufacturer to the 

electricity producer, which should last decades. Recently, Kobro et al. [15] 

performed successfully onboard pressure and strain measurements on a 110 

MW Francis prototype in order to study scale-up; pressure pulsations 

producing high stress level are a problem on large head Francis runner.  The 

availability of a Francis (Porjus U8) and Kaplan (Porjus U9) turbine of 10 MW 

each at Porjus, Sweden, for research and development is a world unique 

opportunity within the Swedish Hydropower Centre (SVC). Several 

experiments have already been performed [16, 17]. An important inter-

disciplinary instrumentation project at Porjus U9 aiming to make the machine 

a full-scale hydropower laboratory is actually going on [18].  It aims firstly to 

furnish necessary data for the development of rotor-dynamic models but also 

turbines and bearings. But the resources in Porjus have in general been 

moderately used.  
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Figure 17 Turbine test rig facility at Älvkarleby laboratory. Photo: Michel 
Cervantes. 

Model tests are the core of turbine development and refurbishment since 

decades. Efficiency measurements are performed with accuracy below 0.2% 

and a repeatability of 0.1%. Several research groups have during the last 

decades experimentally investigated Francis and Kaplan models with 

advanced measuring techniques. Such test rig is fundamental to study specific 

flow phenomenon, test new design concept, build data bank to validate CFD 

models and study scale-up. The research group at the Laboratory of Hydraulic 

Machines at École Polytechnique Féderale de Lausanne (EPFL) has through the 

FLINDT (FLow INvestigation in Draft Tubes) project been a precursor in the 

use of advanced experimental tools for the characterisation of the unsteady 

flow in a Francis turbine; see e.g. Arpe [19]. Other groups working 

experimentally on test rigs are the laboratory of hydraulic machines at the 

Norwegian University of Science and Technology (NTNU) [20], Norway, and 

Laval University (LU) [21], Canada. A test rig is available at Vattenfall 

Research and Development (VRD), Sweden, for the Swedish Hydropower 

Centre. VRD in collaboration with Luleå University of Technology (LTU) has 

investigated two Kaplan models (Turbine-99 and Porjus U9) with the help of 

laser Doppler technique and pressure sensors [22, 23, 24]. The investigation 

of the Porjus U9 model is an ongoing project within SVC. The objectives are to 

create a data bank to validate CFD calculations as well as study scale-up 

between model and prototype since the corresponding prototype is available 

at Porjus. The presence of a similar test rig at LTU will of course be a great 

advantage for SVC since the experimental fluid dynamic group is based at 

LTU. 
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Generic test rigs are generally found in academic laboratory. They allow 

isolating and studying in details a specific flow phenomena in a well-controlled 

environment with high repeatability and accuracy. Such experiments usually 

become benchmarks for the numerical community when well performed and 

reported. The results of generic test rigs are general and de facto far more 

interesting for journal publication compared to model and prototype 

experiments, which results are very specific. EPFL has a cavitation tunnel; 

there much work has been done on NACA profile to minimize pressure 

fluctuations due to vortex shedding [25]. Special attention has been given 

during the last years to the swirl flow issued from Francis runner at part load 

at the University Polytechnic of Timisoara (UPT) [26] and the University of 

Stuttgart (USG) [27]. The objective is to mitigate pressure pulsation at part 

load by the injection of a jet through the axel in the draft tube. Mitigation of 

pressure pulsation at part load in Francis turbine is an ongoing research area 

since many years where several solutions have been tested [36]. A similar 

test rig to UPT and USG is under construction at LTU to study the boundary 

layer on Kaplan runner cone. The test rig will also allow studying Francis like 

geometry. LTU has also access to a test rig allowing study the effect of 

unsteadiness. Furthermore, LTU [24] has in collaboration with the Laboratory 

of Hydraulic Machines at NTNU developed a test rig to study the Gibson 

method also known as the pressure time method, a flow rate measuring 

technique, outside the IEC41 standard [28]. 

 

The parameters of interest to measure in the above-mentioned test rigs are 

always the flow rate, pressure and/or velocity and/or wall shear stress 

independently of the flow phenomena studied. Flow rate measurements are 

not a problem on generic test rig and model. The main challenge resides in 

accurate flow measurements in prototype: absolute and relative. Several 

absolute methods have been developed and accepted as standard [28]: 

current meter, Pitot tubes, Gibson’s or pressure time and tracer methods. The 

thermodynamic method allows measuring directly the efficiency for head in 

exceed of 100 m, successful measurements for 50 m head have been 

reported by NTNU. Cross-correlation method has been developed during the 

last year with variable results [29]. Relative methods, generally used during 

the commissioning and operating of the machines, are extremely popular in 

Sweden due principally to the short heads, which make absolute 

measurement difficult. The most popular is the Winter-Kennedy method. The 

Figure 18 Laboratory facility 
at Luleå University of 
Technology. (Photo: Michel 
Cervantes) 



ELFORSK 
 

71 
 

ultrasonic method is also used in some cases but has a prohibitive cost 

compared to the Winter-Kennedy. The Winter-Kennedy allows determine 

relative performance changes by measuring the pressure difference between 

2 or 4 pressure taps in the spiral at 1 or 2 sections [28]. The method is 

therefore sensitive to any modification altering the pressure in the spiral. 

