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Propositions 
Accompanying the thesis 

On the measurement of VIV lift force coefficients 
at high Reynolds numbers 

by J.J. de Wilde 

1. The familiar Reynolds number scale effects for the flow around a 
non-oscillating smooth pipe can to certain extent also be found for 
an oscillating smooth pipe at VIV conditions. The Reynolds scale 
effects for the VIV in the turbulent regime are most apparent for 
1E4 < Re < 1E7. 

2. The Reynolds number scale effects for the VIV for 1E4 < Re < 1E6, 
show an increase of the maximum A/D values, as well as a widening of 
the range of Ur values with positive VIV lift coefficient Clv. 

3. After 20 years of work, 8 different test campaigns, several hundreds 
of tests, several thousand’s lines of MATLAB code and several TB’s 
of raw PIV data, the preliminary conclusion of the present work is 
that there are indeed significant Reynolds number scale effects for 
the VIV of risers in deep water, but that the overall impact on the 
fatigue damage prediction seems manageable. 

4. The cost of model testing increases with at least the third power of 
the model scale. 

5. It is well-known that research requires roughly 80% transpiration 
and roughly 20% inspiration. When cycling to work, like I do, it is 
likely that the part of 20% inspiration happens during the cycling. 

6. A country that is unable to protect its migrating wading birds has a 
serious problem. 

7. Comic books are a great way of learning a language. 

8. The nineteenth century whaling industry can be considered as a 
forerunner of today’s offshore oil and gas industry. (Inspired by 
the book Moby-Dick of Herman Melville, 1851). 

9. Watching the endeavors of the soccer team of my son has taught me 
more about management skills than what I have learned from several 
expensive management training courses. 

10. The upcoming singularity of artificial intelligence should be 
considered as a serious threat. (Personal opinion, based on the book 
Life 3.0 of Max Tegmark, 2017). 

11. Sometimes it is easier to drink a beer with your own colleagues on 
the other end of the globe, than in your own country. 

These propositions are regarded as opposable and defendable, and have 
been approved by Prof. dr. ir. R.H.M Huijsmans. 
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SUMMARY 
 
The objective of the research was the measurement of the VIV lift force coefficient 
in-phase with velocity Clv and in-phase with acceleration Cla for a pipe section with 
large length over diameter ratio of L/D ~18 at high Reynolds numbers of Re > 1E4. 
The coefficients are measured for a forced oscillation pipe in a steady flow and can 
be directly used as input parameter for pragmatic riser VIV prediction models. 
Risers are vertical pipelines that transport fluids from the oil well on the seabed to 
the production facility in the free water surface. The risers in deep water are 
extremely slender structures, having length over diameter ratio of more than L/D = 
1E3. The risers in deep water behave as a flexible string-like structure with low 
structural damping, which makes them susceptible for resonant vibrations. The 
vibrations caused by the vortex shedding in the downstream wake of the riser are 
known as Vortex Induced vibration (VIV) and occur when the frequency of the 
vortex shedding coincides with one or more of the natural frequencies of the riser. 
The VIV of the riser poses large challenges for the design of the risers, in particular 
related to metal fatigue. 
 
As shown in Chapter 3, the Reynolds scale effects of the VIV lift force coefficient 
Clv and Cla for Re > 1E4 are not well understood. However, the Reynolds scale 
effects for the drag force coefficient Cd and the Strouhal number St have been 
extensively studied for a non-oscillating pipe in a steady flow, for all Reynolds 
numbers up to about 1E7. For turbulent flow with Reynolds numbers between Re 
1E3 and 6E6, the flow around a non-oscillating pipe shows several interesting 
transitions in the boundary layer and the wake. 
 
Govardhan & Williamson (2006) show, based on a compilation of experimental 
results, that the VIV of a freely vibrating circular cylinder strongly depends on the 
Reynolds number and proposed the following empirical relation for 1E3 < Re < 

3.3E4:  0.36AD = log 0.41Re . It is, however, not clear if this empirical relation can be 

used for extrapolation to Reynolds numbers beyond 3.3E4. Moreover, the result of 
Govardhan & Williamson does not provide much information on the underlying VIV 
lift force coefficients Clv and Cla. For a better understanding of the VIV of a risers, 
it would be desirable to fully understand the dependence of the coefficients Clv and 
Cla on Re, A/D and Ur, which basically means the determination of the functions 

 Re, ,Clv AD Ur  and  Re, ,Cla AD Ur . The well-known lift force coefficients Clv and Cla of 

Gopalkrishnan (1993) and Sarpkaya (2004) have been established for a Re ~1E4. 
Real risers in deep water operate at much higher Reynolds numbers up to ~1E6.  
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The experiments were done with a new test setup in the towing tank of MARIN of 
210 x 4.0 x 4.0 m. Emphasis was placed on checking the reliability of the new test 
setup, because the new measurements at Re > 1E4 are in a poorly charted 
regime, with insufficient data in open literature to compare with. In particular, it was 
considered important to rule out the possibility that the unexpected results were 
caused by setup related aspects. For this, results are also presented of the tow 
tests in water with the non-oscillating pipe in Chapter 5 and results of the forced 
oscillation tests with the pipe in calm water in Chapter 7. 
 
The main focus of the present work was on the forced oscillation tow tests in 
Chapter  6. The new results in Appendix 36 through Appendix 41 show the 
functions  ,Clv AD Ur  and  ,Cla AD Ur  and can be used directly as input parameter in the 

VIV prediction model of Hartlen & Currie (1970) or the standard industry VIV 
prediction program of Vandiver (2003). The new results confirm the trend of 
increasing maximum VIV amplitudes and widening of the range of reduced 
velocities, as expected based on the literature study in Chapter 3. The new results 
at Re 2.7E5 are in the TrBL0 regime for a non-oscillating pipe, according to the 
Zdravkovich (1997) classification in Table 5-2. The new results at Re 3.96E4 and 
Re 2.7E5 deviate significantly from the established results of Gopalkrishnan (1993) 
and Sarpkaya (2004) for Re ~1E4. The observed differences are attributed to 
Reynolds scale effects. The estimated uncertainty for the new results is about 5%. 
 
New PIV measurements for the flow in the near wake of a forced oscillating pipe 
while being towed at constant speed in the basin are presented in Chapter 8. The 
PIV measurements are relevant for the present work, because the flow in the near 
wake of the cylinder provides better insight in the flow physics than just the overall 
forces. Of particular interest is the timing of the vortex shedding relative to the 
phase angle ϕ of the motion signal of the forced oscillation. Particle Image 
Velocimetry (PIV) is a relatively new optical measuring technique for non-intrusive 
measurement of the instantaneous 2D or 3D velocity field in a 2D plane.  
 
The PIV measurements for the present work are sampled at a frequency of 10 Hz, 
yielding time resolved velocity maps. The velocity maps were measured for the OD 
200 mm smooth pipe at Re 9E3. The results of the new PIV measurements are 
compared with 2D URANS CFD calculations at the same A/D, Ur and Re. The PIV 
measurements and the CFD show very similar timing of the vortex shedding, which 
is considered as encouraging for the future use of CFD for the application towards 
riser VIV.   
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In Chapter 9, the effects of the new lift force coefficients Clv and Cla of Chapter 6 is 
evaluated for a test case of an OD 610 mm riser in deep water. The VIV predictions 
in Chapter 9 are obtained with a reproduced and somewhat simplified version of 
the Vandiver (2003) industry VIV prediction model. The dedicated version in 
Chapter 9 allows for a distinguishment between lock-in VIV at critical Reynolds 
numbers and lock-in VIV at non-critical Reynolds number. The standard industry 
version of the Vandiver prediction model does not have this distinguishment and 
uses only one set for Clv. Figure 9-1 shows the differences between using the 
traditional calculation and the new calculation with the new lift force coefficients Clv 
of Chapter 6. A new area with large VIV amplitudes appears for the participating 
modes for peaki < i , which is a result of the widening of the range of reduced 

velocities for lock-in VIV in the critical Re regime. In spite of this new area, the 
overall fatigue damage is lower for the new calculation, which is explained by the 
larger number of participating modes for the new calculation, which reduces the 
fraction of the time sharing for the higher modes.   
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SAMENVATTING 
 
Het onderzoek had tot doel om de VIV liftkrachtcoëfficiënt in-fase met de snelheid 
Clv en de VIV liftkrachtcoëfficiënt in-fase met de versnelling Cla te meten voor een 
pijpsectie met lengte-diameter verhouding van L/D ~18 bij grote Reynoldsgetallen 
van Re > 1E4. De metingen zijn uitgevoerd voor een gecontroleerde opgelegde 
beweging in een uniforme constante stroming. De VIV liftkrachtcoëfficiënten Clv en 
Cla worden gebruikt in pragmatische VIV voorspellingsmodellen voor risers in diep 
water. Risers zijn verticale pijpleidingen in de offshore olie- en gasindustrie die 
gebruikt worden voor het verticale transport van vloeistoffen vanaf de zeebodem 
naar het drijvende productieplatform in het wateroppervlakte. De risers in diep 
water onderscheiden zich als extreem slanke structuren met een lengte-diameter 
verhouding van soms wel meer dan L/D = 1E3. Een vrij opgehangen riser in diep 
water gedraagt zich als een dunne snaar met geringe interne mechanische 
demping en is daarmee gevoelig voor resonante trillingen. De trillingen ten gevolge 
van de wervelafschudding achter de buis worden aangeduid met VIV, ofwel Vortex 
Induced Vibration. In hoge stroomsnelheden vormt de VIV van de riser een 
belangrijk ontwerpaspect, met name gerelateerd aan de vermoeiingsschade. 
 
Zoals gepresenteerd in Hoofdstuk 3, zijn de Reynolds schaaleffecten van de VIV 
liftkrachtcoëfficiënten Clv en Cla momenteel niet goed onderzocht voor Re > 1E4. 
Daarentegen zijn de Reynolds schaaleffecten van de weerstandskrachtcoëfficiënt 
Cd en het Strouhal getal St van een niet-oscillerende pijp in een uniforme 
constante stroming wel goed onderzocht voor alle Reynolds getallen tot ~1E7. 
Voor turbulente stroming met Reynolds getallen tussen 1E3 en 6E6 wordt de 
omstroming van een ronde buis gekenmerkt door een aantal interessante transities 
in de grenslaag en het zog. 
 
Govardhan & Williamson (2006) laten op basis van een compilatie van 
experimentele resultaten zien, dat de VIV van een vrij oscillerende cilinder sterk 
afhankelijk is van het Reynolds getal, en geven voor 1E3 < Re < 3.3E4 de 

volgende empirische relatie:  0.36AD = log 0.41Re . Het is echter niet duidelijk of deze 

relatie gebruikt mag worden voor extrapolatie voor Re > 3.3E4. Bovendien zegt de 
relatie weinig over de achterliggende liftkrachtcoëfficiënten Clv en Cla. Voor het 
verbeteren van de VIV voorspellingsmodellen zou het wenselijk zijn om de 
volledige afhankelijkheid van de functies  Re, ,Clv AD Ur  and  Re, ,Cla AD Ur  te kennen. De 

meest gebruikte relaties hiervoor zijn momenteel afkomstig van Gopalkrishnan 
(1993) en van Sarpkaya (2004) voor Re ~1E4. Dit terwijl de VIV van echte risers 
vaak optreedt bij veel hogere Reynolds getallen tot ~1E6.   
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De experimenten zijn uitgevoerd met een nieuwe testopstelling in de sleeptank van 
MARIN van 210 x 4.0 x 4.0 m. Omdat voor Re > 1E4, nauwelijks publiek 
beschikbare meetgegevens voorhanden zijn, was het meer dan gebruikelijk van 
belang om de betrouwbaarheid en nauwkeurigheid van de testopstelling goed in 
kaart te brengen. Deze extra aandacht was met name relevant, omdat de nieuwe 
meetresultaten voor Re > 1E4 sterk afwijken van de algemeen geaccepteerde 
meetgegevens. Met dit doel worden in Hoofdstuk 5 ook resultaten gepresenteerd 
van de niet-oscillerende pijp in een uniforme stroming en in Hoofdstuk 7 resultaten 
van de oscillerende pijp in stil water, die wel rechtstreeks vergeleken kunnen 
worden met algemeen bekende meetgegevens. 
 
De nadruk van het huidige onderzoek lag op de meting van de VIV 
liftkrachtcoëfficiënten Clv en Cla in Hoofdstuk 6. De nieuwe meetresultaten in 
Appendix 36 t/m Appendix 41 laten de functies  ,Clv AD Ur  en  ,Cla AD Ur zien die 

rechtstreeks kunnen worden toegepast in het VIV voorspellingsmodel van Hartlen 
& Currie (1970) en ook in het veelgebruikte VIV voorspellingsmodel van Vandiver 
(2003). De nieuwe meetresultaten bevestigen de trend van toenemende maximale 
VIV amplitudes A/D en een verbreding van het gebied van gereduceerde 
snelheden Ur, zoals verwacht op basis van het vooronderzoek in Hoofdstuk 3. De 
nieuwe meetresultaten voor Re 2.7E5 zijn in het TrBL0 regime voor een niet-
oscillerende pijp, op basis van de classificering van Zdravkovich (1997) in Tabel 5-
2. De nieuwe meetresultaten voor Re 3.96E4 en Re 2.7E5 wijken sterk af van de 
algemeen bekende meetgegevens van Gopalkrishnan (1993) en Sarpkaya (2004) 
voor Re ~1E4. De gevonden verschillen worden toegeschreven aan Reynolds 
schaaleffecten. De nauwkeurigheid van de nieuwe meetgegevens is ongeveer 5%. 
 
In Hoofdstuk 8 worden nieuwe PIV metingen gepresenteerd voor het nabije zog 
van de gesleepte pijp onder opgelegde beweging. De PIV metingen zijn relevant 
voor het huidige onderzoek, omdat de stromingsfysica in het zog meer inzicht geeft 
over de Reynolds schaaleffecten dan alleen de meting van de integrale krachten 
op een sectie van de pijp. Met name interessant is de timing van de 
wervelafschudding ten opzichte van de beweging van de pijp, uitgedrukt in de 
fasehoek ϕ. Particle Image Velocimetry (PIV) is een relatief nieuwe meettechniek 
voor ongestoorde instantane meting van het volledige 2D of 3D snelheidsveld in 
een 2D meetvlak. Voor de gepresenteerde PIV metingen in Hoofdstuk 8 is een 
bemonsteringsfrequentie van 10 Hz toegepast. De PIV metingen zijn uitgevoerd 
voor een opgelegde beweging van een gladde OD 200 mm pijp bij Re 9E3. De 
nieuwe PIV metingen worden vergeleken met nieuwe 2D URANS CFD 
berekeningen voor dezelfde waarde van A/D, Ur en Re. De PIV metingen en de 
CFD berekeningen laten een overeenkomstige timing van de wervelafschudding 
zien, hetgeen als bemoedigend wordt beschouwd voor de CFD.  
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In Hoofdstuk 9, wordt het effect van de nieuwe meetresultaten voor Clv and Cla 
bekeken voor de voorspelling van de VIV voor een testgeval van een OD 610 mm 
riser in diep water. De VIV voorspellingen in Hoofdstuk 9 zijn uitgevoerd met een 
vergelijkbare, maar enigszins vereenvoudigde versie van het riser VIV 
voorspellingsmodel van Vandiver (2003). Het gebruikte model maakt onderscheid 
tussen lock-in VIV voor kritische Re getallen en lock-in VIV voor niet-kritische Re 
getallen. De standaard versie van Vandiver (2003) kent dit onderscheid niet en 
maakt alleen gebruik van een vaste set voor Clv. Het resultaat in Figuur 9-1 toont 
het verschil aan tussen de traditionele aanpak en de nieuwe aanpak. Opvallend is 
het nieuwe gebied met grote VIV amplitudes A/D voor peaki < i , ten gevolge van de 

verbreding van het gebied van gereduceerde snelheden Ur. De resulterende 
vermoeiingsschade in Figuur 9-3 en Figuur 9-4 neemt echter niet toe, hetgeen 
verklaard kan worden uit de toename van het aantal participerende modes voor de 
nieuwe berekening, waarbij met name het verschuiven naar de participerende 
modes met een lager index nummer van peaki < i  een gunstig effect heeft op de 

uiteindelijke vermoeiingsschade.   
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1 Introduction 
 

1.1 Objective 
 
The VIV lift force coefficient in phase with velocity Clv and in phase with 
acceleration Cla are important parameters for the VIV (Vortex Induced Vibrations) 
of risers. The lift force coefficients Clv and Cla can be obtained from 
measurements on a forced oscillation circular cylinder in a steady flow and can 
accordingly be used as input parameter for pragmatic industry riser VIV prediction 
models. The lift force coefficient Clv and Cla depend in general on the Reynolds 
number Re, the amplitude ratio A/D and the reduced velocity Ur. Risers in deep 
water operate at high Reynolds numbers up to ~1E7. However, the established 
coefficients Clv and Cla of Gopalkrishnan (1993) and Sarpkaya (2004) have been 
measured for Re up to ~1E4 and the Reynolds scale effects for Re > 1E4 are 
poorly understood. 
 
The main objective of the research was the measurement of VIV lift force 
coefficients Clv and Cla at Reynolds numbers above Re 1E4 and to explore the 
Reynolds scale effects for the VIV lift force coefficients Clv and Cla in the upper 
subcritical Re regime (1E4 < Re < 2.5E5) and the critical Re regime (2.5E5 < Re < 
5E5). The experiments were done with a new test setup in MARIN’s 210 x 4.0 x 4.0 
m towing tank. Emphasis was put on checking the reliability of the new setup, 
because the new measurements at Re > 1E4 are in a poorly charted regime with a 
lack of open literature data to compare with. It was deemed important to rule out 
the possibility that unexpected results were caused by setup related aspects. 
Therefore, results are also presented for tow tests with the non-oscillating pipe in 
Chapter 5, as well as for forced oscillation tests with the pipe in calm water in 
Chapter 7. In addition to the measurements of the lift force coefficients Clv and Cla, 
it was desired to study the flow in the near wake of the oscillating cylinder with PIV 
and CFD. In particular the timing of the vortex shedding relative to the cylinder 
motion is relevant to understand the VIV. A final objective was the assessment of 
the effect of the new Clv and Cla coefficients on the predicted fatigue damage of a 
deepwater riser. 
 
 

1.2 Background 
 
Today, oil and gas play a dominant role in the world energy mix, with present 
annual oil and gas production of about 1.7E8 barrels per day, being about 55% of 
the world’s total primary energy demand. Roughly 20% of the oil and gas is 
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produced offshore. Drilling for offshore oil and gas started shortly after second 
world war, initially from fixed platforms in relatively shallow waters up to about 30 m 
water depth (Maari, 1985). With the use of jack-up rigs, activities were expanded 
into deeper waters up to about 120 m water depth. In 1961, deep water offshore 
drilling started using floating structures, which opened up the way for further 
expansion into much deeper waters. Today’s deep water oil and gas activities are 
widespread around the globe. Various remarkable different solutions have been 
developed and are in operation. By now, some of the early platforms have reached 
their design life and are already being abandoned and/or decommissioned, 
whereas new concepts are still on the drawing board. 
 
Risers are vertical pipelines that transport fluids from the oil well on the seabed to 
the production facility in the free water surface. The step of the oil and gas industry 
from relatively shallow water of less than 100 m to real deep water of up to WD = 
4E3 m created large challenges for the risers. Risers are long pipelines hanging in 
a free catenary under the floater. They have an extremely large length over 
diameter ratio of L/D > 1E3, which makes them behave as flexible string-like 
structures in the ocean current. The structural damping of a steel riser is typically 
below 1%, which makes the riser susceptible to any type of resonant vibration, 
including the vibrations caused by the vortex shedding in the downstream wake of 
the riser. Vortex induced vibration occurs when the frequency of the vortex 
shedding coincides with one or more of the natural frequencies of the riser. The 
VIV poses large challenges for the design of the riser, in particular related to metal 
fatigue. Expensive VIV suppressing devices, such as helical strakes or streamlined 
fairings, are often needed to keep the VIV under control. 
 
The step from relatively shallow water to real deep water at the turn of the century 
gave rise to renewed interest in the research on the VIV of risers. At MARIN 
research institute in the Netherlands, it kicked-off the idea of developing a large 
test device for testing the VIV of large diameter pipe sections in a towing tank 
facility with the objective of investigating the Reynolds scale effects for the VIV with 
application towards full-scale risers. Most of the experimental VIV research up to 
that point had been performed in relatively small test facilities at Reynolds numbers 
in the intermediate sub-critical regime up to Re ~1E4. In the same period of time, 
stakeholders in the industry started testing the VIV for large pipe sections at high 
Reynolds numbers as well, but most of this industry research has not been made 
available into public domain. Experiments by Shell (Allen & Henning, 1997) and 
(Allen & Henning, 2001A) showed significant Reynolds scale effects for the VIV 
towards full-scale riser application. Also Exxon (Ding et al. (2004) observed 
significant Reynolds scale effects for the VIV.   
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In 2001/2003, the VIVARRAY JIP research project (Triantafyllou, 1999) and the 
Deepstar 5402 research project (Oakley & Spencer, 2004) investigated the VIV of 
large diameter circular cylinder sections at high Reynolds numbers. The Deepstar 
experiments were performed by Oceanic Consulting Corporation at NRC in St 
John’s, Canada (2004). The experiments of VIVARRAY JIP were partly performed 
at NRC in Canada and partly at MARIN research institute in the Netherlands (Wilde 
& Huijsmans, 2001). 
 
 

1.3 Lift force coefficients 
 
Figure 1-1 provides a schematic overview of the role of the forced oscillation 
experiments in VIV research for risers. The VIV of a riser can be studied in many 
different ways, as evidenced by the referenced experiments in Appendix 19 
through Appendix 27. The most common ways of testing in a laboratory are: 

a) To study the flow around a section of a non-oscillating circular cylinder. This 
work is traditionally done in a wind tunnel. The mean drag coefficient Cd and 
the Strouhal vortex shedding frequency St of a non-oscillating circular cylinder 
have been widely explored for Reynolds numbers between Re 1E2 and 1E7. 

b) To study the free vibrations of a circular test pipe in a mass-spring-damper 
system in a uniform flow. 

c) To study the VIV by means of forced oscillation experiments with a pipe section 
in a steady flow. 

d) To study the free vibrating VIV of a long flexible pipe section with large length 
over diameter ratio of L/D 100 to 1000. 

 
The latter is presumably the closest one can get to a real riser. However, the tests 
with a long flexible pipe are difficult to perform, especially at the more interesting 
Reynolds numbers above Re 1E4. Full-scale monitoring provides an alternative 
method for the verification of the VIV prediction models, but full-scale monitoring is 
costly and most results of industry full-scale monitoring campaigns are kept 
proprietary. 
 
Industry VIV prediction models, such as SHEAR7 (Vandiver & Li, 2003), use a 
pragmatic approach, which means that they rely on heuristic VIV flow models, 
combined with standard structural analysis models. The models in the frequency 
domain adopt a modal superposition approach, in which the VIV is calculated 
‘mode-by-mode’, so for each mode i = 0, 1, 2,.. separately. The frequency domain 
approach assumes a steady state standing wave type response, for which there 
should be a balance between ‘energy in’ (lift forces) and ‘energy out’ (damping).  
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The heuristic fluid flow models rely on empirical lift force coefficients, which are 
proportional to respectively the velocity of the oscillating riser Clv and the 
acceleration of the oscillating riser Cla. Today’s standard input coefficients for Clv 
and Cla in VIV prediction programs are primarily based on experiments performed 
in relatively small or medium size laboratory setting. Many researchers have 
contributed to the standard lift force coefficients for Clv and Cla, including Bishop 
and Hassan (1963), Protos et al. (1968), Toebes (1969), Jones et al. (1969), 
Mercier (1973), Stansby (1976), Sarpkaya (1978), Sarpkaya (1979), Chen and 
Jendrzejczyk (1979), Staubli (1983), Moe and Wu (1990), Cheng and Moretti 
(1991), Gopalkrishnan (1993), Moe et al. (1994), Sarpkaya (1995), Hover et al. 
(1998), Vikestad (1998), Govardhan et al. (2000), Carberry (2002), Carberry et al. 
(2005), Triantafyllou et al. (2003) and Sarpkaya (2004). Interesting reviews can be 
found in Sarpkaya (2004) and Williamson and Govardhan (2008). The initial 
experiments, until about the year 2000, were mostly conducted in the sub-critical 
Reynolds number regime, with Reynolds numbers ranging between 2.3E3 and 
6E4. Recent work of Raghavan and Bernitsas (2010) and Dahl et al. (2010) 
present new results for higher Reynolds numbers up to 7.1E5. Appendix 22 and 
Appendix 23 give a review of VIV experiments for the determination of the lift force 
coefficients Clv and Cla. 
 
A review of the experiments of the present work is presented in Appendix 28 
through Appendix 31. Initial experiments in Appendix 29 were conducted with the 
pipe freely vibrating on long spring blades. In 2004, the setup was modified for the 
specific purpose of measuring the lift force coefficients Clv and Cla, with forced 
oscillation tests. For the initial experiments in 2001, large Reynolds scale effects 
were found in the upper sub-critical Reynolds number regime. The initial freely 
vibrating experiments were done with the OD 200 mm pipe mounted on long spring 
blades (Wilde & Huijsmans, 2001). The new test setup of 2004 for the forced 
oscillation experiments was described in conference papers by Bridge et al. (2005), 
Sergent et al. (2008) and Boubenider et al. (2008). The new results in Appendix 37 
and Appendix 39 show the functional relations  ,Clv AD Ur  and  ,Cla AD Ur  for two 

selected Reynolds numbers of Re 3.96E4 and Re 2.7E5. The new results deviate 
significantly from the established results of Gopalkrishnan (1993) and Sarpkaya 
(2004) for Re ~1E4, but seem to confirm the trend of increasing maximum VIV 
amplitudes and widening of the range of reduced velocities, as discussed in 
Chapter 3. The observed differences are attributed to Reynolds scale effects. The 
new results at Re 2.7E5 are in the TrBL0 regime for a non-oscillating pipe, 
according to the Zdravkovich (1997) classification in Table 5-2. The estimated 
uncertainty for the new results at Re 2.7E5 is about 5%.   
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Figure 1-1 Role of forced oscillation experiments in research on the VIV of risers. 

The VIV of a riser can be studied in many different ways. The most common 
ways of testing in a laboratory are: a) study the flow around a non-oscillating 
circular cylinder, b) study the free vibrations of a circular test pipe in a mass-
spring-damper system, c) study the VIV by means of forced oscillation 
experiments and d) study the VIV of a long flexible pipe section. 

 
 

1.4 Thesis outline 
 
Chapter 2 introduces the topic of riser VIV and briefly explains the pragmatic riser 
models as presently used in the industry. A literature review about Reynolds scale 
effects for riser VIV is provided in Chapter 3. The test setup and test program are 
explained in Chapter 4. Results for steady tow tests with a non-oscillating pipe are 
presented in Chapter 5. Although the focus of the present research was on the 
tests with an oscillating pipe, the tests with a non-oscillating pipe are also relevant 
for the present work. Chapter 6 presents the results for the steady tow tests with a 
forced oscillating pipe, which is the main focus of the present work. The new 
results as shown in Appendix 37 and Appendix 39 deviate significantly from the 
established results of Gopalkrishnan (1993) and Sarpkaya (2004) for Re ~ 1E4. 
New measurement results for the forced oscillating pipe in calm water are 
presented in Chapter 7 and include new results for high Sarpkaya frequency 
parameters between β = 1E4 and β = 1E5. Chapter 8 presents new PIV results and 
new CFD results for the forced oscillating pipe at Re 9E3. In particular the timing of 
the vortex shedding relative to the cylinder motion is relevant for better 
understanding the flow physics of the VIV. Last but not least, Chapter 9 shows an 
example for using the new lift coefficients Clv and Cla of Chapter 6 for the 
prediction of VIV for a riser in deep water. Chapter 10 provides the conclusions and 
recommendations of the present work, as well as an outline for further research.  
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2 Riser VIV 
 
This chapter introduces the topic of riser VIV and briefly discusses the pragmatic 
riser VIV models that are presently used in industry. First, it is explained what a 
riser is and how it is designed. A brief introduction is given about the phenomenon 
of vortex induced vibration. It is shown that the VIV is essentially a resonant type 
phenomenon, driven by the oscillating lift forces of the vortex shedding in the 
downstream wake of the riser. The available models for the prediction of the VIV 
are discussed, including the most widely used industry VIV prediction model of 
Vandiver (1985). It is shown how the VIV lift force coefficients Clv and Cla are used 
as input parameters in pragmatic industry VIV prediction models. 
 
 

2.1 Risers in deep water 
 
Risers are vertical pipelines, connecting the oil wells on the seabed with a 
production facility in the free water surface, as shown in Figure 2-1 and Figure 2-2. 
The use of floating structures in the second half of the 20th century opened up the 
way for offshore oil and gas exploration and production into real deep water. In 
2009, Shell Perdido Spar broke the world record for the deepest floating production 
unit in 2400 m water depth (Yiu, Stanton, & Burke, 2010). The risers for deep water 
offshore oil and gas production have typical bore sizes between about ID 100 and 
ID 1000 mm and typically hang in a free catenary configuration under the floating 
production unit. Hence, almost the full weight of the riser, which can be more than 
6E3 kN for heavy steel riser in deep water, hangs at the top end of the riser. Risers 
in deep water have an extremely large length over diameter ratio L/D of more than 
1E3. For instance, a 3700 m long riser of OD 406 mm outer diameter has a length 
over diameter ratio of L/D = 9.11E3. The long riser behaves much like a string-like 
structure when freely hanging in the ocean current. The natural frequency of the 
first bending mode i = 1  of a long catenary riser may be as low as 0.05 Hz. 

 
Failure of a riser is highly undesirable or even unacceptable from perspective of 
economics, safety and spillage. Strict regulations are normally in place for activities 
in the vicinity of an oil and gas platform, such as an exclusion zone of up to 2 to 3 
nautical miles. The Mocando accident in 2010 serves as a good reminder of the 
large consequences of a spillage event for the offshore oil and gas industry (CSB, 
2014). Although the Mocando accident was not caused by VIV, it nonetheless 
illustrates the potential risks when performing this kind of complex operations in 
deep water.   
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Production risers for the oil and gas industry are typically designed for several 
decades of service life. Risers for oil and gas industry are designed according to 
strict industry standards, requiring a probability of failure below 1E-4. Typically, a 
high factor of safety up to 10 or 20 is used, which can be understood in the light of 
the large uncertainties associated with today’s VIV predictions. When operating in 
high current conditions of more than 1 m/s, it is often required to fit the riser with 
VIV suppressing devices over a large portion of their length. 
 

 
Figure 2-1 Artist impression of deepwater riser systems. 

 This artist impression shows the typical layout of a deep water turret moored 
FPSO with a 3x3 taut mooring system (the white lines) and steel catenary 
risers (SCR’s) hanging under the floater. The SCR’s are depicted here by two 
green lines, 2 yellow lines and one red line. Source: (Offshore Technology, 
2014).   
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Figure 2-2 Typical field layout for deep water oil and gas production. 

Schematic drawing of a deepwater field layout with a spar type floating 
production unit. The floater is moored with a 3x3 catenary mooring system 
(dashed lines) and supports 5 SCR production risers, 2 SCR infield flow lines 
and 1 SCR export line. The figure is copied from Wolbers & Hovinga (2003). 

 
 

2.2 Design of offshore risers 
 
Different types of risers can be distinguished, such as PR, WIR or ER, with the 
following functions: a production riser (PR) transports hydrocarbons from the oil 
well to the floater, a water injection riser (WIR) is used for pumping fluids from the 
floater to the well and an export risers (ER) transports the final product from the 
floater to an export pipeline on the seabed. Risers for deep water oil and gas 
industry are usually made of thick-walled steel pipe. The pipes may be seamless 
pipes or longitudinal welded pipes. The pipes may for instance be manufactured as 
UOE pipe with LSAW welding as presented in Figure 2-6. The pipes are typically 
made from higher grades carbon steel, such as API5L X65 with a yield stress of 
~450 MPa. The risers for deep water oil and gas industry have a high wall 
thickness of 15 to 30 mm to cope with the high internal pressures of several 
hundreds of bar. The large wall thickness may also be needed to avoid external 
buckling due to outside pressures resulting from the large water column when 
operating in deep water. The risers are often built in sections, called ‘joints’. The 
joints have connectors on both ends, allowing the assembly of longer pipes. The 
typical length of a joint is between 9 and 15 m as shown in Figure 2-4. Threaded, 
bolted or clamped connections can be used for connecting the joints. Most risers 
for deep water have welded connections, as shown in Figure 2-6.  



 26 

Flexible risers are of entirely different construction than steel risers, with complex 
multi-layered arrangements, providing resistance to high pressures, together with 
low bending stiffness. Flexible risers have the advantage that they can be 
manufactured, transported and installed in long length. Both flexible and steel 
risers have a good track record in oil and gas industry, although failures have been 
reported. 
 
Drilling risers are used for offshore drilling operations and are not permanently 
installed in the field. Drilling risers with buoyancy modules, as shown in Figure 2-5, 
have a large outer diameter up to OD ~1100 mm. The large diameter outer pipe of 
a drilling riser operates at relatively low pressure and has a relatively small wall 
thickness. Smaller diameter choke and kill lines, operating at high pressure are 
often attached to the main outer pipe. The central drill string runs through the main 
outer pipe and is driven from the top end by a rotary assembly in the drill tower. 
 
Risers can also be categorized according to their geometrical shape. The two most 
common types are: the steel catenary riser (SCR), which hang as the name 
suggests in a catenary shape and the top tension riser (TTR). Top tension risers 
are almost completely vertical risers with a large tensioning system at the top. 
SCRs are attractive for their low cost, conceptual simplicity and high structural 
capacity. SCRs are easy to fabricate and easy to install. Practical limitations for the 
tensioning system of a TTR imply that TTRs cannot be used on all types of floaters. 
In the Gulf of Mexico (GoM), TTRs are used on spar type floaters and TLP type 
floaters, but not on FPSO or semi-submersible type floaters. TTRs have the 
benefits of dry completion, which means that the riser can be easily accessed at its 
top end above water. Shells Auger TLP (1994) was one of the first floating 
production units using SCRs in deep water. In 2009, Shell Perdido Spar broke the 
record of the deepest SCR in 2400 m water depth (Yiu, Stanton, & Burke, 2010). 
The risers of the Perdido floating production unit are OD 16” (406 mm) and 3700 m 
in length. Holstein dry tree Spar has TTR’s of OD 15” (380 mm and 1300 m length 
(Yu, Allen, & Leung, 2004). 
 
Figure 2-3 shows a basic flowchart for the design of a riser system. A global finite 
element analysis for the static configuration is usually performed after the initial 
configuration, the material properties and the wall thickness have been selected. 
The dynamic analysis in the next step, includes analysis of the maximum offset, 
analysis of the wave induced fatigue damage and analysis of the VIV induced 
fatigue damage. The analysis of the VIV induced fatigue requires detailed 
knowledge of the long term as well as the short term current conditions at the 
offshore site.   
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Currents in deep water may originate from various sources, such as wind driven 
currents, eddy currents, background current, bottom currents and submerged 
currents. Eddy currents or loop currents in the Gulf of Mexico can reach speeds up 
to 2.3 m/s in the upper 600 m of the water column, with return periods of several 
months per year. Risers for offshore oil and gas industry are designed according to 
strict industry standards, often involving an iterative design loop. Obviously, the 
free hanging length is an important design parameter. The design of SCRs and 
TTRs should allow for sufficient flexibility for maximum horizontal floater excursions 
up to about 10% of the water depth. A too long SCR with a too low hang off angle 
increases the risk of over bending near its tough down point. Bai (2005) provides a 
comprehensive review of the main design aspects of subsea pipelines and deep 
water risers. API-RP-2RD (API, 1998), DNV-OS-F101 (DNV, 2000), DNV-OS-F201 
(DNV, 2001) and DNV-RP-C203 (DNVGL, 2016) are industry standards/guidelines 
for riser design. ASME B31.1 (ASME, 1951), ASME B31.4 (ASME, 1992), ASME 
B31.8 (ASME, 1992), and API RP1111 (API, 1999) are industry codes for subsea 
pipeline design, providing guidance for the selection of the wall thickness and the 
material grade of the steel pipe. Fabrication tolerances can be demanding for risers 
with high fatigue loading. Tolerances for ‘hi-lo’ mismatch of the internal diameter at 
the ends of the pipe sections (joints) may be as small as 0.5 mm. Typical tolerance 
requirements for the variations in wall thickness are about 2 mm (Jesudasen, 
McShane, McDonald, Vandenbossche, & Souza, 2004). Material properties, 
welding quality and fabrication tolerances of the riser determine the stress 
concentration factors (SCR’s) and fatigue class. 
 

 
Figure 2-3 Basic flowchart for riser design.  
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Figure 2-4 Riser pipes (double joints). 

These riser pipes are hoisted in crates on the installation vessels. The double 
joints in the picture have a length of 24.4 m. The pipes are OD 711 mm with 
30.8 mm wall thickness. Picture in Wolbers & Hovinga (2003). 

 

 
Figure 2-5 Offshore drilling riser with buoyancy modules. 

These joints of an offshore drilling riser are stacked in a yard. Drilling risers 
have large diameter, up to about OD 1100 mm. Smaller diameter choke and 
kill lines are attached to the main pipe. It can be noticed that the large diameter 
buoyancy modules enclose the main pipe as well as the smaller pipes, making 
the total outer geometry essentially circular. Source: (Wikipedia, 2002).  
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b) 

 
a) c) 

Figure 2-6 Welding of a SCR pipe. 

Mechanized Pulsed Gas Metal Arc Welding (PGMAW) of a SCR pipe. The 
welding in the picture is for OD 10” to 16” (254 to 406 mm) clad pipe with 16 to 
25 mm wall thickness. Fatigue class C2 can be achieved according to DNV-
RP-C203 (DNVGL, 2016). The quality of the welds are inspected by an internal 
laser/camera inspection system. Shown are a) CMT/PGMAW welding and b) 
and c) examples of girth welds. Pictures are copied from Karunakaran et al. 
(2013). 

 
 

2.3 Vortex induced vibrations 
 
At Reynolds number of about Re > 50, most bluff bodies generate some sort of 
vortex shedding in their near wake. For circular pipes, a series of alternately signed 
vortices can be observed as shown in Figure 2-7. The regular vortex shedding from 
a circular pipe is commonly known as ‘von Karman type vortex shedding’. The 
vortex shedding yields periodic forces on the body, which for a flexible riser may 
result in vortex induced vibrations or VIV. The subject of VIV has been widely 
studied by experiments, heuristic models and CFD computations. Comprehensive 
reviews can be found in Bearman (1969), Sarpkaya (1979), Williamson & 
Govardhan (2004) and Sarpkaya (2004). Naudascher & Rockwell (1994), Blevins 
(2001) and Sumer & Fredsoe (2006) have written books on the subject of VIV.  
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The vortex shedding phenomenon in the wake of a bluff body has been reported 
over a wide range of the Reynolds numbers: 
 

Re
UD




 
(2-1) 

 
For a circular cylinder, the regular vortex shedding starts for Reynolds numbers 
above about 50. At Reynolds numbers between about 50 and 200, a laminar vortex 
street of periodic staggered vortices of opposite sign is formed in the downstream 
wake, as first described in detail by Von Karman (1912). Current understanding is 
that the regular vortex shedding process extends to very large Reynolds numbers 
of at least Re 1E7. Roshko (1961) observed clear peak frequency above the 
turbulence level for 3.5E6 < Re 9E6 with St ~0.27. 
 

 
Figure 2-7 Von Karman type vortex street. 

 Von Karman type vortex street behind circular cylinder at Re 140. The 
Reynolds number of Re 140 is in the L3 regime of the Zdravkovich (1997) 
classification in Table 5-2. The L3 regime means laminar flow and periodic 
wake. Source: Dyke (1982).   
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Figure 2-8 NASA image of ocean currents. 

This image of the swirling flows of the ocean current was made by NASA's 
Goddard Space Flight Center in Greenbelt. The image is based on a synthesis 
of a numerical model with observational data. The image shows the warm 
water entering the Gulf of Mexico (GoM) between Yucatan peninsula and Cuba 
island, which is known as ‘loop current’. The loop current exits the GoM by the 
Florida straight. During a loop current events in the GoM, the current in the top 
layers can reach speeds up to typically 2.3 m/s. Source NASA (2011). 

 

2.4 Riser VIV prediction models 
 
Lock-in VIV occurs when the vortex shedding frequency synchronizes with one or 
more of the natural frequencies of a flexible structure. Lock-in VIV for a slender 
pipe may occur for one natural frequency at a time (single mode response) or 
several frequencies simultaneously (multi mode response). At lock-in VIV 
conditions, the otherwise uncorrelated vortex shedding synchronizes over a wider 
span wise length than for a non-oscillating pipe under the same conditions. The 
synchronization enhances the energy transfer from the vortex shedding to the 
structural vibrations. Lock-in VIV is marked by a wider range of synchronized 
frequencies than normally seen for resonance. VIV is self-limiting at amplitudes of 
about the size of the pipe diameter (A/D ~ 1). VIV at high amplitudes and 
associated high cyclic stresses in the pipe can lead to severe metal fatigue. For 
deepwater risers, the problems with lock-in VIV occur at high frequencies of 0.1 to 
5 Hz, high current speeds of more than 1 m/s and high structural mode numbers of 
i > 10.  
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Particularly troublesome is the VIV at higher structural mode numbers for which the 
half wave length is shorter than about 200 pipe diameters ( λ D < 400 ). The fatigue 

damage develops by accumulation of a large number of stress cycles at distinct 
positions along the riser, where the cyclic stresses concentrate near the anti-nodes 
of the participating mode shapes. In addition, for large amplitude lock-in VIV of A/D 
~ 1, the mean drag on the pipe may increase by 80%, leading to increased tension 
in the pipe and increased global deformations. 
 
In the last half century, large amount of work has been devoted to the development 
of pragmatic models for the prediction of the VIV of risers. In spite of these efforts, 
the VIV problems remain largely unresolved today. A selection of a few pragmatic 
VIV prediction models are mainly used in industry, relying more or less on the 
same assumptions as the initial models from the eighties of the previous century. 
The pragmatic VIV prediction models combine a structural model of the riser with a 
heuristic model for the VIV fluid flow, in which the structural model provides the 
natural modes of the long slender pipe. Analytical solutions, finite difference (FD), 
finite element (FE) and lumped mass (LM) models can be used for modal analysis. 
The lumped mass method of Walton & Polacheck (1959) adopts a discretization by 
lumping the forces to a finite number of nodes, in which the nodes are connected 
by mass-less springs, accounting for axial stiffness, bending stiffness and torsional 
stiffness. The LM model of van den Boom (Boom, 1985) was inspired on the work 
of Nakajima et al. (1982). 
 
The fluid part of the VIV prediction can be grouped into models that actually solve 
the Navier-Stokes equation and models that rely on empirical methods. URANS 
CFD is a numerical method that solves the Reynolds Averaged NS equations in the 
time domain with the aid of turbulence models. CFD can be done in 2D slices 
(Huang, Chen, & Chen, 2008) or for full 3D flow. The latter requires much greater 
computing force and is still in development phase today (Holmes, Oakley, & 
Constantinides, 2006) and (Kamble & Chen, 2016). Pragmatic riser VIV prediction 
models assume a heuristic modeling of the vortex shedding process. Pragmatic 
VIV models are computationally inexpensive and can provide fairly robust 
predictions when properly used. Pragmatic VIV models can, however, only be used 
within the range of applications that the model was originally designed for. 
Pragmatic VIV models can be grouped into models that actually solves the 
differential equations for the dynamic response of the slender pipe in the time-
domain (e.g. wake-oscillator models, WO) and models that adopt a frequency 
domain approach. Chaplin et al. (2005A) reviewed several pragmatic riser VIV 
prediction models and compared the results of the (blind) predictions with the 
results of a small-scale experiment with a small diameter tensioned pipe of OD 28 
mm by Chaplin et al. (2005B).   
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In Section 9.5 it is shown that the fatigue damage calculation for riser VIV can be 
rather sensitive for the input parameters. This sensitivity is also discussed by 
Roveri & Vandiver (2001), Yang et al. (2008), Tognarelli et al. (2009), Jhigran and 
Vogiatzis (2010), Resvanis et al. (2012) and Fontaine et al. (2013). Results of 
Tognarelli et al. (2009) in Figure 9-5 show predicted VIV fatigue damage with new 
SHEAR7 version V4.5 and compare this with actually measured VIV fatigue 
damage for five deepwater drilling risers. Over prediction as well as under 
prediction by several orders of magnitude can be expected, by say a factor 10 to 
100. 
 
2.4.1 Mass-spring-damper systems 

The VIV prediction models can be best understood by considering the resonance 
of a simple one degree of freedom mass-spring-damper system in a uniform flow. 
The derivation of the linear response of the simple mass-spring-damper system 
can be found in many textbooks, such as Goldstein (1980), Meirovitch (1986), 
Maltbeck (1988) or Rao (2004). 
 

 
Figure 2-9 Simplified model for riser VIV. 

The VIV of a riser can be understood in a simplified way by considering the 
resonance of simple one degree of freedom mass-spring-damper system in a 
uniform flow. The oscillating lift forces of the vortex shedding process excite 
the pipe in cross-flow direction. For steady state VIV, the energy transfer from 
the VIV lift forces should balance the energy dissipation of the dampers. 

 
The dynamics of a one degree of freedom (1 dof) system can be described with a 
second-order differential equation: 
 

 my By Cy F t   
 (2-2) 
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Dividing by the mass m , substituting the natural frequency by 2
n C m   and 

substituting the relative damping by 2 nB m  , yields the normalized form: 

 

 22 n n
F t

y y y
m

     
 

(2-3) 

 
In which the oscillating lift force  F t  can, within reasonable approximation, be 

represented by the simple harmonic function of Eq. (2-5). The simple harmonic 
function has constant frequency  and constant amplitude 0F . The general solution 

of Eq. (2-3) consists of a homogeneous part and particular part. The particular part 
is of main interest for the VIV prediction models, because the VIV manifests 
predominantly in (quasi) steady state conditions. Complex notation can be 
introduced, with the notion that the real part of the solution should be considered. 
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The transfer function in complex form can be obtained by introducing Eq. (2-4) and 
Eq. (2-5) into Eq. (2-3) and considering the particular solution: 
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(2-6) 

 
The amplitude and the phase angle of the transfer function can now be obtained by 
the modulus and the argument of the complex number: 
 

   
    

0
20 2 2

1

1 2

m

n n

y

F
C

  

   

 

 
 

(2-7) 
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Figure 2-10 shows a graphically presentation of the harmonic response and the 

harmonic excitation in the complex plane, in which the complex function i te   is 
presented by a rotating unit vector. The harmonic excitation F and the harmonic 
response y are presented by a rotating vector with the same rotational speed. The 
length of the vector represents the amplitude (modulus) and  the (relative) phase 
angle between the force and the response. The constant harmonic frequency  is 
presented by a constant rotational speed. The figure shows the situation where the 
excitation leads the response by a phase angle . The graphically representation of 
Figure 2-10 helps to better understand the role of the lift force coefficients Clv and 
Cla in VIV prediction models. As later shown in Section 2.4.3, the coefficients Clv 
and Cla relate respectively to the velocity y  and the acceleration y  of the cross 

flow motion of the oscillating pipe. 

 
Figure 2-10 Graphical representation of steady state solution in the complex plane. 

The graph represents the steady state solution of Eq. (2-2) for harmonic 
excitation and harmonic response in the complex plane. The force vector in 
this example leads the motion response by phase angle . The spring term 
and the damping term are represented respectively by Cy  and By  . 

 
2.4.2 Skop-Griffin mass damping parameter 

The VIV response of a one degree of freedom mass-spring-damper system can be 
studied experimentally by gradually varying the ratio between the natural vortex 
shedding frequency of the non-oscillating pipe and the natural frequency n  of the 

mass-spring-damper system. The frequency ratio Stf f f fn n  can be varied by 

gradually changing the flow velocity U or by gradually changing the natural 
frequency nf . Increasing the velocity results in an increase of the vortex shedding 

frequency Stf , but at the same time also in an increase of the Reynolds number.  
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The result of a freely vibrating VIV experiments can be presented in a plot of the 
non-dimensional response amplitude A/D versus the reduced velocity Ur, using the 
definitions in Appendix 3. The lock-in VIV appears as a ‘bell-shaped’ with a peak of 
the VIV response at a reduced velocity of Ur ~5, as shown in Figure 3-5. The 
reduced velocity of Ur 5 coincides more or less with the resonance regime of the 
mass-spring-damper system, but it can be noted that the lock-in range is much 
wider than would be expected for normal resonance. Moreover, the response 
amplitude is markedly truncated at a (maximum) amplitude of A/D ~1. The latter is 
known as to the ‘self-limiting nature’ of lock-in VIV. The self-limiting nature 
distinguishes VIV from other types of fluid-structure instabilities, such as galloping. 
 
The equilibrium amplitude of steady state VIV can be found by considering the 
energy balance in Appendix15. The energy balance considers the work done by 
the external fluid forcing and compare this with the work done by the internal 
structural dissipation for an integer number of cycles: 
 

, ,F y By y  
 (2-9) 

 
For the harmonic functions of Eq. (2-4) and (2-5) this yields: 
 

0sinF B y   (2-10) 
 
Following Khalak & Williamson (1999) this leads to: 
 

 

2

3
1 sin *

* *
* *4 A

Cy U
A f

m C f




 
      

(2-11) 

 
In which, U* is the reduced velocity, f* the frequency ratio, m* the mass ratio and ζ 
the damping ratio, as defined in Appendix 3. The frequency ratio f* is: 
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(2-12) 

 
In which CA is the conventional potential flow added mass coefficient, which has a 
value of CA = 1.0 for a circular cylinder.   
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CEA is an ‘effective’ added mass coefficient that follows from the transverse fluid 
force in-phase with the body acceleration: 
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(2-13) 

 
Assuming that both U*/f* and f* are constant, it can be shown that the maximum 
VIV response in Eq. (2-11) expresses the following proportionality: 
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(2-14) 

 
Equation (2-14) shows that the maximum VIV response depends essentially on the 

ratio between the external fluid force  sinCy   in the numerator and the product of 

the mass ratio and the damping  * Am C   in the denominator. The latter is known 

as the ‘mass-damping parameter’ and is used on the horizontal axis of a ‘Skop-
Griffin’ plot (Griffin, Skop, & Ramberg, 1975), as shown in Figure 2-11. The original 
Skop-Griffin mass-damping parameter GS  is defined as: 
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(2-15) 

 
It should be noted that there is no compelling reason for combining m* with  in the 
Skop-Griffin representation. Several researchers have proposed different types of 
semi-empirical relations or least-square fit type relations for the (maximum) VIV 
amplitude in the Skop-Griffin representation. Govardhan & Williamson (2006) 
proposed: 
 

   2 0.36* 1 1.12 0.30 log 0.41 ReA    
 

(2-16) 

 
with: 
 

 * Am C  
 (2-17) 
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Sarpkaya (2004) proposed: 
 

1.05* 1.12 GSA e  
(2-18) 

 
Figure 2-11 shows experimental results of the VIV response of a mass-spring-
damper system for low mass-damping values of SG < 4. The experiments are 
performed in air as well as in water. The results are plotted on a log-log scale. The 
left part of the curve for SG < 0.1 shows the self-limiting nature of VIV with 
maximum amplitudes of A/D ~1.0. A rapid decrease of the VIV response can be 
observed for increasing mass-damping values for 0.1 < SG < 4. 
 

 
Figure 2-11 Classical Skop-Griffin plot. 

The Skop-Griffin mass-damping parameter SG of Eq. (2-15) is presented on 
the horizontal axis. The figure is reproduced from Govardhan & Williamson 
(2006). The fit of Sarpkaya (2004) is added to the plot. Results are presented 
on a log-log scale. 

 
2.4.3 Hartlen-Currie two-parameter model 

For single mode quasi-steady VIV, the energy transfer from the fluid flow to the 
motion of the cylinder should, by definition, be in perfect balance with the energy 
loss of the mass-spring-damper system. This concept is further discussed in 
Appendix 15. The work done by the excitation as well as by the damping should be 
considered for an integer number of cycles of the oscillation: 
 
in outE E  (2-19) 
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In general, the work done can be obtained by the path integral of the inner product 
of the external force and the motion (Meirovitch, 1986): 
 

in outF ds F ds    
(2-20) 

 
The Hartlen & Currie (1970) model decomposes the VIV lift force in an in-phase 
and out-of-phase component. The model is also known as the Sarpkaya (1978) 
two-parameter model. The Hartlen & Currie model has been adopted by many 
researchers, although sometimes with different definitions and different sign 
conventions. For the present work, the convention of Gopalkrishnan (1993) is 
adopted, with the in-phase and out-of-phase components as defined in Appendix 2. 
The (relative) phase angle   of the lift force is defined with a phase lead 

convention, as shown in Figure 2-10. This yields: 
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(2-21) 

 
In general, the lift force coefficients Clv and Cla depend on the Reynolds number 
Re, the amplitude ratio A/D and the reduced velocity Ur: 
 

   Re, , Re, ,lv laC AD Ur and C AD Ur
 (2-22) 

 
Birkhoff and Zarantanello (1957) modeled the oscillating lift forces of the vortex 
shedding process by a simple harmonic oscillator in the time domain. Bishop and 
Hassan (1963) confirmed the application of this time domain model by comparing 
the predictions with experiments. Hartlen and Currie (1970) proposed a model 
based on a Van der Pol type oscillator (Van der Pol, 1927) for representing the 
oscillating lift forces of the vortex shedding process. Skop and Griffin (1973) refined 
the Hartlen & Currie model with an improved method for the selection of the 
empirical input parameters. Iwan and Blevins (1974) further refined the model by 
introducing a ‘hidden’ flow parameter. 
 
Apart from the time domain model, Hartlen & Currie (1970) also introduced a 
frequency domain model for steady state VIV. The frequency domain model adopts 
a decomposition of the lift force in an in-phase and out-of-phase component. The 
Hartlen & Currie frequency domain model was further developed by others, such 
as Sarpkaya (1978) and Gopalkrishnan (1993). The Hartlen & Currie frequency 
domain model forms the basis for most of the pragmatic VIV prediction models for 
industry today and are discussed in Section 2.4.6.   
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Gopalkrishnan (1993) introduced an opposite definition of the signs for the lift force 
coefficients Clv and Cla, compared to the original coefficients Cmv and Cdv in the 
Hartlen & Currie model. In the Gopalkrishnan model, a positive lift force coefficient 
Clv means positive energy transfer from the fluid flow to the mechanical vibration. 
In the original Hartlen & Currie model, a positive coefficient Cdv means positive 
energy dissipation (damping) of the mechanical vibration. 
 
2.4.4 Sheared current 

In a sheared current, the vortex shedding excites the riser at different frequencies 
simultaneously. The regions of the excitation depend on the mode number i and 
the velocity profile in the water column. In first approximation, the vortex shedding 
frequency obeys the normal Strouhal relation for a section of a non-oscillating pipe. 
The sheared current velocity profile can be represented by the function U(z), with z 
taken as the vertical position in the water column. In most cases, the current 
velocities in the upper layers are higher than in the lower layers. The higher current 
velocities in the upper layers are therefore the dominant ones for the VIV, as can 
be understood from the higher energy content of the vortex shedding process in 
the higher layers, which roughly scales with the square of the local current speed in 
the numerator of Eq. (9-10). Pragmatic industry VIV programs predicts the 
participation of the dominant modes based on the power ratio of Eq. (9-11). The 
concept of ‘energy in’ and ‘energy out’ for a long riser in a sheared current is 
schematically depicted in Figure 2-12. The prediction of the VIV for a riser in 
sheared current involves at least two important steps. The first step provides the 
predicted equilibrium response amplitude of each of the possibly participating 
modes. The second step is used for the selection of the most dominant modes.  