However, a refurbishment may involve many modifications in the turbine near 

the spiral such as e.g. new stay vane profile, new guide vanes, new runner, 

re-painted spiral, renovated pressure taps, etc. The flow pattern in the spiral 

case may thus differ from the original. Similar pressure measurements after 

refurbishment is not either a guarantee for a successful determination of the 

relative efficiency step-up since errors at both pressure taps may cancel each 

other. Since many years, the validity of the Winter-Kennedy has been 

discussed. LTU has been focusing on the development of the Gibson method 

for low head machine outside the standard [24]. The initial work handles 

straight penstock outside the IEC41 standard [28]. The initial results are 

promising and should be extended to more complex geometry. 

 

Pressure measurements are the least complicated measurements to 

implement and perform in such test rigs, especially wall pressure 

measurements. Sensors of different sizes ranging from 1 mm in diameter 

upwards are commercially available, use of smaller sizes is recommended to 

avoid large averaging. The sensors generally allow resolving high frequencies 

and de facto capture rotor/stator interaction.  Of interest is the 

implementation of pressure sensors on the pressure and suction sides of the 

runner blades to study rotor-stator interaction. Such experiments necessitate 

wireless technology for signal transmission to the data acquisition system. 

The technology is commercially available. To these pressure measurements, 

blade strain fluctuations can be done to investigate fatigue failure. EPFL was 

again a precursor in such measurements on a Francis model [30]. NTNU has 

now performed such measurement on a prototype [28] and LTU in 

collaboration with the Porjus Foundation will soon performed such 

measurements on Porjus U9 [18]. Total pressure measurements in the 

flowstream are also of great interest to study more in details the flow 

dynamic, give detailed boundary conditions to CFD and may be made with 

Pitot tube. Such measurements were performed at Porjus U9 several years 

ago [17]. However, the probe used was conventional allowing only average 

values. Pitot tubes with flush mounted pressure sensors have been developed 

see e.g. [31]. Such probe is not available within SVC. 

 

Techniques to performed accurate velocity measurement are well developed. 

The methods of interest for velocity measurements in water turbines are Pitot 

tube, laser Doppler anemometry (LDA) and particle image velocimetry (PIV) 

[32]. All these methods are currently used at the different hydraulic 

laboratory around the world at EPFL, NTNU, LU, UPT, USG and LTU to 

characterize the above mentioned flow phenomena. They all have their issues. 

One common difficulty is to measure simultaneously the 3 components. The 

Pitot tube method is fast to implement but less accurate than the other 

methods. LDA and PIV methods are optical and therefore do not disturb the 

medium as the first one; furthermore, they are very accurate but more time-

consuming. Particles are needed in the liquid for these methods to operate. 

This is an issue in full-scale machines, since seeding cannot be done as in a 
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laboratory. Preliminary water analysis indicates that the amount of particles 

present in the Luleå river water allows such measurements. Another issue is 

the optical accessibility necessary to perform such measurements, which 

obliges the installation of windows with custom geometry. Insertion of 

calibration plate is necessary for the PIV method. Furthermore, the PIV 

method is limited by the large amount of data acquired. The different 

methods are familiar to LTU. The LDA has been extensively used to 

investigate generic test rig and models [33, 23, 24]. Plans exist to perform 

preliminary measurements on Porjus U9 prototype during the winter 2011. 

The boundary layers are to thin and cannot be resolved with the existing 

experimental tools within fluid mechanics. Their characterization is of 

importance for model development. However, the shear at the wall, gradient 

of the velocity, can be determined with the help of warm film. 

 

Wall shear stress is an important variable for turbine design since related to 

boundary layer, onset of separation and losses. Its measurements are highly 

challenging. Sensors of hot film type are commercial available. EPFL has been 

working on the development of a multidirectional wall shear stress probe 

based on MEMS technology, since the boundary layer is time dependent and 3 

dimensional, i.e., the wall shear stress direction is unknown and variable [34]. 

LTU is actually working on the implementation of hot film technology on its 

water channel to study the effect of unsteadiness on losses. Such probe is 

expected to be later on use during measuring campaign on model test. 

 

In summary, the fluid dynamic experimental group at the Swedish 

Hydropower Centre has access to extensive and world unique facilities to 

carry on the investigation of Kaplan and Francis turbines flow on prototype, 

model and generic laboratory model to study above mentioned flow 

phenomena. Furthermore, the group has through LTU access to a large 

number of experimental techniques (LDA, PIV, pressure sensors, hot film) 

similarly to other hydraulic laboratories. The experimental projects within the 

Centre have for now focused on flow measurements with the development of 

the Gibson method for low head machines and the experimental investigation 

of the U9 model to build a data bank in order to validate CFD models and 

study scale-up. 

8.1.2 Trend analysis of CFD 

Computational Fluid Dynamics (CFD) simulations of the flow in water turbines 

are being done both in industry and academia, but except for the work within 

SVC, such activities mostly occur in other countries than Sweden. The 

commercial CFD codes (mainly CFX) are quite well developed and validated 

for this kind of analysis. The main functionality that is needed for this specific 

field is different ways of coupling the rotating and stationary parts of the 

domain. This coupling can be divided into some main categories. The simplest 

way of considering rotating and stationary domains is to solve the equations 

either in the inertial system, or in the rotating system by adding source terms 

for the rotation. With this approach, only one of those referens frames are 

investigated in each simulation, and boundary conditions are derived from 

experiments or separate CFD simulations in the other referens frame. Usually 

those boundary conditions are axi-symmetric averages at the interface, but 
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there are examples of when the unsteady effect of moving wakes has been 