 41 

 
Figure 2-12 Excitation and damping zones. 

One mode iΨ  is considered in the graph. The linear current profile  U z  has 

the highest current speed at the top. Lock-in VIV can be expected when the 
vortex shedding frequency matches the natural frequency of one of the 
participating modes. This is indicated by the blue oblique line for  4 < U r z < 8 . 

In the example, a quasi-sinusoidal mode  iΨ z  is assumed with stretching of 

the half-sine spatial wave shapes towards the top. The stretching is a result of 
the varying tension  T z  of the riser. 

 
Figure 2-13 gives a schematic representation for the situation with possible 
participation of several modes. Each mode has its own lock-in and lock-out regions 
as shown in Figure 2-12. The lock-in regions for each mode are roughly bounded 
by reduced velocities Ur between 4 and 8. For the lower modes in the lower part of 
the graph, it can be observed that the lock-in regions are nicely separated from 
each other, whereas overlap can be observed for the higher modes. A major 
difficulty of pragmatic riser VIV analysis is the time-sharing of the possibly 
participating modes. Current understanding is that various types of VIV response 
are possible for deep water risers, including multi-mode, mode switching or 
travelling wave type response (Vandiver & Li, 2003) and (Baarholm, Larsen, & Lie, 
2006), but the details are poorly understood at the moment. For the example of 
Figure 2-13, mode 4 and 5 have the longest excitation length and could therefore 
be marked as the most likely candidates for the VIV. Mode 4 and 5 are also the 
modes with their lock-in region in the higher layers of the current with higher 
current speed. For this reason too, mode 4 and 5 can be expected as the most 
likely candidates for the VIV. The time sharing probability based on power ratio Π in 
the prediction model of Vandiver (2003) is briefly discussed in Chapter 9.  
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Figure 2-13 Selection of the participating modes. 

VIV excitation of several modes in a sheared current. In a linear velocity profile 

 U z , the reduced velocity  Ur z  increases linearly for each of the presented 

modes i = 1 to i = 7. Lock-in VIV can be expected for reduced velocities 
between about Ur 4 and 8. The associated excitations zones are represented 
by the vertical bars in the middle of the graph. Although all seven modes in the 
example have a region with positive excitation, it is most likely that the higher 
modes will dominate. Mode 4 and 5 can be expected as the most likely 
candidates for the VIV In the example. 

 
2.4.5 Wake oscillator models 

Birkhoff & Zarantanello (1957), Bishop & Hassan (1963), Hartlen & Currie (1970), 
Skop & Griffin (1973) and Iwan & Blevins (1974) proposed pragmatic VIV 
prediction models using a wake-oscillator model in the time domain. The idea 
inspired others, including Facchinetti et al. (2004), Furnes & Sorensen (2007), 
Rosetti et al. (2009), Ogink & Metrikine (2010) and Qu & Metrikine (2016). The 
main difference between the different models is the different strategy for the 
coupling between the fluid oscillator model and the structural model. Displacement 
coupling, velocity coupling and acceleration coupling have been proposed. The VIV 
wake oscillator models in time domain use a heuristic mathematical oscillator that 
is self-exciting as well as self-limiting. The Van der Pol oscillator is an example of a 
mathematical model with this behavior. Van der Pol (1927) proposed the following 
partial differential equation: 
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Rosetti (2009) used the following version of the wake oscillator model adopting 
acceleration coupling on the right hand side: 
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(2-24) 

 
In which,   is a tuning parameter, s  the Strouhal frequency of the fluid oscillator 

and yA  is tuning a parameter that controls the acceleration coupling. The negative 

term s q t   describes the self-excitation of the mathematical oscillator and 

positive term 2
sq q t    the self-limiting behavior. The variable q  serves as a 

coupling parameter between the wake oscillator model and the equation of motion: 
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The VIV lift force coefficient Cl appears on the right hand side of Eq. (2-25) as: 
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(2-26) 

 
The empirical input value of L 0C  can be obtained from measured lift force 

coefficient Clv from a forced oscillation VIV experiment, or alternatively by ‘tuning’ 
the L 0C  value for the best fit of a measured A/D versus Ur bell curve. Facchinetti et 

al. (2004), Furnes & Sorensen (2007), Rosetti et al. (2009) proposed a wake-
oscillator model with a value of L 0C  = 0.3. 

 
2.4.6 Industry riser VIV prediction programs 

SHEAR7 is the most widely used VIV prediction program in industry today. The 
calculation approach is explained in the more than a dozen papers which are 
referenced in the back of the SHEAR7 user manual (SHEAR7, 2015). Additional 
information can be found on the website of the program (www.shear7.com). In 
Chapter 9, a reproduced and somewhat simplified version of the full Vandiver 
(2003) industry VIV prediction model is presented. The reproduced and simplified 
version is used for testing the effects of the new lift force coefficients Clv and Cla of 
Chapter 6 for the prediction of the VIV for the case of an OD 610 mm riser in deep 
water.   
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SHEAR7 uses a nested iterative solution method as presented in Appendix 6. The 
calculation of the equilibrium amplitude in step 12 uses the result of energy 
balance formulation in Eq. (9-10). SHEAR7 assumes a smooth curve for the 
representation of the lift force coefficient Clv as function of A/D. A constant value is 
assumed for the lift force coefficient Cla. The smooth curve for the lift force 
coefficient Clv for input in the program is constructed by fitting two parabolas to 
three points, as shown in Figure 2-14, leading to the following four input 
parameters: 

Cl0 Starting Clv value for A/D =0  
Clm Maximum Clv value 
Am A/D value for maximum Clv 
A0 A/D value for Clv zero crossing 
 

 
Figure 2-14 Representation of smooth lift force coefficient Clv curve in SHEAR7. 

The smooth curve for the Clv lift force coefficient is constructed by fitting two 
parabolas to three points. The curves show Clv versus A/D. Source: SHEAR7 
(2015). 

 
 

2.5 VIV suppression 
 
When operating in high current conditions, VIV suppressing devices such as 
strakes or fairings, can be placed on a riser to control the VIV. Helical strakes for 
VIV suppression were originally proposed by Scruton and Walshe (1957). The 
standard VIV suppressing strakes for riser in deep water riser have 3 starts, a vane 
height of H/D = 0.1 to 0.3 and a pitch ratio of L/D = 5 to 20, as shown in Figure 
2-16. The standard strakes are highly effective and can reduce the maximum 
amplitude of the VIV vibration by a factor 10 or more. Although the exact working 
mechanism of helical strakes is still subject of discussion, common understanding 
is that the strakes disorganize the flow around the pipe and suppress the formation 
of coherent vortex shedding.   
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A drawback of helical strakes is the increase of the effective frontal area of the pipe 
in the flow, which results in an increase of the mean drag load on the pipe. Strakes 
have a robust reputation, have no moving parts and work equally well for all 
directions of the current. Experimentally determined performance characteristics of 
helical strakes have been reported by Ding et al. (2004), Allen et al. (2006), 
Spencer et al. (2007) and Boubenider et al. (2008). Measured performance 
characteristics of fairings have been reported by Allen et al. (2008) and Taggart & 
Tognarelli (2008). Zhou et al. (2011) measured the velocity spectra in the wake of a 
cylinder with helical strakes for better understanding of the weakening of the vortex 
shedding process. 
 
Fairings are streamlined bodies, placed around the pipe to prevent the vortex 
shedding altogether. Fairings have low drag and can be very effective for VIV 
suppression when properly designed and installed. However, since the current in 
the ocean can be an omni-directional, it is important that the fairing is always able 
to freely rotate around the pipe. When a fairing gets stuck, its performance is lost or 
can be even counter-productive. It is also possible that a fairing becomes 
dynamically unstable in current, depending on its length, mass distribution and 
design. Short fairings are preferred in industry for ease of installation, material cost 
and storage space during transportation. 
 
Figure 2-15 presents examples of measured lift force coefficient Clv for use in 
pragmatic industry VIV prediction tools. It can be observed that the curves for the 
pipe with strakes have lower value of the Clv zero-crossing 0A  and lower maximum 

Clv value mC l .  
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Figure 2-15 Examples of lift force coefficient Clv in pragmatic industry VIV prediction tools. 

Presented are the standard database SHEAR7 Clv lift curve for a bare pipe, 
the standard database SHEAR7 Clv lift curve for a straked pipe and a curve of 
Gopalkrishnan (1993) for a smooth cylinder at Re ~1E4. New results in 
Boubenider et al. (2008) are for an OD 200 mm rough pipe at Re 3.6E5 and an 
OD 324 mm straked pipe at Re 3.23E5. 

 

 
Figure 2-16 Installation of deep water riser with VIV suppressing strakes. 

Installation of an OD 456 mm SCR with S-lay method on a dynamically 
positioned pipe-lay vessel in approximately 1300 m water depth. The VIV 
suppressing strakes are clamped on the pipe with stainless steel straps before 
the pipe enters the water. Source: Allseas (2019).   
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3 Reynolds number sensitivity of riser 
VIV 

 
In Chapter 2 it was explained that the semi-empirical VIV prediction models use the 
non-dimensional VIV lift force coefficients Clv and Cla as input. For this it is 
required that the non-dimensional coefficients are not too much dependent on the 
Reynolds number, which may be the case for turbulent flow. This chapter 
discusses the known Reynolds number sensitivities for riser VIV. The established 
VIV lift force coefficients Clv and Cla of Gopalkrishnan (1993) and Sarpkaya (2004) 
have been measured for a Reynolds number of ~1E4. Real risers in deep water 
operate at much higher Reynolds numbers of up to ~1E7. Ideally, one would like to 
know the full dependence of the coefficient Clv and Cla on the Reynolds number, 
the amplitude ratio and the reduced velocity. However, the tests at high Reynolds 
numbers are expensive, as can be understood from the drastic increase of the 
forces on the test pipe by roughly the second power of the Reynolds number. 
 
 

3.1 Reynolds numbers for offshore risers 
 
Table 3-1 gives an overview of Reynolds numbers for offshore risers under typical 
operating conditions. The range of Reynolds numbers between Re 3E3 and 7.5E6 
encompasses the upper sub-critical regime, the critical regime and the lower super-
critical regime of Table 5-1. For example, an OD 250 mm production risers in 1.0 
m/s current operates at a Reynolds number of Re 2.3E5, which is in the middle of 
the critical regime or at the start of the rapid drop of the Cd coefficient for a smooth 
cylinder, as shown in Figure 5-5.   
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Table 3-1 Reynolds number for offshore risers. 

Riser 
 

OD 
[inch] 

OD 
[mm] 

U 
[m/s] 

T 
[°C] 

ν 
[m2/s] 

Re 
[-] 

Re 
Regime 

Umbilical 
2 
6 

50 
150 

0.1 
2.5 

5 
30 

0.8e-6 
1.6e-6 

3E3 
4.7E5 

sub-critical 
super critical 

Production riser 
5 
10 
20 

125 
250 
500 

0.1 
1.0 
2.5 

5 
15 
30 

0.8e-6 
1.1E-6 
1.6e-6 

8E3 
2.3E5 
1.6E6 

sub-critical 
critical 

super critical 

Export riser 
10 
35 

250 
900 

0.1 
2.5 

5 
30 

0.8e-6 
1.6e-6 

1.6E4 
2.8E6 

sub-critical 
super critical 

Flexible riser 
10 
20 

250 
500 

0.1 
2.5 

5 
30 

0.8e-6 
1.6e-6 

1.6E4 
1.6E6 

sub-critical 
super critical 

Riser tower 
(central pipe) 

20 
40 

500 
1000 

0.1 
2.0 

5 
30 

0.8e-6 
1.6e-6 

3E4 
2.5E6 

sub-critical 
super critical 

Riser tower 
(overall) 

80 
120 

2000 
3000 

0.1 
2.0 

5 
30 

0.8e-6 
1.6e-6 

1.3E5 
7.5E6 

sub-critical 
super critical 

Drilling riser 
(bare) 

20 
22 

500 
550 

0.1 
2.5 

5 
30 

0.8e-6 
1.6e-6 

3E4 
1.7E6 

sub-critical 
super critical 

Drilling riser 
(with buoyancy) 

40 
60 

1000 
1500 

0.1 
2.5 

5 
30 

0.8e-6 
1.6e-6 

6E4 
4.7E6 

sub-critical 
super critical 

 
 

3.2 Classification of Reynolds number regimes for riser 
VIV 

 
The Reynolds number sensitivity for the flow around a non-oscillating smooth 
circular pipe section is fairly well understood. However, the Reynolds number 
sensitivities for an oscillating pipe section under VIV conditions, are not understood 
very well at the moment. The classification of the Reynolds number regimes of 
Zdravkovich (1997) in Table 5-2 provides an overview for non-oscillating pipe 
sections. Unfortunately, a similar classification does not yet exist for oscillating 
pipes under VIV conditions. The importance of Reynolds number sensitivity for the 
VIV of deepwater risers is subject of debate. Some experts are particularly 
concerned with the unknown scale effects, whereas others believe that current 
design methods are essentially good enough and that the uncertainties of the 
Reynolds scale effects are adequately covered by the overall safety margins up to 
factor 10 to 20. A central question regarding the use of the lift force coefficients Clv 
and Cla is: in how far the results of a VIV experiment in the sub-critical Re regime 
can be used for the prediction of the VIV of a real riser at full-scale Reynolds 
numbers in the critical and super-critical regime?   
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The present approach is to directly use the lift force coefficients Clv and Cla from 
an experiment in the sub-critical Re regime as input for the pragmatic prediction 
models for the VIV of full-scale risers and accept the unknown Reynolds scale 
effects. 
 
 

3.3 Modified Griffin plot of Govardhan & Williamson 
 
Govardhan & Williamson (2006) identified the Reynolds number sensitivity as a 
factor of high importance for VIV research. Govardhan & Williamson observed a 
gradual increase of peak VIV response for Reynolds numbers between Re 5E2 
and 3.3E4 and proposed a modified version of the Griffin plot, identifying the 
‘mass-damping’ ratio and the Reynolds number as the two main independent 
parameters for presenting the peak of the VIV response. This is for the VIV of a 
simple one degree of freedom mass-spring-damper system. Khalak & Williamson 
(1996) experimented with freely vibrating rigid pipes in a low turbulence circulating 
open water channel at Cornell ONR in New York, USA. The Reynolds numbers of 
the experiments of Khalak & Williamson ranged between Re 1E3 and 1.2E4. In 
2006, Govardhan & Williamson revisited the experiments of Khalak & Williamson 
and compared the results with results of Vikestad (1998), Hover (1998), Khalak & 
Williamson (1999), Govardhan & Williamson (2000), Smogeli (2003), Dahl (2006) 
and Klamo (2005). Govardhan & Williamson (2006) proposed a ‘modified’ Griffin 

plot of the form  log ReCA B   for the prediction of the peak amplitude VIV at low 

mass–damping values of  Am*+C ζ < 0.1 , or low Skop-Griffin values of < 0.1SG  

 

 * 0.36
10log 0.41 ReA A D   (3-1) 

 
Figure 3-1 shows the fit of Govardhan & Williamson (2006) together with the 
measured values of the peak amplitude A/D for Reynolds numbers between Re 
5E2 and 3.3E4. The fit suggests a maximum transverse VIV response of A/D ~1.25 
for the highest Reynolds number of 3.3E4. It is not clear if the fit can be used for 
extrapolation for Reynolds numbers beyond 3.3E4. Experimental evidence so far 
suggests that VIV is always self-limiting and that A/D amplitudes above 2.0 are 
highly unlikely. This means that the fitted curve can at best only be valid up to a 
certain Reynolds number above Re 3.3E4. In the next section we will see that 
higher maximum VIV amplitudes up to A/D 2.0 have been observed in the higher 
sub-critical Re regime and lower critical Re regime for Reynolds numbers between 
Re 1.4E5 and 2E5. These cases may be exceptions and further research is 
needed to better understand the unexpected results.  
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Figure 3-1 Increase of maximum cross-flow VIV response with Reynolds number. 

This compilation by Govardhan & Williamson (2006) shows the sensitivity for 
the Reynolds number for freely vibrating VIV of a circular cylinder. Maximum 
transverse VIV response is about A/D 1.3 at Re 3.3E4. It is not clear if the fit 
can be used for extrapolation for Reynolds numbers above 3.3E4. 

 
 

3.4 Literature survey of VIV experiments at high Reynolds 
numbers 

 
Allen & Henning (1997) tested a flexible pipe of OD 89 mm and another flexible 
pipe of OD 141 mm in the 900 m long towing tank of David Taylor Model Basin 
(DTMB) in Carderock, Maryland, USA. Allen & Henning (1997) observed a strong 
Reynolds number sensitivity for the smooth pipe, with for instance an almost 
disappearing of the VIV in the critical Re regime. In 2001, Allen & Henning 
repeated the experiments with the long flexible pipes, but this time using the large 
rotating rig of DTMB. Allen & Henning published a selection of their findings in a 
OTC conference paper (Allen & Henning, 2001A) and some other findings in 
another OTC conference paper (Allen & Henning, 2001B). The new experiments of 
Allen & Henning in 2001 confirmed their earlier observation of almost disappearing 
VIV in the critical Re regime in 1997. The new experiments of Allen & Henning in 
2001 also provided evidence that the VIV can still occur in the upper critical Re 
regime and in the lower super critical Re regime. 
 
Ding et al. (2004) tested an OD 220 mm pipe section with a new test setup in the 
same towing tank at DTMB as was previously used by Allen & Henning in 1997. 
However, the new test setup of Ding et al. allowed for forced oscillation 
experiments in addition to freely vibrating experiments. The experiments of Ding et 
al. provided evidence that the Reynolds number sensitivity and the sensitivity for 
surface roughness can already occur in the higher sub-critical Reynolds number 
regime, which was not known before.   
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Ding et al. also reported some cases with exceptionally large VIV amplitudes for 
the smooth cylinder in the higher sub-critical Re regime and the lower critical Re 
regime. For certain test conditions, the freely vibrating smooth cylinder of Ding et 
al. showed VIV amplitudes of almost A/D 2.0 for Reynolds numbers between Re 
1.4E5 and 2E5. When using an extrapolation of the fitted curve of Eq. (3-1), the 
predicted maximum transverse VIV response at a Reynolds numbers of Re 1.8E5 
would be only about A/D 1.5. The higher VIV amplitude of Ding et al. seem to 
contradict with the earlier observation of Allen & Henning (1997) of almost 
disappearing VIV in the critical Re regime. Possibly the Reynolds numbers 
between 1.4E5 and 2E5 of Ding et al. are not yet in the same critical Re regime 
where Allen & Henning observed the almost disappearing VIV. Otherwise, the 
surface roughness and/or the free turbulence of the experiments of Ding et al. 
might have been slightly different from the values in the experiment of Allen & 
Henning, knowing that the flow around a smooth pipe depends quite strongly on 
these parameters in the critical Re regime. 
 
Blevins & Coughran (2009) performed free vibration experiments with test cylinders 
allowed to move freely in two-degrees of freedom. The diameters of the test pipes 
ranged between OD 3 mm and OD 127 mm and the Reynolds numbers ranged 
between Re 1.7E2 and 1.5E5. Blevins & Coughran reported an increase of the VIV 
amplitudes for increasing Reynolds numbers, with a maximum VIV response of 
about A/D 1.75 at a Reynolds number of Re 1.39E5. It is interesting to note that 
Blevins & Coughran reported a drop of the VIV amplitude by a factor 2 when the 
cylinder surface was roughened. 
 
‘Strange’ VIV results were measured in 2001/2002 for an early version of the setup 
for present work (Wilde, Huijsmans, & Triantafyllou, 2003), as discussed in Section 
6.6. The strange results were measured for the OD 200 mm smooth cylinder at Re 
7.8E4 in the higher part of the sub critical Re regime. 
 
In 2003/2004, forced oscillation VIV experiments were performed for the 
VIVARRAY JIP. The tests for VIVARRAY JIP were done with an OD 200 mm pipe 
section, using the new version of the test setup for the present work, with the linear 
bearings, as discussed in Chapter 4. In 2003/2004, tests were also done with the 
new test setup for the present work for Deepstar consortium, using the same OD 
200 mm pipe section. The Deepstar consortium also tested with an OD 325 mm 
pipe in the large towing tank of NRC in Canada (2004). These tests were done at 
Reynolds numbers between Re 3.2E5 and 7.1E5. Oakley & Spencer (2004) 
present some results of the Deepstar tests in Canada. Some other results of the 
Deepstar tests in Canada can be found in a paper by Dahl et al. (2010).  
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Dahl et al. (2010) presented some of the high Re results of the Deepstar tests in 
Canada and compared these results with his own tests results at much lower 
Reynolds numbers in the towing tank of MIT in Boston. The tests of Dahl et al. at 
MIT were in the sub-critical regime, at Reynolds numbers between 1.5E4 and 6E4. 
Dahl et al. observed a fairly good comparison between the low Reynolds number 
results for the smooth pipe at MIT and the high Reynolds number results of the 
Deepstar tests with the slightly roughened pipe. The surface roughness of the OD 
325 mm pipe for the Deepstar tests in Canada was k/D 0.0025. 
 
Raghavan & Bernitsas (2010) tested an OD 126 mm freely vibrating pipe section in 
the low turbulence open water channel (LTFSW) of the University of Michigan in 
Michigan, USA. The objective of the experiments was to investigate measures that 
could promote the VIV, with the idea of using the VIV for harvesting of energy from 
river currents or tidal currents. The experiments of Raghavan & Bernitsas showed 
that the VIV could be enhanced by strategically placing roughness strips on the 
pipe. Raghavan & Bernitsas found maximum VIV amplitudes of about A/D 2.0, for 
8E4 < Re < 1.32E5. Raghavan (2007) postulates that the increase of the VIV can 
be explained by the increase of the turbulence in the near wake of the cylinder at 
the higher Reynolds numbers. Raghavan remarks that the shear layers are thinner 
at the higher Re numbers and that the formation length shortens at the higher Re 
numbers. Raghavan further postulates that the higher velocity fluctuations and the 
higher Reynolds stresses increase the entrainment, which should then explain the 
higher lift forces. Lo & Ko (2001) provide a similar explanation, postulating that the 
secondary vortices in the near wake are more energetic and that the higher energy 
of the secondary vortices enhance the pairing of the secondary vortices, which 
should then explain the more energetic interaction between the small scale 
secondary vortices and the large scale primary vortex sheet. 
 
 

3.5 Experiments with long flexible pipes 
 
Appendix 24 provides a review of VIV experiments with long flexible pipes. 
Experiments with really long pipes of L/D > 1000 were done by Huse et al. (1998), 
Halse et al. (1999), Trim et al. (2005), Vandiver et al. (2005), Vandiver et al. (2006) 
and Lie et al. (2012). A frequently cited experiment with a long flexible pipe is the 
experiment of Chaplin et al. (2005B). This experiment involves an OD 28 mm 
tensioned cable in a stepped current in the 230 m long Delta Flume of Delft 
Hydraulics in the Netherlands. It can be noted that the highest length over diameter 
ratio of the experiments in Appendix 24 is L/D 4.14E3. The relevant mode numbers 
of the experiments in Appendix 24 are up to i = 30.   
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Most of the experiments with the really long pipes are performed as part of a large 
industry research program, for which the results are proprietary. However, the 
available industry publications provide a general description of the test setup and a 
selection of test results. The Reynolds numbers of the experiments with the really 
long flexible pipes in Appendix 24 are between Re 1.6E3 and 2.2E5. 
 
Swithenbank et al. (2008) compared results of long flexible pipe experiments, 
including the contributions of Vandiver et al. (1983), Vandiver et al. (1993), Lie et al 
(1998), Halse et al. (1999), Trim et al. (2005), Vandiver et al. (2005), Vandiver et al. 
(2006) and Braaten et al (2008). The initial objective of Swithenbank et al. was to 
investigate the validity of the fitted curve of Eq. (3-1) of Govardhan & Williamson 
(2006) for the case of the VIV of long flexible pipes. The compilation of results by 
Swithenbank et al. shows that the trend of increasing VIV with increasing Reynolds 
number occurs also for experiments with long flexible pipes. However, the 
presented amplitudes for the long flexible pipes are significantly lower than the 
values of the fitted curve of Govardhan & Williamson (2006). The original fitted 
curve of Govardhan & Williamson was established for 2D pipe segments with 
length over diameter ratios of L/D 5 to 20. The compilation of Swithenbank is for 
Reynolds numbers between 1.6E3 and 2.4E5. Figure 3-2 shows a reproduction of 
the compilation of Swithenbank with contributions of Vandiver et al. (1993), Lie et al 
(1998), Trim et al. (2005) and Vandiver et al. (2005). Results of Allen & Henning 
(2001B) are added to the figure, to highlight the danger of extrapolation to too high 
Re numbers above the highest value in the compilation of Swithenbank. Results of 
Allen & Henning are for Reynolds numbers between 1.8E5 and 6.56E5, which is for 
Reynolds numbers extending into the lower super critical Re regime. The fitted 
curve of Swithenbank et al. (2008) in Figure 3-2 suggests an increase of the VIV 
response for Reynolds numbers up to about 2E5, whereas the results of Allen & 
Henning (2001B) show a steep drop of the VIV response in the critical Re regime. 
The results of Allen & Henning are discussed in the next section.  
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Figure 3-2 VIV response of long flexible pipes versus Reynolds number. 

Reproduction of the compilation by Swithenbank et al. (2008) of measured A/D 
values of VIV experiments with a long flexible pipe. Selected cases in this 
graph include results of Vandiver et al. (1993), Lie et al (1998), Trim et al. 
(2005) and Vandiver et al. (2005) are presented. The trend lines are by 
Govardhan & Williamson (2006) and Swithenbank et al. (2008). Results by 

Allen & Henning (2001B) are in super critical regime   .  

 
Swithenbank et al. (2008) also investigated the (peak) response frequency of the 
VIV in the experiments with the long flexible pipes. Results in Figure 3-3 show 
(peak) reduced frequency versus Reynolds numbers. A decreasing trend can be 
observed for the (peak) reduced frequency for increasing Re number. The fit of 
Swithenbank et al. (2008) in Figure 3-3 shows lock-in VIV at Ur 5.3 for Re 2E3 with 
a gradual increase to lock-in VIV at Ur 7.1 for Re 6E4. The increase of Ur can be 
interpreted as an increase of the wavelength   of the vortex shedding formation, 
or as a reduction of the ‘effective’ Strouhal frequency St. It should be noted that low 
values of the Strouhal frequency below St 0.16 are not observed for the test results 
of the non-oscillating cylinder in Figure 5-14. The trend of increasing reduced 
velocity for increasing Reynolds numbers seems therefore characteristic for 
oscillating cylinders at lock-in VIV conditions. It is not clear if low values of St can 
also occur for a pipe section under forced oscillating VIV conditions.  
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Figure 3-3 Decrease of true reduced frequency fr for increasing Re number. 

This plot is a reproduction of the compilation by Swithenbank (2008) for VIV 
experiments with long flexible pipes. The plot shows a decrease of the (peak) 
reduced frequency fr for increasing Re number. Results of Lie et al (1998), 
Trim et al. (2005) and Vandiver et al. (2005) are presented. The trend line of 
Swithenbank et al. (2008) is presented as well (--). A decrease of the true 
reduced frequency fr means an increase of the true reduced velocity Ur, or an 
increase of the vortex shedding formation wavelength  . 

 
 

3.6 Drop of VIV for smooth cylinder in critical Re regime 
 
Figure 3-4 presents a compilation of measured A/D values versus Reynolds 
number for freely vibrating VIV experiments. The compilation includes contributions 
of Allen & Henning (1997), Allen & Henning (2001B), Ding et al. (2004) and Lie et 
al. (2013). The results are valid for a smooth cylinder in a low turbulence flow in the 
critical Re regime. Results of the present work in 2001 for the freely vibrating OD 
200 mm smooth pipe on spring blades are included as tests series FV 15935, 
whereas results of Allen & Henning (1997) are for tow tests with a relatively short 
length of a flexible pipe of L/D 14 to 22. Results of Allen & Henning (2001B) are for 
tow tests with intermediate length of flexible pipe of L/D 85. The results of Allen & 
Henning (2001B) suggest a strong dip of the VIV for Reynolds numbers between 
2E5 and 7E5, but this interpretation may require some substantiation, noting that 
the reduced velocity changes as well for the tow tests with increasing tow speed 
and increasing Reynolds number.   
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The dip can also be attributed to a shift of the reduced velocity outside the lock-in 
regime. Results of the present work in 2001 were done with the OD 200 mm 
smooth pipe mounted on spring blades, as shown in Appendix 12. For this 
experiment, the OD 200 mm pipe was carefully polished and painted, to obtain an 
as low as possible value for the surface roughness of k/D 2E-6. The exceptionally 
low surface roughness of k/D 2E-6 is evidenced by the exceptionally low drag 
coefficient for the Re dip in Figure 5-5, which is even lower than the lowest values 
in the standard ESDU (1986) curve for a smooth pipe. It is interesting to note that 
Oakley & Spencer (2004) reported cases with almost vanishing VIV in the lower 
super critical Re regime for the Deepstar OD 325 mm smooth pipe for the tests at 
Reynolds numbers between 4E5 and 8E5. It is also interesting to note that Oakley 
& Spencer observed that incoming turbulence plays an important role for the VIV 
when testing with smooth cylinder in the critical Re regime. Oakley & Spencer 
tested with different values of the incoming turbulence by placing a fine grid in front 
of the test pipe. Oakley & Spencer (2004) reported that a value of 4% incoming 
turbulence, generated by the fine grid, was sufficient to let the smooth cylinder start 
vibrating again, for the cases where the VIV had vanished otherwise. 
 

 
Figure 3-4 Drop of the VIV response for a smooth cylinder in the critical Re regime. 

Open symbols (○, □ and Δ) represent results of the present work for the OD 
200 mm smooth pipe freely vibrating on spring blades (Wilde & Huijsmans, 
2001). Other results are by Allen & Henning (1997) and Allen & Henning 
(2001B), Ding et al. (2004) and Lie et al. (2013).   
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3.7 Reynolds sensitivity for freely vibrating cylinder 
 
Figure 3-5 shows a compilation of the response curves for the VIV of freely 
vibrating cylinders in the sub-critical Re regime, including contributions of Vikestad 
(1998), Oakley & Spencer (2004), Klamo (2007), Dahl et al. (2010) and Lee & 
Bernitsas (2011). The Reynolds numbers are between 2.6E3 and 4E5. Although all 
curves show more or less the familiar ‘bell shape’, with a peak at the lock-in VIV 
regime for reduced velocities between 4 and 8, large discrepancies can be 
observed between the different contribution as well. The width of the peak for the 
lock-in VIV is much wider for the curve of Lee & Bernitsas (2011) at the highest 
Reynolds number of Re 6E4. The curve of Vikestad (1998) at Re 4E4 is also much 
wider. The location of the peak the curve of Lee & Bernitsas is shifted to a higher 
value of the reduced velocities between about 8 and 12. None of the curves in 
show appreciable VIV for Ur < 4. Finally, the large range for the height of the peak 
of the bell curves should be noted. For Klamo (2007) at Re 2.6E3 the peak is A/D 
~0.7, whereas for Lee & Bernitsas (2011) at Re 6E4 the peak is almost twice this 
value. For the higher Reynolds numbers of Re > 1E4 in Figure 3-5, it can be 
observed that the tail of the curves for Ur > 12 show an even more gradual decline, 
typically converging to a lower bound minimum value of A/D ~0.1 for the highest Ur 
value of Ur 16. 
 

 
Figure 3-5 Typical VIV response of freely vibrating pipe section. 

Contributions by Klamo (2007) for Re 2.6E3, Lee & Bernitsas (2011) for Re 
6E4, Vikestad (1998) for Re 4E4, Oakley & Spencer (2004) for Re 4E5 and 
Dahl et al. (2010) for Re 3E4.   
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3.8 Reynolds sensitivity for forced oscillation 
 
Figure 3-6 shows VIV response plots for forced oscillation experiments. The plots 
can be compared with the results of freely vibrating experiments in Figure 3-5. 
However, for the experiments with forced oscillation, the ‘zero crossing amplitude’ 
of the lift force coefficient Clv is considered, which can be derived from a series of 
forced oscillation experiments with different amplitudes. Figure 3-6 shows the 
results of forced oscillation experiments by Morse (2009) at Re 4E3 and by 
Gopalkrishnan (1993) at Re 1.08E4. Results of the present work for forced 
oscillation experiments with the OD 200 mm smooth cylinder at Re 3.96E4 and Re 
2.7E5 are presented as well. It can be observed that the peak of A/D 1.4 of the 
present work at Re 3.96E4 is higher than the peak of A/D 0.85 of Morse (2009) or 
the peak of A/D 0.85 of Gopalkrishnan (1993). The peak of A/D 1.4 is also 
significantly higher than the maximum value of A/D ~1.25 according to Eq. (3-1). 
The results of the present work for the OD 200 mm smooth cylinder at Re 2.7E5 
differ even much more from the other results. The most remarkable observation is 
the much larger range of reduced velocities with positive lift, with values up to Ur 
~14. This result is further discussed in Chapter 6. 
 

  
Figure 3-6 Maximum VIV amplitude response for forced oscillation experiments. 

The maximum VIV amplitude for forced oscillation experiments with a pipe 
section are obtained by considering the Clv zero crossing values. The 
contributions are by Morse (2009) for Re 4E3 and Gopalkrishnan (1993) for Re 

1.08E4. Present results are for Re 3.96E4   and Re 2.7E5   .  
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3.9 Compilation of high Re VIV experiments 
 
Construction of a complete picture of the Reynolds number sensitivity for the VIV 
lift force coefficients Clv and Cla requires a large number of tests, preferably 
comprising a complete matrix of reduced velocities, amplitudes and Reynolds 
numbers. For a simple 1 dof forced oscillation motions of one selected pipe, such a 
test campaign can be done within a ‘normal’ duration of say a couple of weeks. The 
measured lift force coefficients Clv and Cla can then be conveniently presented in 
diagrams of VIV lift force coefficients in the form of  Re, ,lvC AD Ur  and  Re, ,laC AD Ur

. For the construction of one such diagram a full tests matrix of say 10 reduced 
velocities, 10 amplitudes and 10 Reynolds numbers is needed, so, a total of about 
1000 tests. Assuming that about 100 tests can be performed in one day, the total 
test duration of the test campaign would take about 2 weeks of time. Unfortunately, 
we have not yet been able to allocate the required test time of 2 weeks for testing 
the full matrix. Instead, the tests for the present work were done for two selected 
cases in the upper subcritical Re regime and the lower critical Re regime. 
 
For the present work, the tests at high Reynolds numbers of Re > 5E5 are 
considerably more difficult to perform than the tests for lower Reynolds numbers up 
to Re 5E5. For the OD 200 mm test pipe the more difficult test regime starts for tow 
speeds of U > 4 m/s. For U > 4 m/s, the wave making in the towing tank becomes 
problematic, in particular related to the increased waiting time after each test for 
decay of the waves. Another practical limitation is related to the forces on the test 
pipe for U > 4 m/s. The forces on the test pipe increases roughly with the square of 
the tow speed. Consequently, the maximum possible Re number scales 
approximately with the square root the design load of the test setup, as expressed 
by Eq. (3-2). Assuming a minimum ratio of the length over diameter of L/D 18 and a 
maximum allowable value for the drag force of 10 kN, this yields a maximum 
Reynolds number for the tests of about Re 9.5E5, which is achieved at a U = 5.3 
m/s for the OD 200 mm cylinder. In practice, most tests for the present work were 
done for tow speeds up to about U = 2.8 m/s, or Re 5E5. 
 

2
2

2
Re dF

Cd L D  
  (3-2) 

 
Appendix 22 gives a review of VIV experiments with a freely vibrating pipe section, 
with contributions by Hover et al. (1998), Vikestad (1998), Smogeli & Hover (2003), 
Ding et al. (2004), Spencer & Oakley (2004), Hover et al. (2004), Jauvtis & 
Williamson (2004), Klamo (2007), Raghavan (2007), Dahl (2008), Morse and 
Williamson (2009), Blevins & Coughran (2009), Chang (2010) and Lee (2011).  
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Appendix 23 gives a review of VIV experiments with forced oscillation of a pipe 
section, with contributions of Mercier (1973), Sarpkaya (1978), Staubli (1983), 
Gopalkrishnan (1993), Moe et al. (1994), Khalak and Williamson (1996), Vikestad 
(1998), Hover et al. (1998), Carberry (2002), Ding et al. (2004), Spencer & Oakley 
(2004), Hover et al. (2004), Sarpkaya (2004), Govardhan & Williamson (2006), 
Aronsen (2007), Dahl (2008), Morse & Williamson (2009), Raghavan & Bernitsas 
(2010) and Zheng (2014). The new contributions of the present work are also 
included in Appendix 22. Figure 3-7 shows a compilation of results in a three-
dimensional representation of A/D, Ur and Re for VIV experiments available to the 
author for which the three test parameters are known, as well as the associated lift 
load coefficient Clv. For the VIV experiments with a freely vibrating pipe section it is 
assumed that Clv ~ 0.0. Appendix 32 shows the same tests in a 2D graphical 
representation. The data points in open literature are presented by a blue dot (o) 
and the new contributions of the present work by a green dot (o). The 3D 
representation in Figure 3-7 clearly show the scarcity of data points for high 
Reynolds numbers above 1E5. 
 

 
 

Figure 3-7 Compilation of VIV experiments in a three-dimensional representation. 

This three-dimensional plot has log(Re) and Ur on the horizontal axes and A/D 
on the vertical axis. Data points that can be found in open literature in blue (o) 
and new data points of the present work in green (o). A total of 1307 data 
points in open literature and a total of 449 data points of the present work are 
presented.   
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3.10 Trend of Reynolds sensitivity for maximum AD 
 

Figure 3-8 and Figure 3-9 show contour plots of maximum VIV response *
maxA  as a 

function of log(Re) and Ur, for respectively the data points in open literature and 
the new contribution of the present work. The A/D values for the experiments with 
forced oscillation are based on the Clv zero crossing. Both Figure 3-8 and Figure 
3-9 show an increase of the maximum VIV in the critical Re regime for increasing 
Reynolds numbers between Re 3E4 and Re 3E5, including a widening of the range 
of reduced velocities for the lock-in VIV in the critical Re regime. The widening 
seems to be more pronounced for the new contribution than for the results in open 
literature. The difference may be attributed to the fact that the new contribution of 
the present work include tests that are performed under better controlled test 
conditions than (some of) the other tests in open literature. It should, however, also 
be noted that the result in Figure 3-9 for Re > 2.7E5 is based on a relatively small 
number of data points and that additional tests would be required to obtain a better 
resolution and a higher statistical reliability. 
 

 
Figure 3-8 Compilation of Reynolds sensitivity in open literature. 

Contour lines of maximum AD values versus log(Re) and Ur.  
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Figure 3-9 Compilation of Reynolds sensitivity in present work. 

Contour lines of maximum AD values versus log(Re) and Ur. Dotted lines 
indicate Re numbers of present work for Re 3.96E4 and 2.7E5. 

 
 

3.11 Trend of Reynolds sensitivity for Clv and Cla 
 
Figure 3-10 shows the lift force coefficient Clv in a contour plot with log(Re) on the 
horizontal axis and Ur on the vertical axis. The result is for a forced oscillation 
amplitude of A/D 0.5. The plot is based on a compilation of results by 
Gopalkrishnan (1993), Carberry (2002), Zheng (2014) and new results of the 
present work. All cases are for a smooth pipe in a low turbulence flow. A similar 
widening for the range of Ur is observed for the contour line for Clv 0, as discussed 
in the previous section. The widening occurs for Reynolds numbers between 1E5 
and 3E5.   
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Figure 3-10 Compilation of lift force coefficient Clv versus Re and Ur for A/D 0.5. 

Contour plot is based on a compilation with contribution by Gopalkrishnan 
(1993) for Re 1.08E4, Carberry (2002) for Re 9.1E3, Zheng (2014) for Re 
7.6E3 and present work for Re 3.96E4 and Re 2.7E5. 

 
Figure 3-11 and Figure 3-12 show a selection of curves of measured Clv values 
and Cla values as a function of Ur. The selected curves are again for A/D 0.5. The 
results of Gopalkrishnan (1993) and Sarpkaya (2004) are in good agreement with 
each other. The lift force coefficient Clv peaks at a reduced velocity of Ur slightly 
below 6.0, with a height of the peak value of about Clv 0.7. Results of 
Gopalkrishnan and Sarpkaya show a small area with positive lift force coefficient 
Clv for Ur ~4. The new contribution of the present work for Re 3.96E4 and the 
result of Carberry at Re 2.3E3 do not show this area. The highest lift force 
coefficient Clv in Figure 3-11 appears for the new contribution at Re 3.96E4, with a 
peak value of about Clv 1.0. The new contribution for Re 2.7E5 is largely different 
from all the other results. The most remarkable difference for the case of Re 2.7E5 
is the large range of Ur values with small but positive lift force coefficient Clv. 
 
The area with positive Clv starts at Ur 4 and extends to at least Ur 10. The ‘normal’ 
peak for the Clv values seems to have disappeared for the case of Re 2.7E5. The 
maximum value of Clv 0.4 for the case of Re 2.7E5 is much smaller than the peak 
Clv value of 0.7 for the ‘normal’ sub-critical Re regime.   
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Figure 3-11 Example of Clv versus Ur for A/D 0.5. 

Contribution of Carberry (2002) for Re 2.3E3 (□), Gopalkrishnan (1993) for Re 
1.08E4 (○) and Sarpkaya (2004) for Re 4.5E4 (◊). Present results for Re 

3.96E4    and Re 2.7E5  × . Results are for smooth cylinder in low turbulence 

flow and for pure cross-flow oscillation. 

 

Although significant sensitivity can also be observed for the lift coefficient Cla for 
the case of Re 2.7E5 in Figure 3-12, this sensitivity is considered to be of less 
importance for the VIV of a deepwater riser. Results in Chapter 9 show that the VIV 
of a deepwater riser is indeed not very sensitive for the ‘added’ mass coefficient 
Ca. The low sensitivity can be understood from the energy balance Eq. (9-10), 
which does not specifically include the ‘added’ mass coefficient Ca or the lift 
coefficient Cla. The main effect of the ‘added’ mass coefficient Ca is to slightly shift 
the frequency if  of the natural vibration modes.   
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Figure 3-12 Example of Cla versus Ur for A/D 0.5. 

Contribution of Carberry (2002) for Re 2.3E3 (□), Gopalkrishnan (1993) for Re 
1.08E4 (○) and Sarpkaya (2004) for Re 4.5E4 (◊). Present results for Re 

3.96E4    and Re 2.7E5  × .   
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4 Test setup and test program 
 
This chapter discusses the test setup and the test program. The experiment were 
done with a new large size VIV test setup in MARIN’s 210 m long towing tank. Most 
tests were done with a smooth circular pipe section with an outer diameter of OD 
200 mm. Four different types of tests were performed: 

1) steady tow tests with a non-oscillating pipe; 
2) tow tests with a forced oscillating pipe; 
3) tests with a forced oscillating pipe in calm water; 
4) steady tow test with a free oscillating pipe. 
 
 

4.1 High Reynolds VIV test setup 
 
The experiment were done in MARIN’s 210  4.0  4.0 m (l  b  h) towing tank, 
which is shown in Appendix 8. The towing tank has a stiff overhead carriage with a 
rated tow speed of ~10 m/s. The carriage is equipped with four electric engines of 
40 kW for driving the four steel wheels. The carriage has a block shaped design 
and weighs about 20 tonnes when empty. The weight of the carriage including the 
test frame, the gear box, the electric engine, the power pack and other necessary 
equipment is about 30 tonnes. The test up is designed for mean lift and drag loads 
on the OD 200 mm test pipe of about 10 kN at a tow speed of ~4 m/s. The 
maximum measured peak loads can, however, be significantly higher due to 
dynamic amplification, up to about 20 kN. The carriage has stabilized speed 
control. For the test with the digital ruler, the stability of the tow speed could be 
verified by considering the first derivative of the measured position signal of the 
carriage. Maximum variations in tow speed were below 1% for the tow speeds 
between 1 and 4 m/s. The variations for tow speeds below 1 m/s were even lower. 
The measured accuracy of the mean tow speed for the steady part of the test run 
was within about 1% of the target value. 
 
The first version of the new High Reynolds VIV test device in 1998 had long spring 
blades for testing with a freely oscillating pipe section, as shown in Appendix 12. In 
2004, the spring blades were replaced by a set of linear bearings and a crank-shaft 
forced oscillation driving mechanism for the forced oscillation tests. The linear 
bearings constrain the test pipe in a pure 1 dof cross-flow motion, thereby 
eliminating the effect of the small in-line motions that occurred for the tests with the 
long spring blades. The new test setup with the linear bearings and the crank-shaft 
driving mechanism is shown in Appendix 9 through Appendix 11. 
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The streamlined struts support the test pipe in a horizontal position under water. 
The test pipe is placed at about 1.7 m below the free water surface in the 3.8 m 
water depth of the towing tank. The entire test setup, including the support 
structures and the test pipe, is mounted under the carriage as one stiff assembly, 
with first natural frequency of ~8 Hz in pendulum mode. The lowest internal natural 
frequency of the carriage itself is much higher at ~30 Hz. The 8 Hz frequency of the 
suspended part is well above the highest forced oscillation frequency in the test 
program of ~3 Hz. 
 
Large circular end plates of OD 1000 mm were used for enhancing two-
dimensional flow around the OD 200 mm test pipe, as shown in Appendix 10. The 
test pipe itself was mounted between cardan joints at both end to improve the 
accuracy of the measurement of the integral the forces on the test pipe. The force 
transducers inside the pivoting point of the cardan joints are effectively only loaded 
in pure FX and FZ direction, thereby eliminating the unwanted interaction effects 
for the load cells, which would otherwise have been induced by the large bending 
moments on the clamping supports of the pipe. The cardan joints with force 
transducers inside are placed in the vertically moving assembly that slides along 
the vertical linear bearings, as shown in Figure A 9 and Figure A 10 of Appendix 
11. The linear bearings were mounted on forward extending structures on the two 
streamlines struts, as shown in Appendix 9. The two force transducers in the two 
cardan joints measure the overall forces on the 3.53 m long test pipe without 
measuring the forces on OD 1000 mm end plates. The design has a small gap of 
about 4 mm between the end plates and the test pipe as shown in Figure A 10 of 
Appendix 11. 
 
The test program includes tests in forward as well as in backward towing direction, 
which means that the pipe is either pushed or pulled through the tank. The 
incoming flow conditions can be considered as uniform for both directions, with a 
low level of incoming turbulence. For tow speeds above about 1 m/s, a noticeable 
wave making effect was observed at the location where the streamlined struts 
protrude through the free water surface, but since the test pipe itself is 1.7 m under 
water, the effect of the wave making is considered to be small for the purpose of 
the tests. It should be noted that although the streamlined struts are positioned 
inside the large OD 1000 mm end plates, the attached structures, such as the 
linear bearings are placed outside the large OD 1000 mm end plates, as shown in 
Appendix 10, Appendix 11 and Appendix 66. Based on the results of the tests with 
the non-oscillating pipe in Chapter 5, the effective turbulence intensity of the 
incoming flow is estimated to be below 0.1%. The blockage effects for the tow tests 
with the OD 200 mm pipe in the 3.8 m water depth of the towing tank are discussed 
in Chapter 5.   
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4.2 Types of tests 
 
Four different types of tests were performed, as schematically shown in Figure 4-1. 
Each type of test serves a specific purpose in the test program. 
 

  
(a) (b) 

 
 

 

 

 
(c) (d) 

Figure 4-1 Four types of tests were performed in the test program. 

(a) steady tow test with non-oscillating pipe, (b) tow test with forced oscillating 
pipe, (c) test with forced oscillating pipe in calm water and (d) steady tow test 
with free oscillating pipe. 

 
4.2.1 Steady tow tests with non-oscillating pipe 

The steady tow tests with the non-oscillating pipe are conducted for measuring the 
mean drag load coefficient Cd and the Strouhal vortex shedding frequency St of 
the pipe. The main objective of these tests for the present work was to verify the 
test setup, following the discussion in Chapter 5. The steady tow tests with the non-
oscillating pipe are done at tow speeds between 0.1 and 4.0 m/s and Reynolds 
numbers between 3.6E4 and 7.15E5. The result of the tow tests with the non-
oscillating pipe can be directly compared with results of stationary cylinder flow 
experiments in literature, such as shown in Appendix 19 and Appendix 20.  
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The OD 200 mm circular pipe is towed at constant speed in the 200 m long towing 
tank. The mean drag force and the oscillating lift force are measured and analyzed 
for the steady part of the run, which is for about 100 m of basin length. The vortex 
shedding frequency is derived from the spectrum of the oscillating lift forces. The 
steady part of the test run of 100 m length corresponds to about 500 diameters for 
a cylinder of OD 200 mm. For a Strouhal frequency of 0.2 this corresponds to 
about 100 cycles of the vortex shedding process. The 100 cycles provide a 
reasonable convergence for the mean value of the drag force coefficient Cd and 
the vortex shedding frequency St. A higher statistical reliability can be obtained by 
repeating the test. Table 5-4 presents the main particulars of the OD 200 mm 
smooth pipe. The surface roughness of the smooth pipe is estimated to be about 
k/D 2E6. The length over diameter ratio of the pipe is L/D 17.7. Chapter 5 
discusses the results of the steady tow tests with the non-oscillating pipe. The 
uncertainty of the steady tow tests with the non-oscillating pipe is estimated to be 
about 10% as discussed in Appendix 16. 
 
4.2.2 Steady tow tests with forced oscillating pipe 

The steady tow tests with forced oscillation of the pipe are conducted for 
measuring the VIV lift force coefficients Clv and Cla, which was the main objective 
of the present work. Results are discussed in Chapter 6. The submerged horizontal 
pipe is forced in regular sinusoidal motion in cross-flow direction, while being towed 
at constant speed. The steady part of the test run of about 100 m is used for the 
data analysis and the derivation of the VIV lift force coefficients Clv and Cla. The 
VIV lift force coefficients Clv and Cla are derived by standard Fourier analysis for a 
minimum of 20 to 50 steady cycles, as discussed in Appendix 15. The uncertainty 
for the steady tow tests with forced oscillation of the pipe is estimated to be about 
5%, as discussed in Appendix 17. 
 
4.2.3 Tests with forced oscillating pipe in calm water 

The tests with forced oscillation of the test pipe in calm water are performed for 
measuring the added mass and damping coefficient in the Morison equation 
(1950). The Morison coefficients Cd and Ca depend in general on the amplitude of 
the forced oscillation and the frequency of the forced oscillation, which are 
respectively the KC number and the Sarpkaya frequency parameter β, as defined 
in Appendix 4. In Chapter 7 the new results for 1E4 < β < 1E5 are compared with 
existing results in literature. The new results for 1E4 < β < 1E5 can also be used 
for reconsidering the standard input values for the hydrodynamic damping models 
as presently used in pragmatic riser VIV prediction tools, such as the damping 
model of Venugopal (1996) in Appendix 7.   



 71 

The tests with forced oscillation of the test pipe in calm water were done with the 
carriage positioned at a suitable location in the middle of the towing tank. The 
submerged horizontal pipe is forced in regular sinusoidal motion in vertical 
direction. The amplitude of the forced oscillation (KC number) and the frequency of 
the forced oscillation ( value) are accurately adjusted for each test. The forces FX 
and FZ on the pipe are measured for about 100 regular oscillations. The Morison 
coefficients Cd and Ca are derived from the measurements by standard Fourier 
analysis for about 20 to 50 regular cycles, as discussed in Appendix 15. The 
uncertainty of the tests with forced oscillation in calm water is estimated to be 
about 10% as discussed in Appendix 18.   
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5 Steady tow tests with non-oscillating 
pipe 

 
This chapter discusses the results of the steady tow tests with the non-oscillating 
pipe. Although the focus of the present work was more on the tests with the forced 
oscillating pipe, the results for the non-oscillating pipe are relevant as well, 
because these result allow for better comparison with results in literature. The flow 
around a circular cylinder is a canonical case in fluid mechanics, which has been 
studied extensively for more than a century. It was deemed necessary to first fully 
understand the results of the new test setup for the simpler case of the non-
oscillating pipe, before presenting new results for the oscillating pipe in Chapter 6 
and Chapter 7. The tests with the non-oscillating pipe are further interesting, 
because they were done in water, whereas traditionally most tests with non-
oscillating circular cylinders are done in a wind tunnel. Although the new tests in 
water essentially confirm the established results in literature, a couple of interesting 
new observations are presented for the measured forces in the critical Re regime. 
 
 

5.1 Flow around circular cylinder 
 
At sufficiently high Reynolds numbers of Re > 40, the flow around a circular 
cylinder depends essentially on the position of the separation points at which the 
boundary layers leave the cylinder surface. Von Karman (1912) discovered, for 
Reynolds numbers of Re 30 to 40 that the wake becomes instable and develops 
into a vortex street. The vortex street consists of a regular pattern of vortices, 
alternatively rotating in clockwise and counter-clockwise direction. The vortex street 
of a circular cylinder exists over a wide range of Reynolds numbers, starting at 
about Re 30 and extending, as far as we know today, up to infinity. Until Roshko 
(1961), the common understanding was that after the boundary layer transition in 
the critical Reynolds number regime, the regular vortex shedding disappears and 
becomes chaotic. Roshko discovered, however, a re-appearing of the regular 
vortex shedding for Re above 5E6 and named this the ‘trans-critical’ regime. The 
frequency of the regular vortex shedding in the stable Re regimes increases more 
or less linearly with the incoming flow speed. This is based on the kinematics of the 
vortex street, which has stable conditions for a row of alternating clockwise and 
counter-clockwise vortices, with a distance between the vortices in a full cycle of 
approximately five times the diameter of the cylinder. This results in a stable 
Strouhal number for a 2D circular cylinder of about St 0.2.   
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In general, the location of the separation points on the cylinder surface depends on 
the Reynolds number Re, the surface roughness k/D and the turbulence intensity 
Tu, as defined in Appendix 1: 
 

Re, ,d u
k

C f T
D

   
 

 (5-1) 

 
Figure 5-1 gives a conceptual graph of the main regions of the flow around a 
circular cylinder for a two-dimensional flow. More or less the same regions can be 
observed for the flow around most cylindrical blunt bodies in a two-dimensional 
flow, such as for instance for the flow around a square cylinder. For the later 
discussion of the result of the PIV measurements in Chapter 8 it is convenient to 
adopt a clear definition of the different flow regions. 
 

 
Figure 5-1 Schematic depiction of flow regions for circular cylinder. 

a) upstream retarded flow, b) boundary layer along the cylinder surface, c) 
curvilinear accelerated flow, d) downstream wake, e) shear layer and sp) 
separation point. The position angle  for the location on the cylinder surface is 
measured from the forward stagnation point. 

 
In general, the flow around a blunt body in the turbulent flow regime with Re > 1E3 
is weakly dependent on the Reynolds numbers. However, for blunt bodies with a 
rounded shape, significant Reynolds number sensitivity can be observed in the 
sub-critical, the critical and the super critical regime. Figure 5-2, Figure 5-3 and 
Figure 5-4 show examples of Reynolds number sensitivity for the flow around a 
circular cylinder. Figure 5-2 shows a curve of the mean drag force coefficient Cd 
versus Re for 1E-2 < Re < 1E8. The curve is based on a compilation of results from 
several individual experiments, including the well-known results of Wieselsberger 
(1921). For the sub-critical regime with Reynolds numbers between Re 1E3 and 
1.5E5, a more or less constant drag force coefficient of approximately Cd 1.2 can 
be observed. For Re numbers between 1.5E5 and 4E5, a steep drop of the Cd 
coefficient can be observed, which is known as the ‘drag crisis’ and constitutes a 
transition from laminar to turbulent flow in the boundary layer (Tani, 1964).  
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The ‘critical Re number’ can be somewhat arbitrarily defined as the Reynolds 
number at which the mean drag force coefficient has a value of Cd 0.8 in the region 
of the rapid fall of the Cd versus Re curve. 
 