included in the boundary condition, both in work in SVC and international 

industry and academia. A more advanced method is to compute the flow in 

multiple reference frames simultaneously. With this approach the equations 

are rewritten so that the source terms for rotation are active only in the 

rotating part of the domain. An axi-symmeric surface between the domain 

acts as an interface between the different referens frames. The transfer of 

information across this interface can be done in two different ways, usually 

named 'Mixing Plane', or 'Frozen Rotor'. The 'Mixing Plane' approach makes a 

circumferential average of the flow at the interface, so that no unsteady 

interaction can be included. On the other hand, only one blade passage of 

each reference frame needs to be simulated. This yields very fast simulations, 

and the results are accurate enough for design purposes in industries. This 

kind of approach is well established in industry but is of little interest to 

academia unless the focus is on research on optimization processes or similar, 

where many designs must be evaluated. In the case of a Frozen Rotor 

interface, the rotating and stationary domains are fixed with respect to each 

other so that the flow at the interface can be viewed as a snap-shot of the 

flow in the real case. However, the advection of the information at the 

interface into the other reference frame is completely wrong, yielding a 

erroneous unsteady interaction between the reference frames. 

 

Nevertheless, this may serve as a first approximation of the overall flow, and 

may yield somewhat reliable results in terms of integrated quantities such as 

head and efficiency. If the number of blades in each reference frame has a 

common denominator, the computational domain can be reduced significantly 

as in the case of the Mixing Plane interface. However, water turbines are 

always designed so that this is not possible, and the reason for that is that it 

is important to avoid natural the frequencies that appear if there are such 

common denominators. Thus, the Frozen Rotor approach mostly considers all 

blades in the machine. It is however possible to overcome this problem by a 

domain scaling approach, where the number of blades are adjusted to have a 

common denominator. This is not used frequently in hydro power simulations, 

but is very common in gas turbine industry. A final approach is to include all 

of the geometry and let the rotating parts rotate also in the simulation. The 

meshes at the interface between the rotating and stationary domains are then 

sliding against each other, and the approach is thus named 'Sliding Grid'. This 

facilitates a true interaction between the rotating and stationary domains, 

such as the effect of wakes on the tip clearance flow and cavitation inception, 

and unsteady runner load due to the precessing vortex rope. Few such 

investigations are however being performed. There are two main problems 

with the Sliding Grid approach. First of all there must be an efficient and 

accurate interpolation procedure at the interface. Secondly, all of the domain 

must be included in the simulation, and the simulation must run in unsteady 

mode, yielding very long simulation times. This is not frequently done in 

industry, although there are some examples of such work. It has neither been 

very frequent with this kind of analysis in academia so far, but there are 

effects that can only be studied using this approach, such as the interaction 

between the wakes and detailed flow features in other reference frames, and 

transients at start/stop and change of operation.  
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It was mentioned before that all of these kinds of simulations are being done 

both in industry and academia, and that the main CFD code used is CFX. 

There has also been some in-house CFD codes that have been able to do such 

simulations, for instance at the University of Stuttgart. However, since the 

end of 2004 the OpenSource OpenFOAM CFD tool has been proved to be a 

competitor to the commercial codes. Due to development and validation done 

within SVC, by Chalmers in collaboration with international industries and 

academia, OpenFOAM has started to be adopted by several hydro power 

companies. Also the University of Stuttgart is moving more and more of their 

work to the OpenFOAM platform. The main benefit with OpenFOAM for the 

companies is that there are no licence fees so that the code can be used in 

parallel on large computer clusters without any software cost. The drawback 

has been that some functionality has been missing, and that the user 

friendliness, documentation, and support still need to be developed. All of the 

above-mentioned features, except the Mixing Plane interface, are now 

available and validated in OpenFOAM. The Mixing Plane interface is currently 

under investigation at Chalmers, and will also soon be available as a new 

contribution by Hydro Quebec. Other functionality such as a large amount of 

discretization schemes, linear solvers and turbulence models are already 

there, but those are continuously being developed in the very active 

community. From the academic point of view there are mostly positive 

aspects. The code is fully transparent, since it is OpenSource, and research 

done with OpenFOAM can be done in international collaboration, and be made 

fully reproducable. Therefore OpenFOAM has been chosen as the CFD platform 

in SVC, and Chalmers/SVC is well-known as one of the main players in the 

hydro power field with OpenFOAM. The work so far in SVC in numerical 

simulation of the flow of water in water turbines has mostly been focused on 

developing code and functionality that is needed for making such simulations 

feasible. Those features have further been qualitively, and to some extent 

quantitatively, validated using experimental results from within SVC or found 

in the literature. The level of accuracy of the simulations done in SVC is the 

same as in international work. 

 

Until now, the work by Chalmers/SVC has mostly been using basic turbulence 

models since the main aim has been to get the necessary features working, 

rather that studying turbulence models.  Now more or less all the basic 

features that are needed have been implemented and qualitatively validated, 

and some work needs to be done on efficiency and refinement of the 

simulations. There has been a spoken statement in SVC that SVC should not 

develop turbulence models. From a scientific point of view it is quite 

restrictive with such a statement, since the researchers must be able to 

approach the state-of-the art in the topics that are important for accurately 

modeling the flow in water turbines. When all the basic features are in place, 

we need to be able to focus more on time-resolved flow and evaluate, and 

perhaps also develop new turbulence models or wall treatments. Some work 

has already been done in this field, through Dr. Walter Gyllenram [7], who 

developed a turbulence model that resolves the large-scale unsteadiness in 

vortex ropes. There are a few other groups in the world who are developing 

such models, such as the people in Stuttgart [6], but mainly in other fields of 

research, and SVC should be there with them. For that we probably need to 

also present some lab-scale experimental results. In the water turbine field 
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there is little focus on turbulence models except for a small number of papers 

that compare more advance turbulence models. 