Figure 5-3, by Williamson (1966a), shows the suction base pressure for the flow 
around a 2D circular cylinder for Re between 1E1 and 1E7. The suction base 
pressure defines the average pressure in the near wake of the cylinder. In Figure 
5-3, the suction base pressure coefficient varies between approximately Cpb -0.2 
and -1.4. In the sub-critical Re regime for 3E2 < Re < 1E5, three different sub-
regimes can be distinguished, related to the transitions (Tr) in the shear layer (SL), 
being respectively the TrSl1, the TrSl2 and the TrSl3 regime. A steep drop of the 
negative Cpb coefficient can be observed for Reynolds numbers between 1E5 and 
4E5. This steep drop is directly related to the aforementioned drag crisis in the 
critical Re regime. The critical and super critical Reynolds number regime for 1E5 < 
Re < 1E7 can be divided into four sub-regimes, related to the transitions (Tr) in the 
state of the boundary layer (BL), being respectively the TrBL1, the TrBL2, the 
TrBL3 and the TrBL4 regime. In the TrBL2 regime, the negative base pressure 
reaches its minimum value of -Cpb ~ 0.2. In the TrBL3 regime, the negative base 
pressure gradually increases towards a stable end value of about -Cpb = 0.6 to 0.8. 
Figure 5-4, by Zdravkovich (1997), shows the mean pressure distribution around a 
circular cylinder, with contributions of Fage & Falkner (1931) at Re 1.1E5 in the 
TrSL3 regime, of Flachsbart in Wiem & Harms (1932) at Re 6.7E5 in the TrBL3 
regime and of Roshko at Re 8.4E6 in the TrBL4 regime. 
 

 
Figure 5-2 Mean drag force coefficient Cd versus Reynolds number. 

Result for smooth circular cylinder in low turbulence flow. Graph is reproduced 
from Schlichting & Gersten (2000). Measurement (o) by Wieselsberger (1921). 
Also presented are a fit through the measurements (─), an asymptotic formula 
for Re 0 (─ •) and a numerical result for steady flow (─ ─).  



 76 

 
Figure 5-3 Suction base pressure coefficient –Cpb versus Reynolds number. 

Results for smooth circular cylinder in uniform flow. Graph copied from 
Williamson (1966a). 

 

 
Figure 5-4 Mean pressure distribution around circular cylinder. 

Graph copied from Zdravkovich (1997). Results are presented of Fage & 
Falkner (1931) at Re 1.1E5 in the TrSL3 regime, Flachsbart in Wiem & Harms 
(1932) at Re 6.7E5 in the TrBL3 regime and of Roshko at Re 8.4E6 in the 
TrBL4 regime. Potential flow solution is shown for reference. 

 
The standard works of Lienhard (1966), Sarpkaya & Isaacson (1981), Zdravkovich 
(1997) and Schlichting & Gersten (2000) summarize the present understanding of 
the flow around a non-oscillating circular cylinders in a steady uniform flow. The 
common approach is to divide the different transition regimes into three main 
regimes, being: the sub-critical regime (150 < Re < 2.5E5), the critical regime 
(2.5E5 < Re < 5E5) and the super critical regime (5E5 < Re < 3.5E6). Table 5-1 
summarizes the three main regimes, following ESDU (1986).   
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A more detailed classification by Zdravkovich (1997) in distinguishes five main 
regimes (L, TrW, TrSL, TrBL and T) and 15 sub-regimes (subscript number). 
 
Table 5-1 Sub-critical, critical and supercritical Reynolds number regime (ESDU, 1986). 

Reynolds  
number regime 

Reynolds  
number range 

Description 
 

Sub-critical 
2E3 
to 

2.5E5 

Turbulent vortex street. The vortex formation zone has 
maximum extension for Re  2E3 and is decreasing until it 
disappears at Re  1E4. The fully turbulent vortex street has  
an almost constant Strouhal number of St  0.20. The boundary 
layer is laminar up to the separation point at s  80. 

Critical 
2.5E5 

to 
5.0E5 

Critical regime. Unstable boundary layer, but with separation 
before turbulence. The width of the wake decreases and the 
drag force coefficient drops to a minimum value of Cd ~0.3.  
The Strouhal number is very variable. 

Super critical 
5.0E5 

to 
3.5E6 

Supercritical regime. There is first a laminar separation at s  
100. The flow becomes turbulent and then re-attaches, forming 
a separation bubble before finally separating from the body at  
s  140. The regime is recognized with a drag force  
coefficient increasing from Cd = 0.5 to 0.7. The wake is 
disorganized and the Strouhal number is very variable. 

 
Table 5-2 Detailed classification of Re regimes by Zdravkovich (1997). 

Zdravkovich 
State 

 

Zdravkovich  
flow regime 

 

Zdravkovich  
Reynolds number Range 

 

Reynolds 
number regime 
(ESDU, 1986) 

L Laminar 

1 No separation 0 to 4-5 - 

2 Closed wake 4-5 to 30-48 - 

3 Periodic wake 30-48 to 180-200 - 

Tr 
W 

Transition  
in Wake 

1 Far wake 180-200 to 220-250 - 

2 Near wake 220-250 to 350-400 - 

Tr 
SL 

Transition 
in Shear  

Layer 

1 Lower 3.5E2-4E2 to 1E3-2E3 sub-critical 

2 Intermediate 1E3-2E3 to 2E4-4E4 sub-critical 

3 Upper 2E4-4E4 to 1E5-2E5 sub-critical 

Tr 
BL 

Transition 
in Boundary 

Layer 

0 Pre-critical 1E5-2E5 to 3E5-3.4E5 critical 

1 Single bubble 3E5-3.4E5 to 3.8E5-4E5 critical 

2 Two bubbles 3.8E5-4E5 to 5E5-1E6 critical 

3 Super critical 5E5-1E6 to 3.5E6-6E6 super critical 

4 Post critical 3.5E6-6E6 to (?) - 

T 
Fully 

Turbulent 
1 Invariable 

(?) to ∞ 
- 

2 Ultimate - 
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As shown in Table 5-1, the laminar boundary layer on a smooth circular cylinder 
separates at a position angle of about  = 75 to 95 degrees, depending on the 
Reynolds number. The thickness of the laminar boundary layer on the surface of a 
circular cylinder can be roughly estimated with the solution of Blasius (1908) for a 
flat plate. A higher order approximation by Schonauer (1963) includes the effect of 
the accelerated flow due to the presence of the cylinder. Table 5-3 gives typical 
values of the boundary layer thickness for an OD 200 mm smooth cylinder for Re 
1E4, 1E5, 2.7E5 and 3.5E6. 
 
Table 5-3 Estimated values of boundary layer thickness for OD 200 mm smooth cylinder. 

ReD 

[-] 
Zdravkovich 

regime 
 

[deg] 
Rex 

[-] 
OD 

[mm] 
lam 

[mm] 
turb 

[mm] 
sub 

[mm] 

1.0E4 
1.0E5 
2.7E5 
3.5E6 

TrSL2 
TrSL3 
TrBL0 
TrBL4 

75 
80 
95 
90 

6.5E3 
7.0E4 
2.2E5 
2.8E6 

200 
200 
200 
200 

3.74 
1.18 
0.72 

- 

- 
- 
- 

3.0 

- 
- 
- 

0.01 

 
 

5.2 Test matrix 
 
The main objective of the non-oscillating tow tests with the circular pipe in water 
was to measure the mean drag force coefficient Cd for Re between 3.6E4 and 
7.15E5. Also of interest are the lift force rms and the frequency fst of the vortex 
shedding process. The tests are done by towing the pipe at constant speed in a 
long basin. The result of the non-oscillating tow tests can be directly compared with 
other experiments for the flow around a circular cylinder in literature. Most tests for 
a non-oscillating circular cylinder in literature have been performed in a wind 
tunnel. The results of the present work can be compared with the tests in literature 
for relatively long pipes of L/D > 10 as well. The tow tank that was used for the 
present work has a length of 200 m. The measured forces are analyzed for the 
steady part of the tow, which is for about 100 m of basin length. This corresponds 
to about 500 diameters of the OD 200 mm cylinder, for which about 100 cycles of 
the vortex shedding process are recorded. The 100 cycles provide a reasonable 
statistical convergence for the mean drag force coefficient Cd, the lift force rms 
coefficient rm sC l  and the vortex shedding frequency St. The reliability of the 

measurements can be improved by repeating the test. 
 
The main particulars of the OD 200 mm smooth pipe are presented in Table 5-4. 
The OD 200 mm smooth pipe has a length over diameter ratio of L/D 17.7. Large 
circular end plates of OD 1000 mm were used to obtain better quality two-
dimensional flow (see Appendix 66).   
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Table 5-4 Main particulars of the smooth OD 200 mm circular test pipe. 

Designation Symbol Unit Value 

Length L mm 3531 

Diameter D mm 200 

Roughness k/D - 2E-6 

Weight in air m kg 114 

 
Appendix 28a provides a review of the non-oscillating tow tests with the OD 200 
mm smooth pipe. Six test campaigns were carried out throughout the years 2001 to 
2015. The tow speed varied between 0.2 and 4.0 m/s, corresponding to Reynolds 
number between Re 3.6E4 and 7.15E5. Appendix 19 gives a review of frequently 
cited experiments for a circular cylinder in a wind tunnel, including the well-known 
contributions of Wieselsberger (1921), Achenbach (1971), Roshko (1961), 
Bearman (1969), Güven et al. (1975), Miller (1976), Achenbach & Heinecke (1981), 
Cantwell & Coles (1983), Schewe (1983) and Norberg (2003). Appendix 20 
provides a review of non-oscillating tow tests with a circular cylinder in water, with 
contributions at the highest Reynolds numbers between Re 1E5 and 1E6 by Ding 
et al. (2004) and Oakley & Spencer (2004). 
 
 

5.3 Mean drag of OD 200 mm smooth pipe 
 
Figure 5-5 shows the measured mean drag force coefficients Cd of the OD 200 
mm smooth pipe. The Reynolds number is presented on a logarithmic scale. The 
solid black line in the background is the ESDU 80025 reference curve for a smooth 
cylinder (ESDU, 1986). The ESDU 80025 reference curve is based on a 
compilation of 43 reliable sources, including the well-known results of 
Wieselsberger (1921), Achenbach (1971) and Güven et al. (1975). The compiled 
ESDU curve is valid for cylinders with a relatively large aspect ratio of L/D > 10 and 
for 2D pipes for which end effects can be ignored. The flow conditions are 
assumed to be incompressible, which is for low Mach number of Ma < 0.25. The 
ESDU reference curve is valid for uniform flow and low incoming turbulent intensity. 
The ESDU 80025 report specifies the following uncertainty for the presented Cd 
values: 
 
+10% of Cd

3E5 < Re < 5E5
-30% of Cd

for  

+0.06 in Cd
all other Re

-0.06 in Cd
for  
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Figure 5-5 shows the results of the measured drag crisis of the present work for Re 
between 2E5 and 4E5. The drag crisis of the ESDU reference curve in the 
background resembles the drag crisis of the curve of Cd versus Re of 
Wieselsberger (1921) in Figure 5-2. For test series S 15935, it can be noted that 
the lowest measured Cd value at the end of the rapid fall of the Reynolds dip has a 
value of about Cd 0.3. This exceptionally low value serves as a good indication for 
the low level of the surface roughness of the OD 200 mm smooth pipe for test 
series S 15935. A Cd value below 0.3 can only occur for a very smooth pipe in a 
flow with low incoming turbulence intensity. The OD 200 mm smooth pipe for the 
present work was manufactured from a standard commercially available 200 x 10 
mm aluminum pipe. The pipe was carefully polished before it was painted and 
several layers of paint were used. 
 
It should be noted that the results of test series S 21536 and test series S 25059 
show slightly higher Cd coefficients for the highest measured Re numbers between 
3.5E5 and 7.5E5 than for test series S 15935. The test of series S 21536 and 
series S 25059 were done with the same OD 200 mm smooth pipe as the test of 
series S 15935, but in different test campaigns, with several years in between, as 
shown in Appendix 28. Apparently, the surface roughness of the pipe had been 
slightly altered over the years for test series S 21536 and S 25059, most likely due 
to gathering of dust and/or aging of the paint. For test series S 26893 in 2015, the 
pipe was polished again and finished with a new layer of paint and the low Cd 
value of ~0.3 were measured again. The tow tests with the non-oscillating pipe 
were performed with the carriage moving in forward direction (F) as well as in 
backward direction (B). No systematic difference was observed between the two 
towing directions. This confirms that the wake of the vertical struts has small or 
negligible effect on the test results, as also discussed in Chapter 4. The absence of 
differences between towing in forward and backward direction also serves as a 
good indication of the roundness of the OD 200 aluminum pipe. The roundness of 
the aluminum pipe was also checked by measuring the diameter of the pipe at 
several points on the two ends of the pipe. Moreover, the circumference of the pipe 
was measured at several locations along the length of the pipe. It can be observed 
that the measured Cd values in Figure 5-5 show somewhat increased scatter for 
the lowest Re numbers between 4E4 and 1E5. This higher scatter is attributed to 
the lower measuring accuracy at the lower end of the measuring range of the force 
transducers, as discussed in Appendix 16. The lift and drag forces on the pipe 
were measured with Armco 10 kN strain gauge sensors with lower end measuring 
accuracy of about 1 N. The measured drag force on the OD 200 mm pipe at Re 
4E4 is approximately 20 N, which is only a factor 20 above the lower end 
measuring range of 1 N. For higher Re numbers of Re > 8E4, the signal-to-noise 
ratio rapidly improves with roughly the second power of the Reynolds numbers.  
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The critical Reynolds number for the OD 200 mm smooth pipe in Figure 5-5 is 
found at a value of Re 2.85E5. The critical Reynolds number is defined here as the 
Re number at which the curve of Cd versus Re crosses a value of Cd = 0.8, in the 
region of the rapid fall in the critical Re regime. The critical Reynolds number of Re 
2.85E5 for the OD 200 mm smooth pipe corresponds reasonably well with the 
critical Reynolds number of the ESDU reference curve for a smooth pipe. It can, 
however, be observed that the gradient of the rapid fall of the Cd values in the 
critical Re regime is steeper in Figure 5-5 for the results of the present work than 
for the ESDU reference curve in the background. In particular, the negative 
gradient for test series S 26893 of Cd/Re -1.0E-5 is almost a factor two higher than 
the negative gradient of the ESDU reference curve of Cd/Re -0.5E-5. It is assumed 
that the gradient in the compiled ESDU reference curve is somewhat smoothed out 
by the averaging process when considering the results of a large number of 
individual contributions. 
 

 
Figure 5-5 Results of mean drag load measurements with OD 200 mm smooth pipe. 

The small open symbols (○, ◊) are new results for the OD 200 mm smooth 
pipe, obtained from different measuring campaigns in the period 2001-2015. 
The different test series are listed in Appendix 28. Results for forward and 
backward towing direction are labeled ‘F’ and ‘B’. Solid black line in the 
background is ESDU 80025 reference curve for a smooth cylinder (ESDU, 
1986). The large open symbols (○, ◊) are results by Ding et al. (2004) and 
Oakley & Spencer (2004). The solid red square (■) shows the frequently cited 
result of Cantwell & Coles (1983). The blue vertical dotted line is the critical 
Reynolds number of Re 2.85E5 for the Cd = 0.8 crossing at the rapid fall of the 
ESDU reference curve.   
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5.4 Mean drag of OD 200 mm rough pipe 
 
Appendix 28b provides a review of the non-oscillating tow tests with an  
OD 200 mm rough pipe. Test series R 18996 was done with 500 micron sand 
particles glued on the OD 200 mm aluminum pipe. The grain distribution is uniform 
and has an intermediate grain density, as shown in Appendix 68. Test series R 
15935 and test series R 21536 were performed with P24 water proof sandpaper 
glued on the OD 200 mm aluminum pipe, as shown in Appendix 67. P24 sand 
paper has densely distributed silicon carbide grains of about 750 μm. It was found 
that the effective hydraulic roughness of the OD 200 mm rough pipe is about the 
same for test series R 18996, test series R 15935 and test series R 21536, all 
having an estimated effective hydraulic roughness value of k/D ~ 0.005. This value 
is based on a comparison of the measured Cd versus Re curve with the ESDU 
(1986) reference data. It should be noted that due to the 2 mm thickness of the 
sandpaper, the effective outer diameter of OD 204 mm is slightly higher for test 
series R 15935 and test series R 21536. A general description of the most common 
parameters for describing the effective hydraulic roughness of a body in a fluid flow 
can be found in text books by Lienhard (1966), Sarpkaya & Isaacson (1981), 
Zdravkovich (1997) and Schlichting & Gersten (2000). Miller (1976) and 
Achenbach & Heinecke (1981) presents results of wind tunnel experiments with a 
circular cylinder with different values of the surface roughness. 
 
Figure 5-6 shows the measured drag force coefficients for the OD 200 mm rough 
pipe. The solid black line and the dashed black line in the background are the 
ESDU 80025 reference curves for a roughness value of respectively k/D 0.003 and 
k/D 0.01. The ESDU curve for k/D 0.003 has better agreement for the new 
measurements with the OD 200 mm rough pipe, when considering the lowest Cd 
value in the dip, whereas the ESDU curve for k/D 0.01 has a better agreement for 
the location of the dip. The overall interpretation is that the OD 200 mm rough pipe 
has an effective roughness value between k/D 0.003 and k/D 0.01. The critical 
Reynolds number for the OD 200 mm rough cylinder is found at Re 6E4, 
considering a crossing of the coefficient Cd at a value of 0.9 in the ESDU reference 
curve for k/D 0.005. 
 
The trend of decreasing Cd values for the highest Reynolds numbers of test series 
R 15935 for Re > 4E5 is interesting. Results of Shih et al. (1993) show a similar 
trend of decreasing Cd values for the highest Reynolds numbers in the super 
critical regime at Reynolds numbers between Re 3E5 and 8E6 and surface 
roughness of k/D 0.01. The decreasing trend of the Cd values can be observed for 
the results of Shih et al. for 1E6 < Re < 3E6, which is roughly the same area as 
where the decrease can be observed in Figure 5-6.   
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It is interesting to note that the measurements of Shih et al. show a gradual 
increase again of the Cd values to a value of Cd ~1.1 after the ‘second dip’, for 3E6 
< Re < 8E6. 
 

 
Figure 5-6 Results of mean drag load measurements with OD 200 mm rough pipe. 

The effective hydraulic roughness is between k/D 0.003 and k/D 0.01, based 
on a comparison with the benchmark results of ESDU (1986). In general, the 
Reynolds dip is less deep and shifts to lower Reynolds numbers for larger 
values of the surface roughness. 

 
 

5.5 Mean lift of OD 200 mm smooth and rough pipe 
 
Figure 5-7 shows new results of the present work for the mean value lift force of 
the OD 200 mm smooth and the OD 200 m rough pipe. Intuitively, there should be 
no mean lift force for a symmetric body in a uniform flow. However, some tests with 
the smooth cylinder showed unexpected large mean lift force of almost Cl = 1.0. 
The large mean lift was observed in the vicinity of the critical Re number of 2.85E5 
and were repeatedly found for the steady tow tests with the smooth cylinder in 
different years. The explanation for the large mean lift force can be found by the 
single separation bubble in the TrBL1 sub regime of Table 5-2. Bearman (1969), 
Schewe (1983) and Shih et al. (1993) observed large mean lift force for flow with a 
single separation bubble. However, Bearman (1969), Schewe (1983) and Shih et 
al. (1993) observed the asymmetric flow at respectively Re 3.7E5, Re 3E5 and Re 
3.7E5, which is at slightly higher Reynolds numbers than Re 2.85E5 where the 
large positive and negative lift forces can be observed in Figure 5-7.  
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Figure 5-7 Results of mean lift forces for OD 200 mm smooth and rough pipe. 

Open symbols (○, ◊) are for smooth pipe and stars  ,   for the rough pipe. 

The different test series are listed in Appendix 28. The blue vertical dashed line 
presents the critical Reynolds number of Re 2.85E5. For Re < 2E5, the 
measured mean lift is close to zero, as expected. The ‘strange’ large positive 
and negative mean lift forces for the smooth cylinder at Re 2.85E5 are 
explained by the single separation bubble in the TrBL1 sub regime, as 
discussed by Bearman (1969), Schewe (1983) and Shih et al. (1993). 

 
 

5.6 Drag force rms of OD 200 mm smooth and rough pipe 
 
Figure 5-8 shows the measured values of the standard deviation (rms) of the in-line 
drag force coefficient Cdrms for the OD 200 mm smooth and the OD 200 mm rough 
pipe. For the OD 200 mm smooth pipe, a gradual decrease of the drag rms 
coefficient Cdrms can be observed for increasing Reynolds numbers. This is 
explained by the decreasing correlation length of the vortex shedding process 
along the span wise length of the test pipe. Another, presumably somewhat less 
important effect, is the decrease of the strength of the vortex shedding itself for 
increasing Reynolds numbers. In the sub-critical, critical and super critical Re 
regime, the vortices shed in general in span wise cells as schematically shown in 
Figure 5-12 by Mattingly (1962). When integrating the forces over a longer length 
of the pipe, the span wise cells give rise to a spatial averaging effect for the rms 
values. A compilation by King (1977) provides an indication of measured values for 
span wise correlation length for the lift forces.   
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Results of Baroudi (1960) in Figure 5-13 show span wise correlation coefficient as 
function of the ratio X/D for a circular pipe at Re 1E4 to 4E4. The correlation length 
of the span wise cells for a smooth pipe in the critical Reynolds regime can be as 
small as about one cylinder diameter, or X/D = 1. 
 
In Figure 5-8 for 2E5 < Re < 8E5 it can be observed that the values of the in-line 
drag force rms are significantly higher for the OD 200 mm rough pipe than for the 
OD 200 mm smooth pipe. For this range of Re numbers it is assumed that the 
transition from laminar to turbulent boundary layer flow is stabilized by the effect of 
the surface roughness. King (1977) discusses the possibility of dependence of the 
correlation length on Reynolds number, turbulence intensity and surface 
roughness. It should be noted that the values in Figure 5-8 and Figure 5-9 are 
unfiltered rms values, which means that the time traces may contain some low 
frequency and high frequency contributions in addition to the actual rms values due 
to the vortex shedding process. Better results can be obtained for Figure 5-8 and 
Figure 5-9 by using a band filter for the range of interest for the vortex shedding 
process only, but this has not yet been done. An example of the high and low 
frequency noise can be seen in the spectral density plot of Figure 5-11 for test 
103011 with the OD 200 mm smooth pipe in the critical Re regime at Re 5.37E5. 
 

 
Figure 5-8 Drag rms loads for OD 200 mm smooth and OD 200 mm rough pipe. 

Open symbols (○, ◊) are for the OD 200 smooth pipe and stars  ,   for the 

OD 200 mm rough pipe with designation as shown in Appendix 28. Some tests 
of series S 21536 were repeated with PIV measurements (x). Results are 
presented as unfiltered rms values. The blue vertical dotted line presents the 
critical Reynolds number for the smooth pipe at Re 2.85E5.  
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5.7 Lift force rms of OD 200 mm smooth and rough pipe 
 
Figure 5-9 shows measured values of the standard deviation (rms) of the lift force 
for the OD 200 mm smooth and the OD 200 mm rough cylinder. A decrease of the 
lift force rms values can be observed for the OD 200 mm smooth cylinder for 
increasing Re numbers. Unexpected low values of Clrms < 0.1 can be observed for 
3E5 < Re < 8E5. The decrease of the lift force rms in Figure 5-9 is again explained 
by the decreasing size of the span wise cells as discussed in Section 5.6. A large 
difference can be observed between the smooth and the rough pipe for Re > 
2.85E5. Where the lift force rms of the OD 200 mm smooth pipe almost disappears 
in the critical Reynolds number regime, a gradual increase of the lift force rms can 
be observed for the OD 200 mm rough pipe for Re > 2.85E5. Figure 5-10 shows 
the power spectrum of the lift forces on a dB scale for test 103007 for the OD 200 
mm smooth cylinder at Re 3.6E5 and for test 102006 with the OD 200 mm rough 
cylinder at Re 3.6E5. The peak for the Strouhal number for the OD 200 mm smooth 
cylinder at a frequency of 5 Hz is about 58 dB lower than the peak for the Strouhal 
number for the OD 200 mm rough cylinder at a frequency of 2 Hz. The 58 dB 
difference means a factor of 6.3E5 for the power spectral density. Bearman (1969) 
reported a factor of 33 dB difference in power spectral density for the ‘two bubble 
regime’ at Reynolds numbers between Re 4E5 and Re 7E5. Figure 5-11 shows the 
power spectrum of the measured lift force of test 103011 for the OD 200 mm 
smooth cylinder at Re 5.37E5. The power spectrum shows small low frequency 
signal for St < 0.1 and two small peaks for 0.1 < St < 0.2.   
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Figure 5-9 Lift rms loads for OD 200 mm pipe. 

Open symbols (○, ◊) are for the OD 200 mm smooth pipe and stars  ,   for 

the OD 200 mm rough pipe with designation as shown in Appendix 28. 
Unfiltered rms values are presented. The blue vertical dotted line presents the 
critical Reynolds number for the smooth pipe at Re 2.85E5. 

 

 
Figure 5-10 Power spectrum of lift force for non-oscillating test at Re 3.6E5. 

Results for the OD 200 mm smooth pipe (test No. 103007, ─) and the OD 200 
mm rough pipe (test No. 102006, ─). Both tests are for Re 3.6E5. The 
measurements for the OD 200 mm rough pipe show significant lift force rms, 
whereas there is hardly any lift force rms for the OD 200 mm smooth pipe. The 
peak of the Strouhal number for the OD 200 mm smooth pipe at 5 Hz is about 
58 dB lower than the peak of the Strouhal number for the OD 200 mm rough 
pipe at 2 Hz.   

S
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Figure 5-11 Power spectrum of the lift force of OD 200 mm smooth pipe. 

Result of non-oscillating tow test No. 103011 with the OD 200 mm smooth pipe 
in the critical Re regime at Re 5.37E5. The power spectrum shows small low 
frequency signal for St < 0.1 and two small peaks for 0.1 < St < 0.2. A single 
peak is not observed at St 0.2. The low values of the power spectra density of 
S < 2E-4 mean very low lift force rms. The total standard deviation, based on 
the area under the curve of the power spectrum, is Clrms 0.03. 

 
 

 
Figure 5-12 Formation of span wise cells by Mattingly (1962). 

At sufficiently high Re numbers in the sub-critical, critical and super critical Re 
regime the vortices shedding process on a circular pipe section takes place in 
the form of span wise cells. The span wise cells give rise to a spatial averaging 
effects for the measured drag rms and lift rms values when integrating the 
forces over a longer length of the pipe section. This schematic picture of 
Mattingly (1962) shows an oscillating and wavy pattern for the line of the 
separation. Experiments of Mattingly are for a circular cylinder of X/D = 5 at Re 
2E4.   
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Figure 5-13 Measured span wise correlation coefficient of Baroudi (1960). 

This experimental result of Baroudi (1960) shows span wise correlation 
coefficient as a function of the aspect ratio X/D for a circular cylinder at Re 1E4 
to 4E4. The aspect ratio of the OD 200 mm pipe in the present work of X/D = 
17.7 is higher than the highest value in the results of Baroudi. 

 
 

5.8 Vortex shedding frequency of OD 200 mm smooth and 
rough pipe 

 
Figure 5-14 and Figure 5-15 show measured values of the (peak) Strouhal number 
for the OD 200 mm smooth pipe and the OD 200 mm rough pipe. The results are 
obtained by standard FFT analysis of the total measured lift forces for L/D 17.7. A 
manual detection method was adopted for finding the location of the (highest) 
peak. In Figure 5-14, the measured Strouhal number for the OD 200 mm smooth 
pipe as obtained by the PIV measurements in Chapter 8 is presented by the green 
crosses (x). The presented values of the present work are in good agreement with 
results of Achenbach & Heinecke (1981). The agreement is good for the OD 200 
mm smooth pipe as well as for the OD 200 mm rough pipe. For Re < 2.85E5, the 
measured Strouhal numbers for the OD 200 mm smooth cylinder of the present 
work are in good agreement with the standard value for a circular cylinder of St 0.2. 
A jump of the Strouhal number to a value of about St 0.45 can be observed for the 
OD 200 mm smooth cylinder at the critical Reynolds number of Re 2.85E5. The 
jump at Re 2.85E5 does not appear for the OD 200 mm rough pipe. In Figure 5-15, 
an unexpected area with higher Strouhal numbers of St ~0.3 can be observed for 
the OD 200 mm rough pipe, at 7E4 < Re < 1.5E5. This seems a new finding. The 
unexpected result seems to be related to the shift of the Reynolds dip to lower 
Reynolds numbers for a rough cylinder as discussed in Section 5.4 for the results 
in Figure 5-6.   
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Figure 5-14 Measured Strouhal frequency St for a smooth pipe. 

The open symbols (○, ◊) are results of the present work for the non-oscillating 
OD 200 mm smooth pipe The different test series are listed Appendix 28a. The 
red and the green crosses (x, x) are measured Strouhal numbers for the OD 
200 mm smooth pipe as obtained in the present work by respectively the force 
measurements and by the PIV measurements in Chapter 8. The black dash-
dot line (─ •) is a reference curve for a smooth cylinder, based on a compilation 
by Achenbach & Heinecke (1981). The blue vertical broken line (─ ─) indicates 
the critical Reynolds number for the smooth cylinder at Re 2.85E5. Results of 
Achenbach & Heinecke (1981) and Cantwell & Coles (1983) are presented by 
closed symbols (■, ♦).   



 91 

 
Figure 5-15 Measured Strouhal frequency St for roughened pipe. 

The star symbols  , , ,     presents the measured values of the present work 

for the non-oscillating OD 200 mm rough pipe. The different test series are 
listed in Appendix 28b. The black solid line (─) is a reference curve for a rough 
cylinder, based on a compilation by Achenbach & Heinecke (1981). The blue 
vertical solid line (─) indicates the critical Reynolds number for a rough cylinder 
at Re 6E4. An unexpected area with higher Strouhal numbers of St ~0.3 can 
be observed for 7E4 < Re < 1.5E5. This seems a new finding. Measurements 
of Achenbach & Heinecke (1981) for a rough cylinder are presented with a 
black triangle (▲).   
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5.9 Blockage effect 
 
The OD 200 mm pipe is towed at mid water depth in a 3.8 m deep towing tank. The 
presence of the free surface and the presence of the concrete floor of the towing 
tank, may result in an over prediction of the measured forces, compared to the 
situation of a truly two-dimensional flow in infinite water depth. In general, the 
blockage effect for a 2D circular cylinder becomes appreciable when the blockage 
ratio is higher than about D/B 0.01. In practice, however, correction for blockage 
effect is often omitted for blockage ratios up to about D/B 0.1. For example, 
Zdravkovich (2002) suggests that blockage correction may be omitted for blockage 
ratios up to about D/B 0.1. The blockage ratio for the OD 200 mm pipe in the 
present work is about D/B 0.05, which falls in the category for which it is 
questionable if blockage correction is needed or not. For the present work, it was 
decided to present uncorrected values. The effect of the blockage for a 2D circular 
cylinder can be easily estimated by the simple empirical correction formulas of 
Allen and Vincenti (1944): 
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(5-3) 

 
For the OD 200 mm pipe in 3.8 m water depth, the above formulas predict an 
increase of cV V  = 1.016 for the effective incoming flow velocity and an increase of 

d dcC C  = 1.038 for the drag force coefficient. This is when assuming an uncorrected 

drag force coefficient of dC  = 1.2. Although the increase of d dcC C  = 1.038 (about 

4%) may be considered as significant, it was decided to present uncorrected 
values for the present work. The main reason for this is that the uncorrected results 
in Figure 5-5 and Figure 5-6 do not give a clear indication for an over prediction of 
the mean drag force coefficient Cd. Also, the uncorrected results of the Strouhal 
frequency in Figure 5-14 do not give a clear indication for over prediction for the 
Strouhal frequency. A study by Klaij (2008), using 2D RANS CFD calculations for 
the OD 200 mm smooth cylinder in 3800 mm water depth, confirmed the blockage 
effect when using the empirical relations of Allen and Vincenti.   
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5.10 Uncertainty analysis 
 
Appendix 16 discusses the uncertainty analysis for the measurement of the mean 
drag force coefficients Cd for the tow tests with the non-oscillating pipe in the 
present work. The forces at the two outer ends of the test pipe were measured with 
Armco three-component strain gauge force transducers, with a random uncertainty 
of about 0.5%. In addition to the random uncertainty, a systematic uncertainty of 
about 1 N should be considered for the measurement of the forces at the lower end 
of the measuring range of the force transducers. The uncertainty of the effective 
incoming flow velocity is a next important contribution for the overall uncertainty of 
the measured mean drag load Cd in the present work. Although the accuracy of the 
measurement of the speed of the carriage is in itself better than 1%, the actual 
accuracy is somewhat lower due to the effect of the ‘residual’ current in the towing 
tank. For the tests between 1998 and 2014, the carriage speed was measured by 
means of a pulse counter on the fifth wheel. In 2014 the basin was refurbished and 
the position of the carriage during the test could be measured accurately with a 
digital ruler. It should be noted that the error bars for the Cd values in Figure 5-16 
are presented as a large U expanded uncertainty with a confidence level of 95%: 
 

 
Figure 5-16 Uncertainty of measured Cd values for OD 200 mm smooth pipe. 

The large U expanded uncertainty for a confidence level of 95% is about 10%. 
The solid black line (─) in the background is the ESDU 80025 reference curve 
for a smooth cylinder (ESDU, 1986). ESDU specifies an uncertainty of about 
+/-0.06 for the reference curve in the sub-critical, critical and super critical 
Reynolds number regime (─ ─).   
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5.11 Schewe parameters 
 
It is important to note that often a much higher scatter is observed when comparing 
the measured values of the mean drag force coefficient Cd of different experiments 
with a 2D circular pipe section from various sources, than would be expected 
beforehand. This can be understood from the high sensitivity of the flow for small 
perturbations of difficult to quantify or even completely unknown parameters. The 
high sensitivity appears in particular for tests at higher Reynolds numbers in the 
sub-critical, critical and super critical regime. The small perturbations may include 
unknown or difficult to quality details of the experiment, such as the uniformity of 
the flow, the turbulence intensity, the turbulence spectrum and the turbulence 
length scale. Other unknown or difficult to quality parameters include the vibrations 
of the test setup and specific details of the surface roughness on the test pipe. For 
the tests at high Reynolds numbers in the sub-critical, critical and super critical 
regime, a small local unevenness of the surface of the test pipe may already have 
a large effect on the measured forced. The unknown or difficult to quantify test 
parameters for experiments involving the flow around a 2D cylinder can be 
collectively classified as ‘Schewe parameters’, after Schewe (1983). Table 5-5 
summarizes some of Schewe’s original parameters together with some other 
difficult to quantify test parameters that might be relevant as well. 
 
Table 5-5 Schewe parameters 

Schewe (1983) noted an unexpected large sensitivity for the flow around a 2D 
cylinder. The table summarizes some of Schewe’s original parameters together 
with some other difficult to quantify test parameters. The unknown or difficult to 
quantify test parameters can be collectively classified as ‘Schewe parameters’. 

Schewe parameters 

- surface roughness of the cylinder 

- non-uniformity of the surface roughness 

- parameters controlling the mobility of the 
separation points on curved surfaces 

- three-dimensional behavior of flow over 
two-dimensional bodies 

- non-uniformity of incoming flow 

- mean shear of incoming flow 

- characteristic turbulence intensity of 
incoming flow 

- turbulence length scales of incoming flow 

- small time variations of incoming flow 
speed 

- unpredictable (or difficult to predict/control) 
span wise correlation and its possible 
dependence on the forced or free nature of 
the vibrations 

- blockage ratio 

- effect of the free surface 

- size and shape of the end plates 

- non-perfect circular shape of pipe 

- yaw of the pipe 

- deformation of the pipe during the test 

- vibrations of the pipe and its support 
system 

- temperature gradients 
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6 Steady tow tests with forced oscillating 
pipe 

 
This chapter discusses the steady tow tests with the forced oscillating pipe. These 
tests are the main focus of the present work. The submerged horizontal pipe is 
forced by the crank-shaft driving mechanism in a regular sinusoidal motion in 
cross-flow direction, while being towed at constant speed in the towing tank. The lift 
force coefficients Clv and Cla are derived from the measured lift forces and have 
the same meaning as the coefficients in the original Hartlen & Currie (1970) VIV 
prediction model and can be directly used as input parameter for pragmatic 
industry VIV prediction models. The new results of the present work in Appendix 37 
and Appendix 39 show the lift force coefficients Clv and Cla as function of A/D and 
Ur for two selected Reynolds numbers of respectively Re 3.96E4 and Re 2.7E5. It 
was found that the new lift force coefficients Clv and Cla in Appendix 37 and 
Appendix 39 deviate significantly from the established coefficients of 
Gopalkrishnan (1993) and Sarpkaya (2004) for Re ~1E4. The differences are 
attributed to Reynolds scale effects. The new results of the present work confirm 
the trend of the increasing maximum VIV amplitudes and a widening of the range 
of reduced velocities for 3E4 < Re < 3E5, as discussed in Chapter 3. The 
estimated uncertainty for the new lift force coefficients Clv and Cla at Re 2.7E5 is 
about 5%. The 5% uncertainty is acceptable at this stage for studying the Reynolds 
number scale effects of the lift force coefficients Clv and Cla and also when using 
the lift force coefficients Clv and Cla in pragmatic VIV prediction tools as discussed 
in Chapter 9. However, for fundamental academic research and for instance for 
validation purpose of modern CFD calculations, a higher accuracy would be 
desirable. A higher accuracy can be obtained by even more careful execution of 
the tests, by adopting a longer waiting time in between the tests and by repeating 
the tests multiple times to reduce the random uncertainty, but this endeavor is left 
for future work. 
 
 

6.1 Introduction 
 
The Hartlen & Currie (1970) two-parameter VIV model was introduced in Chapter 
2. The lift force coefficients Clv and Cla, which are defined in Appendix 2, can be 
derived by standard Fourier analysis from the measured lift force signal of a forced 
oscillation VIV experiment. In a forced oscillation experiment, the tow speed, the 
oscillation amplitude and the oscillation frequency can be independently adjusted 
and accurately maintained during the experiment.   
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For a VIV test with a pipe section in a freely vibrating mass-spring-damper system, 
however, there is inevitably always some degree of randomness in the response 
motion of the oscillating pipe. Even when the response motion of the freely 
vibrating pipe is more or less harmonic, it is still possible that the signal is 
somewhat modulated in amplitude and/or frequency. Another inherent difficulty of a 
test with a freely vibrating pipe section is the accuracy at which the (mechanical) 
damping value of the mass-spring-damper system can be controlled and 
quantified. In practice, the equivalent damping is often used as an approximate 
parameter, but the equivalent damping constitutes by definition a time averaged 
value. In practice the equivalent mechanical damping is often derived from a free 
decay experiment of the mass-spring-damper system in air or from the energy 
balance in an experiment showing (approximately) regular sinusoidal VIV 
response. Even if the equivalent damping value can be determined accurately, 
there may still be a certain degree of uncertainty related to the actual time history 
of the signal of the damping within a cycle. An example of this is given in Appendix 
15. Small but possibly not entirely irrelevant differences may appear from a freely 
vibrating VIV experiment with a normal ‘structural’ type damping or with for 
instance a ‘hysteric’ type of damping. Another drawback of the tests with a freely 
vibrating pipe section is that it is by definition not possible, to perform these tests at 
VIV conditions with negative values of the lift force coefficient Clv. Forced 
oscillation experiments on the other hand provide a straightforward possibility of 
measuring the complete range of Ur and AD values for positive as well as negative 
values of the lift force coefficient Clv. A review of frequently cited forced oscillation 
VIV experiments in literature is presented in Appendix 23. The forced oscillation 
experiments of the present work are conducted in the upper sub-critical Re regime 
and in the critical Re regime. 
 
 

6.2 Presentation of lift force coefficients Clv and Cla 
 
A convenient way of presenting the lift force coefficients Clv and Cla is in the form 
of a contour plot. The contour plots in Appendix 34 through Appendix 41 show 
isolines of the lift force coefficients Clv and Cla for reduced velocities between Ur 2 
and 14 and amplitude ratios between A/D 0.1 and 1.4. An associated contour plots 
for the mean in-line drag force coefficient Cd is presented as well in the 
appendices. Delaunay triangulation with ‘Quickhull’ algorithm of Barber et al. 
(1996) was used for the calculation of the contour lines. The interpolation settings 
are summarized in Appendix 33. It should be noted that the plotting routine 
automatically leaves out the areas for which insufficient data points are available. 
For the present work it was found that a minimum of 30 to 70 strategically selected 
data points are needed for making a reasonably accurate contour plot.  
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The contour plots of the present work are presented in Appendix 36 through 
Appendix 41. Appendix 34 and Appendix 35 show similar contour plots based on 
results of respectively Gopalkrishnan (1993) for Re 1.08E4 and Blevins (2009) for 
Re between 1E4 and 8E4. The new results of the present work were obtained from 
three different test campaigns in the period 2004 to 2007. The results of 
Gopalkrishnan (1993) and Blevins (2009) were measured for a 2D circular cylinder 
with long L/D ratio in a uniform flow with low incoming turbulence, which is 
comparable with the measurements of the present work. 
 
 

6.3 Comparison of contour plots for Clv, Cla and Cd 
 
For easy comparison, the same settings for the triangulation, the same settings for 
the plotting routine and the same settings for the color coding has been used for 
the contour plots in Appendix 34 through Appendix 41. In general, the different 
contributions show similar tends and similar values in qualitative sense, but 
significant differences can be observed as well when examining the results in more 
detail. The largest differences appear for the lift force coefficient Clv, which is also 
the most important lift load coefficients for the pragmatic riser VIV prediction 
models. Table 6-1 provides a rough qualification of the degree of comparison for 
the coefficients Clv, Cla and Cd, when comparing the new results of the present 
work with the established results of Gopalkrishnan (1993) at Re 1.08E4. The new 
results of test series S 18996 for the OD 200 mm rough cylinder at Re 3.96E4 
compare reasonably well with the established results of Gopalkrishnan for a 
smooth cylinder at Re 1.08E4. This is re-assuring for the application of the lift load 
coefficients Clv and Cla in pragmatic VIV prediction models, because it means that 
the Reynolds sensitivity may be not too important when there is a certain degree of 
surface roughness on the riser pipe. It should, however, be noted that this is not 
always the case, since the surface roughness of a real riser pipe may in fact be 
pretty small, especially in the deeper water layers with small marine growth. Much 
larger differences can be observed when comparing the new results of test series 
S 21536 for the OD 200 mm smooth cylinder at Re 2.7E5 with the established 
results of Gopalkrishnan at Re 1.08E4. The new result of test series B 22022 for 
the OD 324 mm bare pipe at Re 2.91E5 also deviate significantly from established 
results of Gopalkrishnan at Re 1.08E4. 
 
Results in Appendix 42 show a detailed comparison for selected isolines in the 
contour plots for Gopalkrishnan (1993), Blevins (2009) and new results of test 
series S 18996 for the OD 200 mm rough cylinder at Re 3.96E4.  
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The selected isolines in Appendix 42a are for Clv zero crossing values, the 
selected isolines in Appendix 42b are for Cla zero crossings values and the 
selected isolines in Appendix 42c are for the mean drag force coefficients at a 
value of Cd 1.6. The results of Gopalkrishnan (1993) and Blevins (2009) compare 
reasonably well with each other, but significant differences can be observed. The 
peak amplitude of Blevins (2009) is for instance much higher than the peak 
amplitude of Gopalkrishnan (1993). The new results of the present work for the OD 
200 mm rough cylinder at Re 3.96E4 are closer to the result of Blevins (2009). The 
maximum A/D value for the Clv zero crossing value of Gopalkrishnan, Blevins and 
the new contribution are respectively A/D 0.8, A/D 1.2 and A/D 1.1. 
 
Figure 6-1 below is a reproduction of the result in Appendix 42a for the isolines of 
the Clv zero crossing. The result in Figure 6-1 is shown here for easier comparison 
with the results in Figure 3-5 and Figure 3-6, where it should be noted that latter 
two are respectively for the VIV of a freely vibrating pipe section and for the VIV 
derived from a VIV experiment with a section of a forced oscillating pipe. All of the 
results in Figure 3-5, Figure 3-6 and Figure 6-1 show the same characteristic bell-
shape curve with a peak at Ur ~6, but it can be observed that the A/D value of the 
peak increases for increasing Re numbers above Re 1E4, as discussed before in 
Chapter 3. 
 
Table 6-1 Qualitative comparison of the contour plots for Clv, Cla and Cd. 

 Comparison between the new results of the present work and established 
results of Gopalkrishnan (1993) at Re 1.08E4. 

Case 
 

Re 
 

Appendix 
 

Comparison 
Clv 

Comparison 
Cla 

Comparison 
Cd 

Gopalkrishnan (1993) 1.08E4 Appendix 34 - - - 

S 18996 
OD 200 mm rough pipe 

3.96E4 Appendix 36 reasonable good good 

S 18996 
OD 200 mm smooth pipe 

3.86E4 Appendix 37 poor reasonable reasonable 

B 22022 
OD 324 mm bare pipe 

8.79E4 Appendix 38 reasonable good good 

S 21536 
OD 200 mm smooth pipe 

2.70E5 Appendix 39 poor poor poor 

B 22022 
OD 324 mm bare pipe 

2.91E5 Appendix 40 poor poor poor 

S 21536 
OD 200 mm rough pipe 

3.60E5 Appendix 41 good reasonable good 
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Figure 6-1 Comparison of ‘VIV bell curves’. 

The graph shows the characteristic bell-shape curve for the VIV of a mass-
spring-damper system. The graph has Ur on the horizontal axis and A/D on the 
vertical axis. A clear peak can be observed at Ur ~6. The new results of test 
series S 18996 of the present work for the OD 200 mm rough cylinder are for 
Re 3.96E4 (─). The result of Gopalkrishnan (1993) is obtained by forced 
oscillation experiments at Re 1.08E4 (─). The result of Blevins (2009) is 
obtained by experiments with a freely vibrating mass-spring-damper system at 
Re 1E4 to 8E4 (─). The associated values for the lift force coefficient Cla and 
the mean drag force coefficient Cd are presented in Appendix 42b and 
Appendix 42c. The A/D versus Ur curve for the VIV experiments with a freely 
vibrating pipe section in a mass-spring-damper system is obtained in a 
straightforward manner from the measured steady state response. For a forced 
oscillation VIV experiment, the equivalent A/D values are obtained by deriving 
the values for the Clv zero crossing. 

 
6.3.1 Results for OD 200 mm smooth cylinder at Re 3.96E4 

Appendix 37 shows the results for the OD 200 mm smooth cylinder at Re 3.96E4. 
The results are in reasonable agreement with the results of Gopalkrishnan (1993) 
in Appendix 34. An important difference is, however, the height of the peak of the 
lift force coefficient in Appendix 37a of Clv ~1.2, compared to Clv ~0.7 of 
Gopalkrishnan (1993) in Appendix 34a. The location of the peak is also somewhat 
shifted. The peak in Appendix 34a is at Ur 6 and A/D 0.5, whereas the peak in 
Appendix 37a is at Ur 7 and A/D 1.1. The isoline for the Clv zero crossings in 
Appendix 37a differs from the isoline for the Clv zero crossings in Appendix 34a. 
The most important difference is the A/D value for the Clv zero crossing, which is 
higher for the isoline in Appendix 37a than for the isoline in Appendix 34a.  
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The new result in Appendix 37a for the OD 200 mm smooth cylinder at Re 3.96E4 
suggests that VIV can occur at a much higher amplitude of A/D 1.4 than according 
to the established results. Although some Reynolds scale effect can be expected 
when considering the step from Re 1.08E4 to Re 3.96E4, the large differences 
between the result in Appendix 34a and Appendix 37a, was not expected 
beforehand, in particular when noting that Re 1.08E4 and Re 3.96E4 are both in 
the ‘normal’ sub-critical Re regime for a non-oscillating cylinder. 
 
The results for the lift force coefficient Cla in Appendix 37b and Appendix 34b are 
in reasonable agreement with each other. The largest difference can be observed 
for the area where the lift force coefficient Clv peaks in Appendix 37a and 
Appendix 34a. A new area with negative Cla lift force coefficients seems to appear 
for the results in Appendix 37b for Ur ~7 and A/D ~0.8. The results for mean drag 
force coefficient Cd in Appendix 37c and Appendix 34c are also in reasonable 
good agreement with each other. The results in Appendix 37c and Appendix 34c 
agree on the increase of the mean drag force coefficient Cd for increasing values 
of A/D. The increase can be clearly observed for all tests with reduced velocities 
between Ur 4 and 14. It is interesting to note that the results in Appendix 37c and 
Appendix 34c both show a small local dip of the mean drag force coefficient in the 
‘lock-in’ regime for reduced velocities between Ur 4.5 and Ur 7. 
 
6.3.2 Results for OD 200 mm smooth cylinder at Re 2.7E5 

Appendix 39 shows the new results for the OD 200 mm smooth cylinder at Re 
2.7E5. Such detailed forced oscillation VIV measurements at this Reynolds 
number, or a similarly high Re numbers, is an important new contribution in our 
view. It can be observed that the results in Appendix 39 differs significantly from all 
other results. The most striking difference is the much larger area with small but 
positive lift force coefficients Clv for the higher reduced velocities between Ur 8 and 
12. Normally, the area with positive lift force coefficient Clv occurs only for reduced 
velocities between Ur 4 and 8. Another important discovery for the new results in 
Appendix 39a is the presence of small but positive lift force coefficient Clv for high 
amplitude ratios up to A/D ~1.2, with values of the small but positive lift force 
coefficient Clv ranging between Clv 0.0 and 0.4. The lift force coefficients Clv in 
Appendix 39a seems to gradually drop for the higher values of the reduced velocity 
of Ur > 10. The results in Appendix 39a suggest a clear widening of the range of 
reduced velocities with positive Clv coefficients, as discussed before in Chapter 3 
and as also shown in Figure 3-10.   
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As will be shown in Chapter 9, the wider range of reduced velocities has a 
significant effect on the VIV of a riser in deep water, because the wider range of Ur 
results in an increase of the length of the region with ‘energy in’ along the riser and 
an associated decrease of the length of ‘energy out’. Together this shifts the 
energy balance of Eq. (9-10) towards larger response amplitudes, for some of the 
modes. 
 
The results for the coefficients Cla in Appendix 39b show the ‘normal’ trend of 
gradually increasing values for increasing reduced velocity. However, the switch 
from negative to positive Cla coefficients at a reduced velocity of about Ur 6 does 
not appear in Appendix 39b. Instead it seems that the measured values of the 
coefficients Cla in Appendix 39b gradually approach to a limiting value of Cla ~0 for 
the highest measured reduced velocity of Ur 12. All measured values of the 
coefficients Cla are negative, even for the highest measured Ur values. The 
highest measured Cla value for the results in Appendix 39b is about Cla -0.1. The 
Cd coefficients in Appendix 39c show the normal trend of increasing values for 
increasing amplitudes. Also normal is the gradual decrease of the Cd values for 
increasing reduced velocities. However, the Cd coefficients in Appendix 39c are at 
least a factor two lower than the familiar ones for Re 1E4. The lower Cd values 
suggest that the delay of the separation point on the cylinder surface in the critical 
Re regime can also occurs for an oscillating cylinder under VIV conditions. 
 
The results for the OD 200 mm smooth pipe at Re 2.7E5 in Appendix 39 are in the 
lower part of the critical Reynolds number regime. According to the subdivision of 
Zdravkovich for the non-oscillating cylinder in Table 5-2, the Reynolds number of 
Re 2.7E5 would be in the TrBL0 regime. The Reynolds number of 2.7E5 marks the 
start of the rapid fall of the Cd coefficient in the critical Re regime in Figure 5-5. It 
should be noted that the Reynolds number of 2.7E5 is based on the undisturbed 
incoming flow velocity of the steady tow, whereas for the case of an oscillating pipe 
under VIV condition, the effective incoming flow velocity changes significantly 
during the motion cycle. A more relevant value for the effective incoming flow 
velocity can then be obtained by considering the vector summation of the incoming 
flow velocity and the oscillating velocity in cross-flow direction, resulting in up to 
40% higher Re than the original Re for non-oscillating conditions. For the results in 
Appendix 39 this leads to an increase of the effective maximum Reynolds number 
from Re 2.7E5 to about Re 3.8E5, meaning a shift from the TrBL0 regime (pre 
critical) to the TrBl1 regime (single bubble) for the Zdravkovich subdivision.  
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6.4 Relation between forced oscillation and free vibration 
 
The underlying idea behind a forced oscillation VIV experiments is that the 
measured lift force coefficients Clv and Cla can be used in a straightforward 
manner as input parameters for the pragmatic VIV prediction models. The 
assumption may be valid when the time averaged energy transfer in a freely 
vibrating VIV system is not too much different from the time averaged energy 
transfer in an equivalent forced oscillation experiment. Obviously, the two cases 
should be identical when the response of the freely vibrating VIV experiment 
attains exactly the same pure regular harmonic motion as in the forced oscillation 
experiment. For large values of the mass ratio m* it can indeed be expected that 
VIV of a freely vibrating mass-spring-damper system approaches a pure regular 
sinusoidal motion, especially in the lock-in regime for 4 < Ur < 8. As shown in 
Appendix 15, the energy transfer during a VIV cycle can be derived in a graphical 
way from the area of the ‘ellipse’ of the force-displacement diagram. The 
advantage of the graphical method is that small deviations from a pure sinusoidal 
signal can be more easily detected from the distorted shape of the ellipse. An 
example of such a distorted ellipse is presented in Figure A 16 of Appendix 15 and 
in Figure A 33 of Appendix 46. For most practical applications the details of the 
time dependent energy transfer during the motion cycle are not too relevant, 
because the mass-spring-damper system acts as a low-pass filter. For most 
practical applications, the lift force coefficient Clv, derived by the first Fourier term, 
provides a sufficiently good approximation when using the measured lift force 
coefficient Clv as input parameter in the Hartlen & Currie (1970) model. 
 
There is ongoing debate on the question to what extent the results from a forced 
oscillation experiment can be used as input for the prediction of the VIV of a freely 
vibrating mass-spring damper system. When comparing the VIV of a freely 
vibrating mass-spring-damper system with the VIV of an equivalent forced 
oscillating system, it can indeed be concluded that the two cases will not always 
yield exactly the same result. In a forced oscillation experiment, the vortex 
shedding always appears as a result of the flow past the body and exhibits 
therefore a one-way coupling, whereas for a freely vibrating system it is possible 
that the vortex shedding and the response motion interact with each other in a two-
way fashion. Most VIV experiments with a freely vibrating pipe show always some 
degree of irregularity for the motion response. The irregularity may appear as a 
modulation in amplitude as well as in frequency. The small irregularities of the 
response motions and the lift force initially appear in a spectral density plot as side 
bands of the dominant frequency. Typically, for a properly executed forced 
oscillation VIV experiment, the amplitude and the frequency of the imposed motion 
can be maintained within about 1% accuracy during the stationary part of the test.  
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Apart from the side bands, there is often also a certain degree of high frequency 
noise in the signals of the measured forces. The high frequency noise may 
originate from mechanical vibrations of the test setup, rather than actually being 
generated by the flow around the test pipe and it is difficult to distinguish the 
sources. For the present work, some degree of high frequency noise was inevitable 
for the experiments, in particular resulting from the stiff driving shafts connecting 
the submerged test pipe almost directly to the overhead carriage. This means that 
the small mechanical vibrations of the overhead carriage are directly transmitted 
through the drive shaft to the submerged test pipe, the underwater accelerometers 
and the underwater force transducers. The test setup for the present work was, 
however, stiff to allow straightforward low-pass filtering of the signals in the post 
processing. 
 