 

 

Figure 19 Vortex rope. (Gyllenram, Chalmers) 

With respect to features, methods, and models, the hydro field has a lot to 

learn from the gas turbine field. The methods that are currently available for 

hydraulic machinery have been available for gas turbines for decades. In the 

gas turbine field, both academia and industry are using more in-house codes, 

and have a much higher competence in the field. A comparison could be made 

that we have more or less no company in Sweden doing CFD simulations of 

the flow in water turbines, while Volvo Aero has a large group of PhD's 

developing their machines by in-house numerical methods. Internationally 

there are companies that use CFD in the design of water turbines, but with 

commercial codes, and with much smaller groups and of lower academic 

background than in the gas turbine field. At Chalmers we have a group 

working in the gas turbine field, and SVC should take benefit of that in some 

way. 

 

Cavitation is a difficult area in which SVC is running a numerical project. 

Before the start of SVC there was also an experimental project on cavitation. 

At hydro conferences and workshops there are some other groups studying 

the same features in different ways, and of varying quality (see examples in 

the references described in the general section above). The numerical results 

seen at those workshops are usually focused on detecting a probability of 

cavitation and its effect on the efficiency of the machine, which is of course 

quite important for the owners. There is however little focus on the detailed 

processes in cavitating flow. SVC has had some collaboration on this topic, 

with the department of Naval Architecture at Chalmers, but it in order to be 

able to progress in that field it is necessary to get in contact with the 

international front people in that field and to go to for instance the CAV 

conferences [11]. What is further needed in this field is to find or generate 
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some detailed high-quality valitation test cases. High-quality studies of 

cavitating flow are being conducted at EPFL, SSPA, and Rolls-Royce. 

 

A new and very interesting topic in SVC is cooling of electric generators. There 

are some companies doing 1D analysis, and even 3D analysis of such cases. 

Not a lot has been published in the open literature. Convective heat transfer 

in generators have the same requirements on rotor-stator features as for the 

water flow in the turbines, but also requires extremely good treatment of the 

turbulence. The convective heat transfer at a surface is given by the 

temperature gradient in the fluid exactly at the surface. Usually wall functions 

are used, which are crude models of the boundary layers. For this field it is 

necessary with evaluation of available turbulence models, and probably also 

some development. Validation of the numerical results is another issue, where 

SVC has a sub-PhD project on measurements in the SVANTE generator in 

Uppsala. Although SVANTE is a university-based test rig, its main purpose is 

to be an experimental facility for the electromagnetic part of generators. This 

restricts the possibilities of access for flow measurements and tests of new 

designs. At some point a machine designed for the purpose of studying the air 

flow is necessary. 

 

Rotor-stator interaction and coupling between the fluid flow and the rotor 

dynamics has only been studied in a small sub-project in SVC. This is 

something of high interest to the industry, and also to academia. Some work 

on rotor-stator interaction has been presented at conferences and in journal 

papers, but there is still much to do on that topic. Very little has been done on 

coupling between fluid flow and rotor dynamics, and it is therefore an area of 

high interest for the future. 

 

Fluid-Structure Interaction (FSI) is of great interest academically, and also 

industrially. In particular there has been some presentations on analysis on 

deformation of Francis runners due to the load of the flow. Until now there 

has been no such activities within SVC. However, coupling of the fluid flow 

and solid structures subject to rotor dynamics seem to be the level of FSI in 

the hydro power field in the near future. 

 

Optimization is of high interest to the industry. Optimization can however be 

viewed as a separate tool that uses experimental, numerical, or theoretical 

results to give guidelines on how to modify a geometry to improve its 

performance in a specific application. The fluid dynamics part of optimization 

is to provide the performance of a large number of designs, that can be used 

by the optimization tool to estimate a new design that is better than the old 

ones. There has been a number of such presentations at hydraulic turbine 

conferences, but much more in other areas. From a pure fluid dynamics point 

of view it is of higher interest to develop methods that are fast and accurate, 

rather that producing a lot of numerical results and focus on the optimization 

procedure. 

 

1D simulations are sometimes used when investigating large complicated 

systems. There is a special IAHR workgroup activity every second year on 

transients in hydraulic systems that focus on such applications, and where 

there are a number of such papers presented each time. 1D simulations are 
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used frequently in other areas, like engines, where the systems are very 

complicated compared to hydraulic power systems. There has been some 

work on coupling between 1D and 3D simulation, which is very interesting 

also for the hydro power field, and such a project is being discussed within 

SVC. 

 

There are a couple of major interesting international hydro power projects, 

such as the FLINDT [4] and HydroDyna [3] projects. The purpose of those 

projects is to do detailed experimental and numerical investigations of the 

flow in water turbines. Those are closed industrially financed projects, which 

unfortunately makes them quite useless from a scientific point of view, except 

for those who are in those projects of course. There is also an interesting 

collaboration between industry and academia being developed in Canada, 

including both CFD and experiments. This is quite similar to what we have in 

SVC, and it would be of great interest for SVC to become part of that. There is 

a collaboration between the universities of Stuttgart and Timisoara, on 

precessing vortex ropes. Measurements and simulations are being performed 

at both those universities, and Chalmers/SVC has been involved in the studies 

in Timisoara, and are also in contact with the people in Stuttgart. This 

collaboration should be developed in the future. A problem with the hydro 

power research field is that there is way too much being kept secret. True 

research should be reproducable, and with that requirement on research in 

mind it is questionable if there is any research going an at all in this field. 