Carberry (2002) presents results of measured values of the lift force coefficient Clv, 
derived from a forced oscillation experiment that are in good agreement with the 
measured values of the lift force coefficient Clv derived from an equivalent 
experiment for the VIV of a freely vibrating mass-spring-damper system. The 
comparison of Carberry is for low mass ratio m* 1.19 and low mass-damping ratio 
Sg 0.004. The good agreement occurs for the initial and lower VIV branches as 
defined in Figure 8-1a. Carberry (2002) also presents results with a good 
comparison for higher values of the mass ratio m* 8.63 and still relatively low 
values of the mass-damping Sg 0.03. Carberry observed similar modes for the 
wake and similar ‘jumps’ in the forces and phase angles, when comparing the 
experiments with forced oscillation and the experiments with free vibration for the 
above cases. It should be noted that the results of Carberry are for relatively low 
Reynolds numbers between Re 2E3 and 9E3. Apart from the encouraging results, 
Carberry (2002) also mentions some results that require further investigation. 
Carberry presents certain contradicting cases where free oscillation is known to 
exist, but where the lift force coefficient Clv from the equivalent forced oscillation 
experiment gives a negative value. 
 
Morse (2009) performed a large number of forced oscillation experiments with an 
OD 38 mm pipe section in a low turbulence water channel at Cornell ONR in New 
York, USA. The tests of Morse are for a wide range of reduced velocities Ur and a 
wide range of amplitude ratios A/D and for a fine resolution of Ur and A/D. Morse 
compared the predicted amplitudes from the forced oscillation experiments with 
freely vibrating experiments of Govardhan & Williamson (2006) and found a good 
agreement for low mass-damping value of Sg 0.15 and for low Reynolds number of 
Re 4E3.   
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6.5 Effect of small in-line motions 
 
In general, the VIV response of a freely vibrating mass-spring-damper system with 
a pipe section involves response motions in two degree of freedom. The cross-flow 
(CF) and the in-line (IF) response are not independent from each other, but are 
coupled via the vortex shedding process. In case of two-way coupling, the vortex 
shedding may be affected by the 2D response orbit of the cylinder in a truly two-
way fashion. The coupling may be particularly significant when the inertia forces of 
the pipe segment and the fluid forces of the vortex shedding process are of the 
same order of magnitude, which is the case for a freely vibrating pipe at low mass 
ratio m* ~1. In general it can be assumed that for high Reynolds flow of Re > 1E3, 
any small detail of the 2D response orbit may in principle affect the flow around the 
cylinder. In theory, the delicate interactions may appear for all kinds of flow details, 
including the separation point, the correlation length and the pressure distribution 
around the cylinder. Experimental results show that the 2D response of a 2D freely 
vibrating mass-spring damper system often takes the shape of a C-type orbit or a 
figure-of-eight type orbit. The C-type orbit or the figure-of-eight type orbits appear 
when the regular in-line motion (IL) has twice the frequency of the regular cross-
flow motion (CL). The relative phase angle between the in-line and cross-flow 
motions determines if the 2D response takes the shape of a C-type orbit or a 
figure-of-eight type orbit. 
 
Dahl (2006) performed systematic series of experiments with an OD 76 mm freely 
vibrating pipe section, allowed to move freely in a 2D orbit. The test were 
performed at Re 1E4 to 6E4. Dahl tested with different ratios of the stiffness in IL 
and CL direction, by manipulating the stiffness in IL and CL direction of the spring 
bank, such as to attain frequency ratios between fIL/fCF 1.2 and 2.0. In another 
test setup, Dahl (2008) experimented with an OD 12 mm flexible pipe at Re 1E4. 
The L = 0.46 m long flexible pipe of Dahl (2008) consisted of a 12 mm molded 
rubber cylinder with a 6 x 3 mm rectangular beam inside. The 6 x 3 mm rectangular 
beam inside provided a different value for the stiffness in IL and CL direction of the 
flexible pipe. For the experiments with the OD 12 mm flexible pipe, Dahl observed 
that the third harmonic force increase for increasing in-line motions of the flexible 
pipe. Dahl further observed that the wake of the cylinder is affected by the relative 
phase angle between the in-line motions and the cross-flow motions. Zheng (2014) 
followed up on the work of Dahl (2008) and produced an impressively large 
database of forced oscillation VIV experiments for IL-CL coupling. Zheng (2014) 
conducted a total of 3402 tests, covering a range of 5 cross-flow amplitudes, 6 in-
line amplitudes, 8 relative phase angles and 9 reduced velocities. The experiments 
of Zheng (2014) are for Re 7.6E3.   
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6.6 Free vibration on long spring blades (2001/2002) 
 
An unexpected large sensitivity was observed for the lift force coefficient Clv when 
comparing the results of forward and backward towing of the present experiments 
in 2001 and 2002 (Wilde, Huijsmans, & Triantafyllou, 2003). The unexpected result 
was found for Re 7.8E4, which is in the upper part of the sub-critical Re regime. 
Even before, in 1999, similar unexpected results were found for the free VIV 
vibration of an OD 206 mm pipe section on long spring blades (Wilde & Huijsmans, 
2001). The evidence for the unexpected result is, however, much more convincing 
for the forced oscillation tests in 2001 and 2002. For a VIV experiment with a freely 
vibrating pipe it is always difficult to understand the exact role of the (per definition 
small) mechanical damping of the mass-spring-damper system. For the VIV 
experiment with the freely vibrating pipe in 1999, it can for instance be argued that 
the fluid forces acting on the long spring blades are not exactly the same when 
testing in forward and backward direction. This is to certain extent also the case, 
because of the different angle of the spring blades in the flow. The effective 
damping of the mass-spring-damper system may therefore be slightly different for 
the two cases with respectively forward and backward towing direction. This 
uncertainty is eliminated for the experiments with the forced oscillation test setup in 
2001 and 2002. The only remaining difference for the forward and backward towing 
direction is the slight difference (approx. 3%) of the 2D orbit of the oscillating 
cylinder in the flow, as discussed in Appendix 45. 
 
 

6.7 Higher harmonics in the lift forces 
 
Appendix 46 shows an example of the measured higher harmonics in the lift forces 
for test No. 704803 of test series S 15035 in 2001. This test in 2001 was performed 
with the OD 200 mm smooth pipe freely vibrating on the long spring blades at a 
Reynolds number of 2E5. A regular VIV response with cross flow amplitude of A/D 
1.0 was measured at a true reduced velocity of Ur 6.5. The damping ratio was β 
0.05. The result in Figure A 32 shows the measured lift force after inertia removal 
(─). Also shown are the first harmonic of the lift force (─) and the remaining higher 
harmonics after removal of the first harmonic (─). The measured motions are highly 
regular with only a small contribution of the third harmonic side band as presented 
in the spectral density plot of the motion signal in Figure A 35. The amplitude of the 
third harmonic is below 1% of the amplitude of the first harmonic. The result in 
Figure A 33 shows the signal of the lift force versus the signal of the motion in a 
force-displacement diagram. As explained in Appendix 15, the work done during 
each cycle can be derived from the area of the enclosed ‘ellipse’.  
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A clock-wise rotation means that the vortex shedding adds energy to the mass-
spring-damper system. Based on energy conservation, the exact same amount of 
energy should be dissipated by the mechanical damping of the mass-spring-
damper system. The results in Figure A 33 shows a small distortion of the 
measured lift forces near the extremities of the ellipse. The small distortion mainly 
appears as a third harmonic, as shown by the spectral density plot in Figure A 34. 
Table A 4 summarizes the relative contribution of the 1st, 2nd, 3rd, 4th and 5th 
harmonic of the measured lift force signal Fl after inertia removal, where the 
amplitude of the latter is used for scaling. 
 
Dahl (2008) studied the higher harmonics of the signal of the measured lift forces 
for a systematic series of freely vibrating and forced oscillation VIV experiments. 
Dahl observed a condition which he designated as ‘dual resonance’, which is a 
condition in which the vortex shedding frequency locks-in on the effective natural 
frequency of the mass-spring-damper system in in-line direction as well as in cross-
flow direction. Dahl observed large amplitudes for the VIV for the cases with dual 
resonance, which were associated with large magnitudes of the third harmonic lift 
force. Dahl (2008) also studied the presence of the third harmonics in the wake of 
the OD 9 mm flexible pipe at Re 9.6E3 with flow visualization techniques and PIV 
measurements. For this experiment, Dahl (2008) observed that the third harmonic 
lift forces are caused by the relative motion of the cylinder with respect to a '2P' 
(two pairs of vortices) or '2T' (two triplets of vortices) type of vortex shedding 
pattern. Dahl observed that the periodic orbit is closely related to the appearance 
of the large third harmonic forces when the cylinder moves in a figure-of-eight-type 
orbit. Dahl (2008) provided the following theoretical explanation for the appearance 
of the third harmonic lift forces: Dahl assumes a potential flow approximation for 
the wake with two strong vortices in the near wake of the cylinder. The cylinder is 
then assumed to propagate through this wake in time. According to Dahl (2008), 
this shows that the third harmonic lift forces can indeed exist, resulting from the 
additional changes in the relative velocity of vortices with respect to the cylinder. 
Another explanation of Dahl (2008) suggests that the third harmonic lift forces can 
exist as a result of a vortex triplet in the near wake.   
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6.8 Uncertainty analysis 
 
Appendix 17 presents the uncertainty analysis for the measured lift and drag force 
coefficients Clv, Cla and Cd of the forced oscillation experiments with the OD 
200 mm pipe. Appendix 43 and Appendix 44 show the estimated uncertainty for 
the OD 200 mm smooth pipe for the two selected Reynolds numbers of Re 3.96E4 
and Re 2.7E5. It should be noted that the errors are presented as dimensionless 
coefficients and not as percentage value. Percentage values can be obtained by 
dividing the error values in Appendix 43 and Appendix 44 by the associated values 
of the dimensionless coefficients Clv, Cla and Cd in Appendix 37 and Appendix 39, 
but the percentage error values for the lift force coefficients Clv and Cla can be 
misleading when dividing by a small value of the dimensionless lift force 
coefficients Clv or Cla. 
The estimated uncertainties for Re 2.7E5 are about 5%. 
 
Figure 6-2 and Figure 6-3 show the error bars for the forced oscillation VIV tests 
with the OD 200 mm smooth cylinder at Re 3.96E4 and A/D 0.5. The 95% 
confidence level for the presented values of the lift force coefficient Clv is about 
dClv = 0.05. Table 6-2 shows the repeatability of the tests. The repeated tests were 
taken from three different test campaigns in the year 2004, 2007 and 2011. The 
repeat tests in Table 6-2 with towing in forward and backward direction are 
respectively indicated with (F) and (B). 
 

 
Figure 6-2 Error bars for lift force coefficient Clv for OD 200 smooth pipe. 

The error bars for Clv are presented for the forced oscillation VIV tests with the 
OD 200 mm smooth cylinder at Re 3.96E4 and A/D 0.5. The 95% confidence 
level for Clv measurements is about dClv = 0.05 It can be observed that the 
uncertainty increases for lower values of the reduced velocity of Ur < 7. This is 
for the tests at low tow speed of 0.22 m/s and associated low Re of 3.96E4.  
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Figure 6-3 Error bars for lift force coefficient Cla for OD 200 smooth pipe. 

The error bars for Cla are presented for the forced oscillation VIV tests with the 
OD 200 mm smooth cylinder at Re 3.96E4 and A/D 0.5. The 95% confidence 
level for the Cla measurements is about dCla = 0.1. It can be observed that the 
uncertainty increases for lower values of the reduced velocity of Ur < 7. This is 
for the tests at low tow speed of 0.22 m/s and associated low Re of 3.96E4. 

 
 
Table 6-2 Repeat tests for forced oscillation VIV experiment with OD 200 mm smooth 

pipe. 

 Repeat tests with OD 200 mm smooth cylinder in the years 2004, 2007 and 
2011. Test Nos 105010, 103058 and 102042 were measured with the cylinder 
towed in forward direction (F), whereas test Nos 105020 and 102044 were 
measured with the cylinder towed in backward direction (B). 

Test 
No. 

Year 
 

F/B 
 

Re 
 

Ur 
 

A/D 
 

Cd 
 

Clv 
 

Cla 
 

105010 2004 F 3.96E4 6.0 0.50 1.76 0.79 -1.72 

105020 2004 B 3.96E4 6.1 0.50 2.51 0.88 -0.95 

103058 2007 F 4.05E4 5.9 0.50 2.40 0.99 -1.89 

102042 2011 F 4.05E4 6.0 0.50 1.94 1.00 -1.33 

102044 2011 B 4.05E4 6.0 0.50 2.20 0.94 -1.43 
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7 Tests with forced oscillating pipe in 
calm water 

 
This chapter discusses the results of the forced oscillating tests with the test pipe in 
calm water. The tests with the forced oscillating pipe in calm water provide another 
possibility for checking the test setup, in particular related to the driving mechanism 
for the forced oscillation. For Sarpkaya frequency parameters up to β 5.26E3, the 
results of the present work can be directly compared with the established results of 
Sarpkaya (1976a). New results are obtained for high values of the frequency 
parameters β between 1E4 and 1E5 which can be compared with results of 
Chaplin (1988) and Otter (1992). 
 
 

7.1 Introduction 
 
This chapter discusses the result of the present work for the forced oscillation 
experiments with the OD 200 mm smooth pipe in still water. The carriage is placed 
at rest at a suitable location in the middle of the towing tank. The submerged 
horizontal OD 200 mm test pipe is forced in regular sinusoidal motion in pure 
vertical direction The main test parameters are the amplitude of the forced 
oscillation KC and the Sarpkaya frequency parameter β, as defined in Appendix 4. 
In general, the hydrodynamic force per unit length of the pipe can be approximated 
with the Morison equation (Morison, O'Brien, Johnson, & Schaaf, 1950). The 
hydrodynamic force in the Morison equation is assumed to consist of a linear 
combination of a term for the drag force and a term for the inertia force, in which 
the term for the drag force describes the part that is in-phase with the velocity of 
the fluid and the term for the inertia force the part that is in-phase with the 
acceleration of the fluid: 
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(7-1) 

 
The coefficients Ca and Cd in the Morison equation can be derived by standard 
Fourier analysis from the measured forces of the forced oscillation experiment, as 
introduced by Keulegan & Carpenter (1958). The derivation follows the same 
approach as for the forced oscillation tow tests in Appendix 15.   
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The general approximation for not too high KC numbers of KC < 25 is: 
 

2

_ 2
00

3 cos

4

n

d Mor
F d

C
n U D

  




 

 

(7-2) 

 
2

2 2
00

2 sin
n

a
F d

C KC
n U D

  

 
 

 

(7-3) 

 
In which U0 is the maximum velocity of the cylinder at the zero crossing of the 
regular motion, n the integer number of cycles and t   the integration 
parameter. For the first harmonic, as defined in Appendix 4, this leads to: 
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It should be noted that the flow around an oscillating body in still water is fully 
equivalent to flow around a stationary body in a moving fluid (Lighthill, 1954). For a 
stationary body in an accelerating flow, the Froude-Krylov pressure force should be 
added, which is proportional to the displaced fluid volume of the body for inviscid 
flow (Lighthill, 1954). This leads to 1m aC C  , as defined in Appendix 4. 

 
 

7.2 Classification of vortex shedding regimes 
 
In general, the coefficients Cd and Ca in the Morison equation (7-1) are a function 
of the KC number and the Sarpkaya frequency parameter β, as defined in 
Appendix 4: 
 

   _ , ,d Mor aC KC and C KC 
 

(7-6) 

 
Appendix 47 shows a general classification of the different vortex shedding 
regimes for low beta values of β < 1E3.   
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The Morison equation Eq. (7-1) provides a reasonably good approximation for high 
Reynolds numbers of maxRe > 1E4  and 5 < KC < 8. For KC > 25, the Morison 

equation may also provide a reasonably good approximation, although outside the 
range stated earlier. For intermediate values of 8< KC < 25, the interaction 
between the vortex shedding process and the motion of the cylinder is large and 
deviations can be expected. In the limit of very small KC numbers of KC < 0.4, the 
boundary layer does not separate from the cylinder surface and the drag force 
approaches the Stokes solution (Stokes, 1851). The higher order solution of 
Stokes-Wang (Wang, 1968) in Eq. (7-7) and (7-8) can be used for KC < 2. The first 
term of the solution in Eq. (7-8) appears in the first term of Eq. (A-3) of the still 
water damping model of Venugopal (1996). However, for the prediction of the VIV 
of a deepwater riser, the drag term of the Stokes-Wang solution is small and can 
be ignored in most cases. 
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Hall (1984) studied the stability of the unsteady boundary layer for a harmonically 
oscillating cylinder in still water. For the cases studied by Hall, the boundary layer 
is still attached to the cylinder surface, which is for small KC numbers of KC < 2 
and not too small β numbers of β > 100. Hall proposed the following empirical 
relation for the critical KC number for the onset of the instability: 
 

 0.25 0.255.78 1 0.21critKC     
 

(7-9) 

 
In which critK C  is the critical number, which should be understood as the lower limit 

of the motion amplitude at which the first large scale instabilities emerge in the 
boundary layer. Honji (1981) visualized the emerging flow instabilities for these 
cases and observed more or less regular rows of mushroom-like structures along 
the lines of maximum local velocity, as shown in Figure A 36 of Appendix 47.  
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7.3 Review of KC and beta numbers 
 
Appendix 21 gives a review of experiments in open literature for oscillatory flow 
around a circular cylinder at rest. Sarpkaya (1976a) and (1976b) measured the 
forces on a circular test section in a U-shaped water tunnel. Details of the test 
setup can be found in Sarpkaya & Isaacson (1981) and Sarpkaya & Storm (1985). 
The idea of the U-shaped tunnel is to obtain a regular oscillating flow for the water 
around cylinder at rest. The length over diameter ratio of the test pipe in the 
experiments of Sarpkaya ranged between L/D 6 and 14. Sarpkaya tested for KC 
numbers between 1 and 140 and for a range of selected β values of 497, 1107, 
1985, 3123 and 5260. Bearman et al. (1985) tested the wave forces on a horizontal 
captive OD 500 mm circular cylinder in the 5 x 5 m Delta flume of Delft Hydraulics 
in the Netherlands. The captive cylinder was placed at 1.5 m below the free water 
surface and the forces were measured in periodic waves as well as in random 
waves. The Reynolds numbers in the experiments of Bearman were in the post 
critical regime at β ~1E5. It should be noted that the length over diameter ratio of 
L/D = 0.5 of the instrumented section in the experiments of Bearman was short. 
Otter (1992) tested with an OD 315 mm and an OD 400 mm circular cylinder in a 
large rectangular water tank at the Research Laboratory of Royal Dutch Shell in 
Rijswijk in the Netherlands. The cylinder was kept in a vertical position and was 
oscillated in a sideway direction in water at rest, using a large electro-mechanical 
oscillator. The length over diameter ratio of the instrumented section in the 
experiments of Otter was respectively L/D 1.90 and L/D 1.50. The KC values 
ranged between 2 and 18 and the β values ranged between 3E4 and 1.5E5. The β 
values of Otter are roughly one order of magnitude higher than the highest β value 
in the test series of Sarpkaya (1976a). For the present work, three different 
cylinders were tested for the forced oscillation experiments in calm water, being the 
OD 200 mm smooth pipe, the OD 200 mm rough pipe and the OD 324 mm 
intermediate rough pipe. The tests of the present work are for KC values between 
0.5 and 7.5 and for β values between 1E4 and 1E5. The new test results of the 
present work partly overlap with the results of Otter (1992). Figure 7-1 shows a 
graphical representation of the range of tested values of the KC numbers and β 
numbers. The new results of the present work are interesting because they were 
measured for a relatively long pipe section with length over diameter ratio of L/D 
18.   
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Figure 7-1 Review of KC numbers and beta numbers. 

The contributions found in open literature are by Sarpkaya (1976a), Chaplin 
(1988) and Otter (1992). The open square symbol (□) presents the new 
contribution of the present work. The Hall (1984) instability line of Eq. (7-9) is 
presented with a dashed line (─ ─). The approximate start for the validity of the 
Morison equation (7-1) at KC = 2π is presented with dash-dot line (─ •). The 
crosses (x) represents the area for the validity of the Stokes-Wang solution 
(Wang, 1968) in Eq. (7-7) and (7-8). 

 
 

7.4 Discussion of results 
 
Figure 7-2 and Figure 7-3 show results of Sarpkaya (1976a), Chaplin (1988), Otter 
(1992) and the new results of the present work. The contributions are respectively 
for β values of 3.12E3, 5.26E3, 2E4, 3E4 and 2E4, where it should be noted that β 
5.26E3 is the highest β value in the dataset of Sarpkaya. The result in Figure 7-2 
shows a fairly good correlation for the Morison inertia coefficient Ca when 
comparing the results of Chaplin (1988) and Otter (1992) with the results of the 
present work. The Morison inertia coefficient Ca gradually increases from right to 
left and finally approaches the familiar value for inviscid flow of Ca 1.0 for KC < 4. It 
can be noted that for intermediate KC values between 8 and 25, the Ca values of 
Sarpkaya (1976a) for β 3.12E3 are significantly lower. The trend of lower values for 
Ca for lower values of β fits within the trend in the overall dataset of Sarpkaya for β 
values of 497, 1107, 1985, 3123 and 5260 and for KC values between 8 and 25. It 
is interesting to note that for low beta values of β < 3E3, Sarpkaya reports a 
negative Ca coefficients. This is after subtraction of the added mass of 1. This 
result of Sarpkaya (1976a) is not well understood and seems incorrect.  
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Figure 7-2 Comparison of Ca coefficients in Morison equation. 

Results of Sarpkaya (1976a) for β 3.12E3 and β 5.26E3, Chaplin (1988) for β 
2E4, Otter (1992) for β 3E4 and results of present work for β 2E4. 

 
Figure 7-3 shows the Morison drag coefficient Cd of Sarpkaya (1976a), Chaplin 
(1988), Otter (1992) and the new results of the present work. It can be observed 
that the Morison drag coefficient Cd of Otter for β 3E4 and the Morison drag 
coefficient Cd of the present work for β 2E4 are considerably lower than the 
Morison drag coefficient Cd of Sarpkaya (1976a) for β 3.12E3 and β 5.26E3.  
 
The Cd coefficients of Otter and the present work are in reasonable good 
agreement with each other. The results of Sarpkaya (1976a), Otter (1992) and the 
new results of the present work seem to agree on the convergence of the Cd 
values for the highest KC values of KC > 20. A limiting value of Cd ~0.6 can be 
observed by extrapolation to higher values of KC > 20. The trend of lower Cd 
values for higher beta values for intermediate KC values between 2 and 20 fits the 
trend in the dataset of Sarpkaya for β values of 497, 1107, 1985, 3123 and 5260 
and for KC values between 5 and 150. It is interesting to note that the highest 
Morison drag coefficient Cd in the dataset of Sarpkaya (1976a) is above Cd 2.0, 
which is for the lowest beta values in the dataset of Sarpkaya (1976a) of β = 497.  
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Figure 7-3 Comparison of Cd coefficients in Morison equation. 

Results of Sarpkaya (1976a) for β 3.12E3 and β 5.26E3, Chaplin (1988) for β 
2E4, Otter (1992) for β 3E4 and results of present work for β 2E4. The dash-
dot line (─ •) is the Stokes-Wang solution (Wang, 1968) of Eq. (7-8) for β 1E4. 

 
 

7.5 Uncertainty analysis 
 
Appendix 18 discusses the uncertainty analysis for the measured values of the 
Morison coefficients Cd and Ca for the present work. Results in Appendix 49 show 
the propagated error for the OD 200 mm smooth pipe in a graphical representation. 
The associated values of the coefficients Cd and Ca can be found in Appendix 48. 
The estimated uncertainty is about 10%.  
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8 Investigation of the flow in the near 
wake 

 
This chapter presents new PIV measurements of the present work for the flow in 
the near wake of a forced oscillating pipe while being towed at constant speed in 
the basin. The PIV measurements are relevant for the present work because the 
flow in the near wake of the cylinder provides better insight in the flow physics than 
just the measured global forces on a section of the pipe in Chapter 6. Of particular 
interest is the timing of the vortex shedding relative to the phase angle ϕ of the 
motion of the forced oscillating pipe. Particle Image Velocimetry (PIV) is a relatively 
new optical measuring technique for non-intrusive measurement of the 
instantaneous velocity field in a 2D plane. The PIV measurements for the present 
work are sampled at a frequency of 10 Hz, yielding time resolved velocity maps. 
The presented results of the PIV measurements are for the OD 200 mm smooth 
pipe at Re 9E3. The results are compared with 2D URANS CFD calculations of the 
present work for the same value of A/D, Ur and Re. The results are also compared 
with existing results of similar PIV measurements by Carberry (2002) at Re 2.3E3. 
 
 

8.1 Timing of the vortex shedding 
 
The jump in the lift forces was first observed by Bishop & Hassan (1963) observed 
at Re 6E3 and has subsequently been investigated by many researchers, including 
Mercier (1973) and Staubli (1983), Moe & Wu (1990), Gopalkrishnan (1993), 
Sarpkaya (1995), Vikestad (1998), Govardhan et al. (2000) and Carberry (2002). 
The jump occurs for a wide range of Reynolds numbers and amplitude ratios. The 
jump can also be observed in the present results of the forced oscillation VIV 
experiments in Appendix 36 through Appendix 41 by a change of the sign of the lift 
force coefficient Cla when the reduced velocity passes through the lock-in regime 
at Ur ~6. 
 
Ongoren & Rockwell (1988), Gu et al. (1994), Khalak & Williamson (1996) (1999) 
and Govardhan & Williamson (2000) investigated the flow physics of the vortex 
shedding of an oscillating cylinder, revealing a decrease of the vortex formation 
length when the reduced velocity passes through the lock-in regime from high to 
low. Blackburn & Henderson (2000) were able to reproduce this experimental 
observation by means of numerical calculations at Re 5E2. More precisely, the 
results show a rapid jump of the lift force as well as the phase angle, when the 
frequency ratio fe/fo passes through unity.   
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The frequency ratio fe/fo is defined as the ratio between the (forced) oscillation 
frequency and the normal Strouhal vortex shedding frequency of the non-oscillating 
cylinder, as shown in Appendix 2: 
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Figure 8-1a shows the common response branches for the VIV of a freely vibrating 
cylinder, which have been observed for low mass-damping values of SG < 0.1 and 
low Reynolds numbers of Re < 1E4. Brika & Laneville (1993) observed 2S type 
vortex shedding for the initial branch and 2P type vortex shedding for the upper 
and lower branches. The 2S type vortex shedding has two single vortices of 
opposite sign per cycle. The 2P type vortex shedding has two pairs of counter 
rotating vortices per cycle. An upper branch can sometimes be observed in 
between the initial branch and the lower branch, in particular for VIV experiments 
with a low mass-damping value. The upper branch has high amplitude response 
and is known to be hysteretic for higher values of the mass-damping. 
 