There is still not a fully open test case of a Kaplan turbine that can be used for 

international collaboration without any confidentiality agreements restricting it 

to a small group. Such a validation test case would be of great contribution to 

the global hydro community, and would bring SVC to the front-line. The U9 

model that is being focused on in SVC is nice in the sense that we can do 

quality measurements and simulations on it internally in SVC, and that there 

is also a prototype for which we might be able to get some quality 

measurements in the future. It is however not possible to share the case 

globally, which is a major drawback with respect to the requirements on true 

research. Further, the U9 model is very expensive to run and difficult to get 

access to, so in the future it would be of interest to focus on cheaper 

experiments at the universities, that can be made publically available. 

8.2 Future development  

8.2.1 Future development within experimental fluid mechanics 

Industry and society are expecting from hydropower a high availability, 

reliability, efficiency to a low cost. Therefore, it is essential to have 

appropriate tools to study hydropower flow phenomenon as well as to quantify 

accurately the effects of any modification.  

 

Quantification of any modification if made on the prototype is only possible 

through an accurate estimation of the efficiency, which necessitates in 

Sweden measurement of the flow rate in low head machines; the estimation 

may be relative or absolute. However, the problems generated by the 

Swedish topography, low heads, are not easy to solve; cf. the discussions 
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related to the Winter-Kennedy during the last years. Therefore, a continuous 

effort should be allocated to flow measurements. Development of the Gibson 

method is going on at LTU. A working group on flow measurement composed 

of the manufacturers, producers, consultants and academics should be 

initiated to further discuss the matter. Is there an optimum flow measurement 

technique for low head machines? Which development(s) is necessary? 

 

As efficiency prototype measurements are difficult, scale-up are of importance 

since any modification can be accurately quantify on a model. Scale-up is 

expected to be more important as machines are expected to operate more 

often outside energy efficient operating conditions. Accurate scale-up will 

allow determine machine behaviour at off design more accurately. SVC has 

unique experimental facilities which have been modestly utilised. Similar 

measurements to the one actually performed on U9 model may be done on 

U9 prototype, special attention should be given to the velocity triangles near 

the runner which are the base of scale up formula. Nonetheless, accurate flow 

measurement should be developed at Porjus to support scale-up 

development. Such measurements may also be beneficial to other 

competence sub-areas such as rotor-dynamic. 

 

As mentioned, the mechanical system will be exposed to higher (transient) 

stress generated by the diverse (start-stop-load variation) and unfavourable 

flow conditions.  

 Impact and improvement of higher operating outside energy efficient 

operating point is desired in the sensitive area [35]. Since operating low 

head machines, the draft tube cone find immediately after the runner is a 

sensitive key area presenting improvement potential. Today, UPT [26] 

and USG [27] are actively working on mitigating pressure pulsation in 

Francis turbines at part load with the help of a generic test rig. A similar 

test rig is under construction at LTU to study boundary layer on Kaplan 

runner cone. A systematic evaluation of the potential should be 

investigated [36]. The possibility to introduce a new degree of freedom in 

the system to mitigate vortex breakdown in Francis turbines or increase 

efficiency of Kaplan turbines should be envisaged. Better understanding 

of boundary layer development on rotating body in strong swirling and 

adverse pressure gradient is a prerequisite. 

 Impact and improvement of start-stop is desired. Such measurements 

need to be done on prototype. Stress, vibration and pressure 

measurements will be the main measurements. Is there a way to 

decrease wear? 

 

Wall shear stress is a fundamental variable for hydropower design since 

related to the viscous losses. This is an inevitable step to scientifically 

understand and validate turbulence models. Today’s instruments are limited. 

LTU is working on the implementation of hot film technology on its water 

channel to study the effect of unsteadiness on losses. Tests are expected later 

on at VRD on a model: the probe used is one-dimensional. Trials with bi-

directional wall shear stress probes are necessary for 3 dimensional boundary 

layer investigations for hydropower application. Therefore more resources 

should be allowed for such development.  
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8.2.2 Future development within Computational Fluid Dynamics (CFD) 

From the trend analysis for CFD described above, it can be concluded that the 

basic features needed for hydro power CFD simulations are getting mature 

enough for use at a regular basis in industry. Development of efficient 

procedures for integrating the CFD analysis in the industrial work processes 

should still be developed, but that should be done by industry since it is of 

minor scientific interest. What would be interesting from a national scientific 

and industrial interest is to increase the use of CFD in swedish hydro power 

industry, so that Sweden becomes a qualified competitor in the field, and so 

that national academic research and industrial application go hand-in hand. 

This is more the case in other fields. 

 

Since all the basic features are now available and validated, it is necessary to 

focus on more scientific questions. For that it is necessary both to refine the 

numerical simulations, focusing on methods and models, and also to refine 

the experiments, making more academic experimental investigations. The 

scientific work in SVC should follow the scientific requirement of 

reproducability, which means that focus should be on projects were it is 

possible to distribute all the information freely. It is also very important from 

a scientific point of view that it is easy to get access to the experimental 

facilities so that it is possible to test new approaches easily both numerically 

and experimentally. Therefore, a larger focus on lab-scale activities at all the 

involved universities is important. Such experimental facilities are important 

not only for each specific research project, but also for incorporating real 

hydro power research in high-level courses. They also make the hydro power 

field visible and interesting to the students. It is thus proposed to build up 

some experimental facilities at all the involved universities. Those should be 

designed so that all the information can be made public. 

 

The focus of near-future research on hydro power CFD within SVC should be 

on the following: 

 Time-resolved simulations of rotor-stator interaction and medium 

to large-scale turbulence, using a Sliding Grid interface and 

VLES/DES. The purpose of this is to be able to resolve the 

interactions between all the unsteady features of the flow. This 

facilitates investigations of incorporating active flow control devices 

and flow diagnostics devices. It is necessary to evaluate and 

perhaps also develop VLES/DES methods for this purpose. For this 

it is also necessary with lab-scale experiments on a small-scale 

turbine rig for validation. The possibility of measuring time-

resolved rotor-dynamic forces and displacements should if possible 

be included in such a rig. This is of interest both to the flow of 

water in the turbine and the flow of air in the generator. 

 Transients, in the sense of start/stop or change of operation. This 

also includes the system response. VLES/DES methods are used in 

a part of the domain, while the rest of the system is modeled using 

a 1D approach. A simple experimental facility is needed for 

validating the basic features of such implementations, but such 

features could also be added to a small-scale turbine rig. 

 Follow-up on the outcome of the present PhD projects. At this point 
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it is not possible to say what is the continuation of those. 

 Design a turbine rig that can be made publically available, and 

make detailed experimental and numerical flow investigations. This 

would be a major contribution to the field of hydro power research. 

The design and some of the investigations of the flow can be part 

of the SVC research school. 
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9 Tribology, Machine elements and 

Tribotronics  

Lubrication, wear and friction are studied within tribology. They have a 

profound impact on the performance of various machine elements, such as 

bearings, seals, gears, etc, in hydropower plants. Active condition monitoring 

should be employed to foresee any deterioration in hydraulic machinery 

operation. Such active tribological monitoring is called tribotronics. In this 

section we analyse the trends affecting these areas and future development. 

9.1 Trend analysis 

Today the situation on the energy market is quite different compared to the 

one 20 years ago. Deregulation of the Swedish energy market has resulted in 

more frequent start-ups of the hydraulic units and, consequently, increased 

severity of the transient operating conditions that the units were not designed 

for. A significant impact on the market has also been caused by the increasing 

production of electricity by wind power and photovoltaic systems. The 

European Union has specified a goal to reduce greenhouse gas emission by 

20% before 2020. This is planned to be achieved by increasing the portion of 

green energy production. A rapid development of renewable energy sources, 

mainly wind energy and photovoltaic, has started. It is predicted that in 2030 

there will be about 300 GW of wind power installed in Europe. This is almost 4 

times more than in 2009. 

 

As the electricity production from these sources is not in line with the daily 

demand new management and storage strategies as well as technologies are 

required. An ultra fast response to grid stability and large scale energy 

balancing capabilities are required. Pumped storage plants with their excellent 

control mechanism are the most attractive solutions to this demand due to 

negligible storage losses. 

 

Up until now most of the pump storage units changed operating mode only 

once a day. But an increasing capacity of wind power and photovoltaic 

systems has affected the operating condition of the pump storage plants 

significantly. As the energy availability from the green sources fluctuates 

more the daily changes of operating modes in pump storage have 

considerably increased.  

 

All these changes lead to a much higher demand for high performance 

tribological and mechanical components. Such components must provide 

lowest friction and wear, highest reliability and a minimal impact on the 

environment. 

 

New components and solutions are also required in view of the ageing 

equipment in many hydropower units that need to be upgraded or replaced in 
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the near future. These units are operating today in the conditions that they 

were not designed to: with a significantly increased number of start-ups. 

Looking at all these trends collectively, it is clear that using the old 

technological solutions such as metal bearings or mineral oil base lubicants 

does not seem to be an efficient alternative anymore. 

 

Once again, the reasons for this are as follows. 

 Environmental aspects. There is a growing demand for environmentally 

friendly components and units in line with the increasing green energy 

production. Such components must include low friction contacts, dry or 

lubricated by environmentally adapted lubricants. 

 Performance or operational aspects. Lower losses in mechanical 

components in the hydropower units allow an increase in electricity 

production. Owners of hydropower plants can thus apply for the 

“elcertificate”.  

 Reliability. Tribological and mechanical components must reliably 

operate in more harsh conditions with increased loads and frequent 

start-ups. This will also require availability of more advanced 

monitoring strategies and solutions. 

Within and outside the Swedish Hydropower Centre we carry out research to 

provide solutions for the requirements summarised above. The research 

activities have been focused on the development of high performance sliding 

bearings/contacts and environmentally adapted lubricants. All the ongoing 

projects are interconnected to achieve the highest efficiency. The research 

structure is shown in Figure 20. A short description of each project follows. 

 

 

Figure 20 Sliding bearing research activities. 
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The main goal of the project about surface texture is to understand the 

lubricant flow in textured contacts to improve their performance. Surface 

texturing is a technique for wear and friction reduction. The idea is to 

introduce micro-grooves or dimples on the stationary bearing surface to help 

in retaining the oil. The depth of the texture is in the range of 1-50 m. The 

ordinary surface roughness has much smaller wavelength and lower 

amplitude and there is thus a clear difference between roughness and texture. 

This idea of using micro-channels is not new: hand-scraped pads of large 

thrust bearings is a well-known example.  

 

In the boundary and mixed lubrication regimes, improved performance of the 

textured surfaces is mainly attributed to the “storage” mechanism. Lubricant 

trapped in the texture channels acts as a lubricant “store”. The oil is drawn 

into the contact region through the relative motion of the machinery surfaces, 

thereby contributing to reducing friction and wear. Contact of smooth 

conformal surfaces without texture is prone to seizure as the oil is easily 

squeezed out and adhesion between the surfaces is high. At the same time, a 

combination of the oil storage ability of the textured surfaces and the smooth 

surface topography leads to outstanding functional and tribological 

characteristics. 

 

In the hydrodynamic region the main concern is friction losses due to oil 

shearing and how to avoid too thin oil film that imposes a risk of failure. 

Optimisation of the oil flow in the loaded zone is thus of primary importance. 

A Computational Fluid Dynamics (CFD) analysis of the flow field was used in 

the project to provide a better understanding of the lubricant flow in the 

textured hydrodynamic contacts. The main results obtained in this project are 

described in:  

http://www.ltu.se/forskning/1.16009?pureId=3187711&pureFamily=dk.atira.

pure.families.publication.shared.model.Publication  

This project supported by the Swedish Research Council has been recently 

finished. 

 

The main goal of the project about the development of novel compliant 

bearings is to decrease frictional losses by 50% in journal bearings in rotating 

machinery using polymer materials and synthetic environmentally adapted 

oils. Using an advanced numerical model the following results have been 

obtained. Compared to the reference white metal bearing lubricated by a 

mineral oil novel compliant bearings lubricated by the environmentally 

adapted oils provide: 

 

 improved environmental performance  

o due to the use of the environmentally adapted oils 

o due to the reduced power losses 

 improved dynamic characteristics 

o stability limits are extended 

 improved steady state characteristics 

o load carrying capacity is increased 

o start-up friction is decreased due to the polymer layer 

o more than 50% lower power loss can achieved. 

http://www.ltu.se/forskning/1.16009?pureId=3187711&pureFamily=dk.atira.pure.families.publication.shared.model.Publication
http://www.ltu.se/forskning/1.16009?pureId=3187711&pureFamily=dk.atira.pure.families.publication.shared.model.Publication
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This is a significant improvement in bearing performance. An example of 

bearing application in steam turbines can provide a clear illustration of the 

scale of the improvement. Steam turbines are widely used in green energy 

production such as in solar power stations. For a 100MW steam turbine, 

power loss in the bearings accounts for 0.4 % or 400 kW. If the power loss is 

reduced by 50 % an additional power of 200 kW can be produced. Let’s 

assume a price of 200 SEK/MWh and 6000 operational hours per year as well 

as 15 years of the total service time. For a 100 MW turbine it means 

significant savings of 3.6 MSEK. The improvements can also be obtained in 

hydropower turbines. All these improvements are complemented by the 

positive effects to the environment. This project, supported by the Swedish 

Energy Agency and a number of Swedish and international companies, has 

been recently finished. 

 

Two projects on non-linear behaviour of compliant bearings and experimental 

studies of steady state and dynamic characteristics, supported by SVC, are 

ongoing. Experimental studies in the Tribolab are complemented by the full 

scale tests in Porjus U9 unit within another ongoing research project. 

 

An understanding of how novel polymer composite materials operate in 

various tribological contacts is crucial to be able to design high performance 

components. Steel is a typical construction material in mechanical systems. 

Polymers such as PTFE, PEEK, UHMWPE, and others can be used to form a 

compliant contact with steel. They are known to be suitable materials for low 

friction contact surfaces. One of their advantages is the inherent lubricating 

ability that certain polymers possess. Their main limitation is low wear 

resistance. Various fillers can be used to increase wear resistance. Another 

effect of the fillers is that mechanical properties like stiffness are increased. 

To optimize the behaviour of a compliant contact surface both effects needs to 

be considered. The addition of fillers to PTFE results in a 2-orders-of-

magnitude improvement in wear rate. Through tailoring of the microstructure 

i.e. filler type, amount and shape, one may design a polymer with optimized 

ability to conform and interact with opposing contact surface and lubricant. 

Unfortunately, these hard filler reinforced polymers tend to increase abrasive 

wear of the mating surface. An addition of lubricious fillers such as graphite 

reduces wear but requires a favourable balance between the supply and 

removal of the filler from the polymer surface. This makes such composites 

too sensitive to operating conditions and mating surface roughness. Another 

limitation is that micrometer-scale fillers are similar in size to the critical crack 

size causing early failure. Recent advances in polymer research, however, 

demonstrate that certain so-called nanocomposites show large potential to 

enhance the wear resistance. Some of nanocomposites have already been 

tested in dry tribological contacts and showed very high wear resistance 

without scoring the mating surface. 

 

Polymer nanocomposites can be defined as polymers containing fillers with 

one dimension smaller than 100 nm. There are several reasons for the 

growing interest in nanocomposites. First, nanofiller properties are often 

different compared to the bulk properties of the same material (e g stiffness, 

strength and strain-to-failure of single-wall carbon nanotubes are higher than 
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that of traditional microscale carbon fiber). Second, nanofillers are smaller 

than the critical crack size. Third, nanocomposites have a large volume of 

interfacial matrix material with properties different from the bulk polymer. 

Thus, nanocomposites are likely to have a significant role in designing high 

performance tribological contacts. 

 

In many cases, tribological contacts pass through all the lubrication regimes, 

e.g from start-up to normal operation at high speed and then back to rest. It 

follows then that the nanocomposite compliant surfaces must suit the 

conditions of the boundary, mixed and hydrodynamic regions. To achieve this, 

a better understanding of why certain nanocomposites show superior 

performance is required. The next step is to use this knowledge to develop 

efficient numerical models for optimisation of nanocomposite compliant 

tribological contacts. These intentions are the key issues in the ongoing 

project supported by the Swedish Research Council. 

9.2 Future development 

There is now a continuously growing emphasis on environmental issues in 

contemporary machine design and tribology plays a key role in its 

implementation. Realization of tribology-based machine design helps in 

developing more compact and low weight machinery. A continuous trend 

towards more compact mechanical systems and their components results in 

higher power densities and consequently increased thermo-mechanical loads. 

There are strategic concerns about future alternative designs as power 

densities cannot be increased indefinitely. In order to resolve this problem 

and to cope with the ever increasing rate of technological progress, improved 

lubrication techniques and, more importantly, pioneering approaches and 

solutions to the design and operation of tribological contacts in machinery 

must be found. The most important strategic questions can be formulated 

based on the trends described and the results obtained so far. 

 There is a need to design dry contacts as a substitute for grease 

lubricated contacts. Polymer composite materials are the best 

candidates for such applications. 

 Polymer composite hydrodynamic bearings should be further 

investigated to improve steady state and dynamic performance. 

Frictional losses can be reduced by 50% and other significant 

advantages can be obtained with compliant bearings. 

 Efficient numerical design tools for various tribological and mechanical 

components should be developed. 

 An oil and grease free hydropower station is an important goal to 

achieve. This requires a broad research program covering tribological, 

mechanical, dynamic and other interconnected issues. Polymer 

nanocomposites are certainly of great interest for applications in water 

lubricated contacts. 

 The importance of the active condition monitoring is evident. The ever 

increasing severity of operating conditions requires more efficient and 

flexible condition monitoring. We suggest to implement tribotronic 

systems. 
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The term tribotronics applies to the integration of tribology and electronics. 

Electronic control is required to transport tribological systems to a 

dramatically higher level of performance. The definition of tribotronics may 

resemble a mechatronic system but there exists essential differences. A 

mechatronic system uses only information from inputs and functional or 

useful outputs of a mechanical system to control its operation. The functional 

outputs include rotational speed, torque, load etc. The main principle of 

tribotronics is to use additional so-called loss outputs. These outputs are 

friction, wear, vibration, etc. The purpose of tribotronics is to control these 

loss outputs and through doing so considerably improve performance, 

efficiency and reliability of the tribological units and therefore the entire 

machinery. 

 

A tribotronic system includes four central components interacting as shown in 

Figure 21. The conditions of a tribological system are monitored by sensors 

that provide information on temperature, pressure, friction, vibration, oil 

properties and other parameters of interest. The signals from these sensors 

are processed and transmitted to the control unit. In the computational or 

decision making part, real time software based on tribological algorithms 

calculates the required action which is then implemented by actuators. Such a 

system is thus autonomous and self-adjusting. This allows for on-line tuning 

of the tribological system for the best performance. 

 

 
 

Figure 21 Tribotronic system and its elements. 

The type of tribological system defines interface components, namely sensing 

and actuating parts. The sensing part can be designed using knowledge and 

experience accumulated in condition monitoring, which is now widely used in 

industry to identify the nature and severity of machinery faults and to prevent 

machinery breakdown. Decision making algorithms that are in use in modern 

monitoring systems can also be completely or partly utilized. Choice of 

actuators for tribological contacts is the most difficult stage as there is no 

general concept of their design. 

Speed 
  

Pressure 
System 

input 
System 

output 

Sensor

s 

Actuators 

User friendly interface 

Control unit with 

real time software 

Tribological system 



ELFORSK 
 

89 
 

The overall conclusion is that more research in the areas specified is urgently 

required in order to meet the goals on increased reliability, improved 

performance characteristics and minimized environmental impact of the novel 

components for the green hydroelectric power production. 

 

The main challenge is to ensure joint efforts of manufactures, end users and 

researchers in achieving these goals. It is very important that a demand for 

the new technologies from the end users is clearly stated. It will help 

manufacturers to decide whether they should invest adequate resources in 

the development of such technologies. At present it feels like there is no such 

clear statement, which makes it difficult for manufacturers to give priority to 

the new technologies. The situation is also aggravated by very narrow profit 

margins.  

 

On the other hand, researchers at the Universities continue to develop new 

technologies and are thus an invaluable resource. It is important to maintain 

a continuous knowledge transfer from academic research to the hydropower 

industry. An excellent possibility is to use the Porjus facility. Novel solutions 

and technologies can thoroughly be investigated in full scale as well as tuned 

for the future field applications. 

 

The need for highly qualified operators, maintenance people and technical 

management in the hydropower industry remains and will significantly 

increase in the future. This sets a challenge for the educational system to 

provide the industry with engineers who have the highest level of competence 

in the hydropower field. 

 

The analysis of the trends reported was carried out based on the information 

obtained through personal contacts with hydropower representatives and from 

the following international conference proceedings and scientific journals. 

 Proceedings of the 8ht Russia Power Conference and Exhibition, 

Moscow, March 2010. 

 Proceedings of the 4th World Tribology Congress, Japan, 2009. 

 Proceedings of the XVI Waterpower Conference, USA, July 2009. 

 Proceedings of the 24th Symposium on Hydraulic Machines and 

Systems, Brazil, 2008 

 Proceedings of the international hydropower conference HYDRO 2007 

Spain. 

 Proceedings of the international hydropower conference HYDRO 2006 

Greece. 

 Proceedings of the 23rd IAHR Symposium, Yokohama, Japan, October 

2006. 

 WaterWorld journal 

 HRW journal 

 Journal of Tribology 

 Tribology International 

 Journal of Engineering Tribology 

 International Journal of Condition Monitoring. 

 

 



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 