Carberry (2002) was one of the earlier pioneers using modern PIV measuring 
techniques for studying the structures of the flow in the near wake of an oscillating 
cylinder. Carberry used a laser scanning version of the PIV setup of Rockwell et al 
(1993) and recorded the PIV images on high resolution Kodak TMAX 400 35 mm 
film. The films were later digitized at a resolution of 125 pixels/mm. Carberry tested 
for a uniform flow at Reynolds numbers between Re 2.3E3 and 9.1E3. Figure 8-2 
shows a compilation by Carberry of results of several sources, showing the total lift 
force coefficient Cl and the lift angle ϕlift. The jump of the lift forces and the phase 
angle can be clearly observed for all presented cases. Carberry was able to 
confirm the existence of two different states for the vortex shedding process in the 
near wake of the cylinder for either side of the jump with the PIV measurements. In 
particular, the PIV measurements of Carberry revealed that the shear layer has a 
longer vortex structure for fe/fo < 1 than for fe/fo > 1 and that the longer structure 
for fe/fo < 1 extends all the way across the base of the cylinder. The PIV 
measurements of Carberry show that the longer shear layer eventually develops 
into a 2P type vortex pattern in the downstream wake for the low frequency state of 
fe/fo < 1. For the high frequency state of fe/fo > 1, the shear layer tends to have a 
more pronounced angle in the vicinity of the cylinder. In particular, it can be 
observed that the shorter shear layer rolls up in close proximity of the cylinder and 
sheds the vortex just after the cylinder has reached its maximum excursion in the 
motion cycle. For fe/fo > 1, the vortex shedding exhibits classical von Karman 2S-
type pattern in the downstream wake. The differences between the low and high 
frequency state can be seen in the vorticity maps of Carberry in Appendix 60.  
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2S 

2P 

a) b) 

Figure 8-1 Common VIV response branches. 

Common VIV response branches for the VIV of a freely vibrating cylinder at 
low mass-damping values of SG < 0.1 and low Reynolds numbers of Re < 1E4. 
Diagram on the left is taken from Govardhan & Williamson (2000) sketches on 
the right show 2S and 2P type vortex shedding, as described by Williamson & 
Roshko (1988).   
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Figure 8-2 Lift angle ϕlift and total lift force coefficient Cl. 

Compilation of experimental results by Carberry (2002), with contributions of 
Sarpkaya (1995), Gopalkrishnan (1993), Mercier (1973) and Staubli (1983). 
Figure (a) presents the lift angle ϕlift and Figure (b) the lift force coefficient Cl. 
Results are for Reynolds numbers between 2.3E3 and 6E4 and for a forced 
oscillation amplitude of A/D 0.5. For the low frequency state of fe/fo < 1, the lift 
force has small amplitude and is approximately out-of-phase with the 
displacement of the cylinder. When fe/fo passes through unity, the lift angle ϕlift 
as well as the lift force coefficient Cl change abruptly. Increasing fe/fo up to 2.0 
leads to a gradual increase of the total lift force coefficient up to a value of Cl 
~5.0. The low and high frequency state on either side of the jump exhibit 
respectively 2P and 2S type vortex shedding pattern in the downstream wake. 
Carberry (2002) was able to confirm the existence of two different states for the 
vortex shedding in the near wake of the cylinder with PIV measurements, as 
shown in Appendix 60. 

 
 

8.2 PIV measurements for the flow around a pipe 
 
Appendix 26 provides a review of relevant experiments in open literature for flow 
visualization and/or PIV measurements in the near wake of an oscillating cylinder 
under VIV conditions. Some related experiments for flow visualization and/or PIV 
measurements for a non-oscillating cylinder are included as well. PIV 
measurements for an oscillating cylinder at high Reynolds numbers of Re > 1E4 
are very scarce, or not existing. The frequently cited hot wire flow measurements of 
Cantwell & Coles (1983) at Re 1.4E5 are only for a non-oscillating cylinder. The 
flow visualization of Chang (2010) for a freely vibrating cylinder at Re 1E4 to 1E5 is 
more phenomenological than actually measured.   
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An early attempt for measurement of the flow around a non-oscillating circular pipe 
in water at Re 2.1E4 was presented by van der Vegt (1988). Van der Vegt used 
small hydrogen bubbles to visualize the flow, as shown in Figure 8-3. 
 

  
a) b) 

Figure 8-3 Example of early attempt for flow visualization around a circular pipe. 

Van der Vegt (1988) used small hydrogen bubbles to visualize the flow around 
a submerged horizontal pipe in the High Speed towing tank at MARIN. This is 
the same towing tank as was used for the present work. Van der Vegt tested 
with a non-oscillating OD 150 mm smooth cylinder at Re 2.1E4. a) underwater 
photograph of the flow around the pipe, b) schematic drawing of the setup for 
the non-oscillating pipe. 

 

  
a) b) 

Figure 8-4 PIV test for the present work with the OD 200 mm smooth cylinder. 

The PIV system for the present work is shown in Appendix 70. The two PIV 
cameras in the underwater housing of OD 114 mm looks down with an angle of 
49.2 degrees with respect to horizontal. The light sheet of the laser illuminates 
the area of interest in the near wake of the pipe. a) underwater photograph 
showing the test pipe, the laser sheet and the seeding material, b) schematic 
drawing of the test setup for the PIV measurements.  
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8.3 CFD analysis for cylinder flow and riser VIV 
 
Numerical calculations for the flow around fixed cylinders in uniform flow started in 
the late sixties of the previous century. The initial attempts were for low Reynolds 
numbers of Re < 1E3. Different techniques, such as finite difference, finite element 
or finite volume methods were used. Of foremost difficulty for the numerical 
calculations of the flow around a circular cylinder at higher Reynolds numbers of 
Re > 1E3 are the turbulence modeling and the resolution of the numerical grid for 
the boundary layer. Direct numerical simulation (DNS) can today be considered as 
the only numerical method that actually solves the flow past the cylinder in all of its 
scales. DNS is, however, extremely expensive, even for moderate Reynolds 
numbers up to Re ~1E3, as discussed by Blackburn, Govardhan & Williamson 
(2000). Dong & Karniadakis (2005) pioneered with full DNS calculations for a 
captive cylinder at an impressively high Reynolds number of Re 1E4. Large eddy 
simulation (LES) is the next step after DNS, but even with LES the turbulence in 
the near wake is still modeled and not faithfully calculated, which may have serious 
consequences. Today, unsteady Reynolds averaged Navier Stokes (URANS) is 
the most common engineering approach. RANS means that the turbulence spatial 
and time scales are averaged and that turbulence is modeled instead of actually 
solved. URANS means that the equations are solved in a time resolved manner. 
 
Appendix 27 provides a review of recent CFD studies for the flow around a circular 
cylinder. Also included are some specific CFD studies towards the VIV of risers. In 
the last decades, the CFD research for cylinder flow has seen an impressive 
development, which can amongst other reasons, be understood by the vast 
increase of available computational power at low cost in this period of time. The 
computational power increased roughly by a factor of thousand, as evidenced by 
the number of transistors on a Pentium processor in 1995 and the number of 
transistors on a Quad core processor in 2015. The number of cells in the 
calculation domain typically increased from tens of thousands at the start of the 
century to tens of millions today. The initial struggle of CFD calculations with only 
tens of thousands of cells should be seen in the light of the notorious difficulty of 
the numerical calculation of the flow around a circular cylinder at high Reynolds 
numbers in the turbulent regime of Re > 1E3. The most difficult part is to let the 
calculation find the correct separation points at which the boundary layers leave the 
surface of the cylinder. Small errors in the predicted separation angle θ of say a 
few degrees, can already have a significant effect on the forces.  



 123 

Discussions on this intriguing subject can be found in van der Vegt (1988), Lu & 
Dalton (1996), Schulz & Kallinderis (1997), Schlichting & Gersten (2000), 
Blackburn et al. (2000), Huijsmans, Wilde, & Buist (2000), Al-Jamal & Dalton 
(2004), Dong & Karniadakis (2005), Singh & Mittal (2005), Polner (2005), Vaz et al. 
(2007), Klaij (2008), Parnaudeau et al. (2008), Rosetti et al. (2012) Nguyen & 
Temarel (2014), Bandringa et al. (2014), Lloyd & James (2014), Rosetti (2015) and 
Pereira (2018). Although the present CFD computations for cylinder flow with tens 
of millions of cells are much more useful than the initial attempts of say twenty 
years ago, end users in the industry are still reluctant to accept CFD as a main tool 
for the prediction of vortex induced forces at Reynolds numbers consistent with 
riser scale VIV (Williamson & Govardhan, 2004). 
 
The coupling between the numerical solver for the flow and the numerical solver for 
the structural response presents its own challenges for a truly two-way coupled 
system. The coupling can be done in a weak manner at every time step, or in a 
strong manner inside the solution loop of the flow solver. The latter is considered 
more stable, but is computationally more expensive. Absolute (inertial) or relative 
(non-inertial) formulations can be adopted. The majority of the CFD research for 
application of VIV today is for elastically mounted cylinders with high mass ratio in 
one degree-of-freedom. In most cases, the Reynolds numbers are relatively low, 
typically for Re < 1E4. Al-Jamal & Dalton (2004) present results of two-dimensional 
as well as three-dimensional LES for a freely vibrating cylinder at Re 8E3. Rosetti 
(2015) presents recent URANS CFD results for a forced oscillating cylinder at a 
Reynolds number of Re 4.5E4. Rosetti (2015) also presents recent URANS CFD 
results for a freely vibrating cylinder at a Reynolds number of Re 1.9E4. Pereira 
(2018) presents interesting new results with scale resolved methods (PANS and 
LCTM) for a non-oscillating cylinder in the critical regime at Re 1.4E5. 
 
 

8.4 PIV test at Re 9E3 
 
Particle Image Velocimetry (PIV) is an optical measuring technique for non-
intrusive measurement of the instantaneous velocity field in a 2D plane. Time 
resolved PIV results can be obtained by capturing the PIV images at sufficiently 
high sample rate. Discussion of modern PIV measuring technique can be found in 
books of Adrian (1991), Westerweel (1993) and Raffel et al. (1998).  
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8.4.1 PIV measurement campaign in 2005 and 2007 

The objective of the PIV measurements for the present work was to study the time 
resolved flow in the near wake of a forced oscillating pipe, while being towed at 
constant speed. A first attempts of the PIV measurements was conducted in 2005, 
to be followed by a second attempt in 2007. The PIV measurements in 2005 and 
2007 were done with the OD 200 mm smooth pipe with the test setup as discussed 
in Chapter 4. Although interesting new PIV results were obtained, but it was also 
found that the PIV measurement at high Re number in a large towing test facility 
are not easy to perform. Appendix 50 summarizes the main findings and the 
challenges of the present PIV measurements. 
 
8.4.2 Selection of PIV test at Re 9E3 

PIV test No. 103005 of test series S 21536 at a Re number of 9E3 is selected for 
discussion. Other PIV measurements at higher Re numbers up to 2E5 were 
conducted in test series S 18996 and S 21536 as well, but these results have not 
yet been fully processed and are not presented here. PIV test No. 103005 at Re 
9E3 was selected because this test at an intermediate Reynolds number in the 
turbulent regime was considered a suitable test case for the present URANS CFD. 
Moreover, the PIV test at Re 9E3 could be compared with existing PIV results of 
Carberry (2002) at Re 2.3E3. It should be noted that URANS CFD for cylinder flow 
and VIV for Re > 1E4 is still in experimental stage. The Reynolds number of Re 
9E3 of PIV test No. 103005 is in the TrSL2 regime of the Zdravkovich classification 
in Table 5-2. The reduced velocity of Ur 5.0 of PIV test No. 103005 is just after the 
jump of fe/fo in the plots of Figure 8-2, which means that 2S type vortex shedding 
mode was expected for PIV test No. 103005. The time resolved vorticity maps of 
the PIV measurements in Appendix 56 through Appendix 59 confirm the 2S type 
vortex shedding. The time resolved vorticity maps show a small length for the 
shear layer, followed by a rolling up of the shear layer in close proximity of the 
cylinder and by subsequent shedding of the vortex just after the cylinder has 
reached its maximum excursion in the motion cycle. All of this corresponds with the 
observations of Carberry (2002) for the high frequency state of fe/fo > 1. For the 
time resolved vorticity maps in Appendix 56 through Appendix 59, the 2S type 
vortex shedding can perhaps be most clearly distinguished by the angle of the 
upper and lower shear layer, which is too pronounced for 2P type vortex shedding. 
 
Table 8-1 Test parameters for forced oscillation of PIV test No. 103005 in 2007. 

Test No. Cylinder PIV A/D Ur Re 

103005 OD 200 mm 2D2C 0.3 5.0 9E3 

- smooth cylinder - - - - 
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8.4.3 Test setup and settings of PIV test at Re 9E3 

The PIV system for the present work is shown in Appendix 13. The actual PIV 
system can be assembled in different configurations, of which the standard 
configuration is for two-dimensional three-component PIV (2D3C). The symmetrical 
configuration was selected for the present work, with the laser sheet placed in 
between camera A and B. The whole PIV assembly was mounted as one stiff unit 
under the towing carriage, as presented in Appendix 70. The PIV system was 
placed at a downstream location and was placed under a downward looking angle 
of 49.2 degrees towards to the area of interest in the near wake of the OD 200 mm 
test pipe, as shown in Figure 8-4. The PIV system has two 2MB CCD cameras (A 
and B) of 1600 x 1200 pixel resolution each. The Nd:Yag laser has maximum light 
intensity of 120 mJ/flash. The PIV system has two lasers for making the double 
pulse, allowing for a short adjustable time between the pulses. For PIV test No. 
103005 at 0.05 m/s tow speed, an image capturing rate of 10 Hz was used and a 
time lapse between pulses of 30 ms. 
 
Table 8-2 PIV recording parameters for PIV test No. 103005 in 2007. 

Type of PIV 2D2C (Cam A only) 

Recording method dual frame / single exposure 

Cameras 2 mega pixel CCD (1600 x 1200) with 8 bit resolution 

Tow speed 0.05 m/s 

Field of view 500 x 1000 mm 

Interrogation size 32 x 32 pixels 

Interrogation size 10 x 10 mm 

Thickness of laser sheet 4 mm 

Illumination two Nd:Yag lasers with 532 nm wavelength and 120 mJ/flash 

Sample frequency 10 Hz 

Time between pulses 30 ms 

Seeding 60 m Rilsan polyamide 

PIV accuracy ~1% maximum possible accuracy for instantaneous velocities u and v 

PIV accuracy after SVD ~5% effective accuracy of presented results after SVD analysis 

 
8.4.4 Results from camera A only (2D2C) 

Due to a small misalignment problem between Camera A and Camera B, that was 
discovered after the tests, only the 2D2C results from camera A are analyzed and 
presented at this stage. Although it is expected that this misalignment problem can 
be resolved in future with more advanced PIV post processing software, this has 
not been tried yet.   
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For the 2D2C images, a somewhat larger perspective error may be expected than 
for 2D3C images, especially for the areas of the flow with a large out-of-plane 
velocity component. This is because the 2D2C PIV with one camera can only 
detect the projected velocity components in the 2D plane of the laser sheet. 
Perspective errors can always be expected when the viewing direction deviates 
from orthogonal, even if the images are properly dewarped. For the final results 
after the SVD analysis, the effect of the perspective error for the 2D2C 
measurements is, however, expected to be acceptable, because of the phase 
averaging over a total of 1199 individual images. For a large number of randomly 
distributed out-of-plane velocity components, it may be expected that the 
perspective errors cancel out to certain extent. 
 
8.4.5 Camera calibration 

Ideally, the cameras for the PIV measurement are placed perpendicular to the laser 
sheet. However, even for a pure perpendicular arrangement, there will still be some 
amount of unavoidable optical deformations at the edges of the captured images. 
For the present PIV measurement, the cameras were placed under an angle of 36 
degrees with respect to the laser sheet, as shown in Appendix 13. This means an 
angle of 54 degrees with respect to normal. In general, the optical deformations 
can be corrected by proper calibration of the PIV cameras, using a digital 
deformation map. For the present PIV measurements, an accurate calibration plate 
was used, with clearly visible dots on a regular grid with a known spacing between 
the gridlines. 
 
8.4.6 Seeding 

In general, the PIV measurements require appropriate seeding of the flow with a 
large number of uniformly distributed seeding particles in the PIV interrogation 
area. For PIV measurements in a large towing tank, the seeding particles are 
normally injected at a suitable upstream location of the test object. Once injected, 
the seeding particles mix in the flow and spread homogeneously in three-
dimensional space. Ideally one would like to keep the seeding particles as much as 
possible in the 2D plane of the laser sheet, but there is of course no way to avoid 
mixing in the third dimension. The seeding particles need to be small enough to 
faithfully follow the flow and need to have a density close to the ambient fluid. 
Compared to other PIV measurements, the Rilsan 60 m polyamide particles that 
were used for present PIV measurements have a relatively large particle size, but 
this somewhat larger size particles was considered more suitable because of the 
higher detectability, especially for the areas with low concentration of the seeding.  
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8.4.7 Interrogation 

The seeding particles are illuminated by the laser light and the light scattering from 
the seeding particles in the PIV interrogation area is detected by the CCD cameras. 
The velocities in the flow are derived from the measured displacements and the 
known 30 ms time delay between the laser pulses. It should be noted that the 
interrogation method for the PIV analysis does not actually track the individual 
particles from one image to another, but rather uses a correlation technique for 
tracking the patterns in the randomly distributed concentration of the seeding 
particles. As mentioned by Adrian (1991), Westerweel (1993) and Raffel et al. 
(1998), the correlation technique may find multiple correlation peaks of which the 
highest peak is not always the correct one. Modern PIV analysis software was 
used for the analysis of the PIV test No. 103005, including peak validation 
techniques and removal of outliers. 
 
8.4.8 Enhancing PIV accuracy with SVD analysis 

Appendix 50 explains the basic steps that were used for the post processing after 
capturing of the raw PIV images. In particular, the single value decomposition 
(SVD) analysis in Appendix 52 should be mentioned as a particularly useful step in 
the overall analysis to enhance the accuracy of the PIV results. The results after 
SVD analysis yields velocity maps of phase synchronized values for the velocities 
u and v. Vorticity maps were then derived from the velocity maps. The vorticity 
maps were derived for 16 incremental steps in one cycle of the forced oscillation of 
the test pipe. The result in Appendix 56 through Appendix 59 present selected 
vorticity maps for a phase angle of the cylinder motion of Φ = 90, 135, 180 and 225 
degrees. 
 
8.4.9 Estimated accuracy of PIV results 

The maximum possible measuring accuracy that can be achieved with the present 
PIV system is about 1% for the derived velocities u and v in the 2D velocity maps. 
This maximum possible value basically follows from the pixel resolution of the CCD 
cameras. Also important are the accuracy of the PIV interrogation and various 
other steps of the PIV post processing. As explained in Appendix 50, the maximum 
possible measuring accuracy of 1% was, however, not obtained for the present 
work, mainly due to the difficulties of maintaining a large enough uniformly 
distributed concentration of seeding particles in the PIV interrogation area. The 
estimated accuracy of the presented velocities in the time resolved velocity maps is 
about 5%, which is a value that is obtained after enhancing the quality of the PIV 
measurements with the SVD analysis in Appendix 52.   
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8.5 CFD run at Re 9E3 
 
CFD run No. 103001 of the present work is a like-for-like reproduction of PIV test 
No. 103005 with 2D URANS CFD. The same value for A/D, Ur and Re was used 
for CFD run No. 103001 as for PIV test No. 103005. The settings of the CFD 
calculation in Table 8-4 are based on recent work of Rosetti (2015). A two-
dimensional rectangular domain was used, consisting of a total of 7.77E5 cells and 
a total of 608 cells along the circumference of the 2D cylinder. Figure 8-5 shows 
the computational domain with the inlet boundary located at 10D upstream of the 
center of the cylinder and the outlet boundary at 40D downstream of the center of 
the cylinder The computational domain has a height of 24D. The calculations were 
done with low values of y+ on the surface of the cylinder below 0.3, meaning that 
wall functions were not needed. The standard SST k-ω 2003 model was used as 
turbulence model. A higher-order unstructured Quick scheme was used for the 
discretization of the momentum equation and the turbulence equation. The iterative 
convergence was set to 10-5 in Linf norm. The time step was set to 200 outer loops 
per forced oscillation cycle, corresponding to a non-dimensional time step of ∆t U / 
D0.025. A total of 42 cycles of the forced oscillation was calculated, of which the 
last 34 cycles were used for the post processing. The CPU time for the calculation 
was about 1 week on a computer cluster with 256 processors. 
 

Table 8-3 Test parameters for forced oscillation of for CFD run No. 103001. 

Run No. Cylinder CFD A/D Ur Re 

103001 Smooth cylinder URANS 0.3 5.0 9E3 
 

Table 8-4 CFD settings for CFD run No. 103001. 

Type of CFD URANS 

CFD code ReFRESCO version 2015 (MARIN) 

Turbulence model standard SST k-ω 2003 

Number of freedom  2D calculation 

Number of cells 777 446 

Number of cells on cylinder surface 608 

Size of domain 24D x 50D 

Mesh type unstructured grid 

y+ on cylinder surface y+ below 0.3 

Wall functions wall functions were not used 

Time step ∆t U / D0.025 

Number of cycles total of 42 cycle, of which 34 for analysis 

Iterative convergence 1E-5 in Linf norm 

Grid coupling both moving grid and deforming grid were tested 
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Figure 8-5 2D computational grid for CFD run No. 103001. 

The computational domain of 24D x 50D has a total of 7.77E5 cells. 

 
 

8.6 Comparing PIV test 103005 with CFD run 103001 
 
Appendix 55 through Appendix 59 show the results of PIV test No. 103005 
together with the results of CFD calculation 103001. The calculated hydrodynamic 
lift and drag force of CFD run No. 103001 in Appendix 56b through Appendix 59b 
is presented by a blue arrow, starting at the center of the cylinder. The presented 
lift force is the first harmonic, as calculated with the Fourier method in Appendix 15. 
 
8.6.1 Results of time averaged velocity field 

Appendix 55 shows the contour plots of the time averaged stream wise flow 
velocities u0. PIV test No. 103005 and CFD calculation No. 103001 are in good 
agreement with each other. It is actually quite difficult to interpret the differences. 
There seems to be a small difference in the length of the reverse flow between PIV 
test No. 103005 and CFD run No. 103001, but such as small difference may not be 
conclusive at this stage. Additional PIV measurements and/or additional CFD 
calculations are needed to reduce the uncertainty of both the PIV and the CFD, to 
better understand the origin of such small differences. 
 
8.6.2 Results of time resolved vorticity fields 

Results in Appendix 56 through Appendix 59 show two-dimensional vorticity ሺ
డ௩

డ௫
െ

డ௨

డ௬
ሻ in the plane of the laser sheet. In Appendix 57, the red anti-clockwise rotating 

vortex at a distance of X/D = 2 is about to shed. The vorticity map in Appendix 57 is 
for a phase angle of Φ = 135 degrees for the motion of the cylinder, meaning that 
the cylinder is at the beginning of its downward movement from its maximum 
excursion.   
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The timing of the vortex shedding in Appendix 57 is in accordance with the timing 
of the vortex shedding of Carberry (2002) for the high frequency state of fe/fo > 1. 
In particular, the result of PIV test No. 103005 in Appendix 57a can be compared 
with the PIV result of Carberry in second row (b) of the right column of Appendix 
60, both showing the same pronounced angle for the upper shear layer (blue clock-
wise rotating structure near the base of the cylinder), which is characteristic for the 
high frequency state of fe/fo > 1. Also, the evolution in time corresponds fairly well 
between PIV 103005 of the present work and the PIV result of Carberry in the right 
column of Appendix 60. 
 
8.6.3 Results of lift and drag forces Clv, Cla and Cd 

The calculated lift and drag force coefficients Clv, Cla and Cd of CFD run No. 
103001 are presented in the plots of Appendix 61. The CFD results can be 
compared with experimental results of Gopalkrishnan (1993) and Carberry (2002). 
The CFD results can also be compared with the measured results of the present 
work for the OD 200 mm smooth cylinder at Re 3.96E4. Table 8-5 provides a 
summary of the results of the different contributions. The first observation is the 
large scatter in the results. As such, all that can really be concluded from Table 8-5 
is that the CFD more or less correctly predicts the forces within the range of the 
scatter of the experiments. This conclusion may be considered as somewhat 
disappointing, but should in fact be considered as encouraging at this stage. As 
discussed in Chapter 5, a relatively large scatter is normal for the measurement of 
the drag force coefficient Cd for a non-oscillating circular cylinders at high 
Reynolds numbers in the turbulent regime of Re > 1E3. A similarly large scatter 
may therefore also be expected for the lift force coefficient Clv, Cla for, and 
oscillating cylinder under lock-in VIV conditions. 
 
Table 8-5 Comparison of lift and drag force coefficients Clv, Cla and Cd. 

Case Re Ur A/D Cd Clv Cla Cl 

Gopalkrishnan (1993) 1.08E4 5.0 0.30 1.33 -0.44 -1.54 1.60 

Carberry (2002) 4.41E3 4.5 0.25 1.7 +0.4 -1.5 1.6 

Carberry (2002) 9.1E3 5.0 0.50 2.0 -0.6 -1.1 1.3 

Present work Re 3.96E4 mean 3.96E4 5.0 0.50 1.6 -0.9 -2.7 2.8 

Present work Re 3.96E4 range 3.96E4 5.0 0.50 
1.3 
1.9 

-0.7 
-1.0 

-2.5 
-2.9 

2.5 
2.9 

PIV test No. 103005 (2007) 9.0E3 5.0 0.30 - - - - 

        

CFD run No. 103001 (2015) 9.0E3 5.0 0.30 1.63 -0.18 -2.04 2.05 
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9 VIV induced fatigue of offshore riser 
 
The main objective of the present work was the measurement of the lift force 
coefficients Clv and Cla as input for pragmatic VIV prediction models for full-scale 
risers in deep water. In particular the work aimed at better understanding of the 
Reynolds number scale effects of the lift force coefficients Clv and Cla. In Chapter 
6 it was shown that the results of the new measurements of the present work 
deviate significantly from the established ones of Gopalkrishnan (1993) and 
Sarpkaya (2004) at Re ~1E4. The differences were mainly found for the smooth 
cylinder in the upper sub-critical Re regime, the critical Re regime and the lower 
sup critical Re regime. In this chapter a test case is presented for studying the 
relevance of the new lift force coefficients Clv for the VIV predictions of an OD 610 
mm riser in deep water. The VIV response of a test case riser is calculated when 
using the standard coefficients Clv and when using the new coefficients Clv of 
Chapter 6. 
 
 

9.1 Test case of OD 610 mm riser in deep water 
 
A deep water riser with a free spanning length of L = 1463 m is considered for the 
test case. The length is measured from the hang-off point at the floater to the 
touchdown point on the seabed. Pinned-pinned end conditions are assumed for 
simplification, meaning that the two end points are restrained for displacements, 
but are free in rotation. For mode i = 13, a natural frequency of 13f = 0.25 Hz is 

calculated, where mode i = 13 represents the peak of the power ratio in Figure 9-2. 
 
Table 9-1 Main particulars of OD 610 mm steel riser. 

Parameter Symbol Unit Value 

Riser length L m 1463 

Outer diameter OD mm 610 

Inner diameter ID mm 550 

Mass ratio m+ -- 2.15 

Top tension T top kN 6.00E3 

Bottom tension T bottom kN 1.04E3 

Natural frequency mode 13 f13 Hz 0.25 
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9.2 Riser VIV prediction model 
 
The VIV of the riser is analyzed with a reproduced version of the standard industry 
VIV prediction model of Vandiver (1985). The Vandiver VIV prediction model was 
briefly introduced in Chapter 2. The Vandiver VIV prediction model under the brand 
name Shear7 is the most widely used VIV prediction model for deep water risers in 
industry today. For the test case in this Chapter, a reproduced and somewhat 
simplified version of the original full Vandiver model was used, which was 
considered to be more suitable for assessing the effect of the new lift force 
coefficients Clv and Cla of Chapter 6 for the VIV predictions of a full-scale riser in 
deep water. The calculation starts with an analysis of the natural modes of the free 
hanging riser in calm water. This step can be done outside the program with any 
suitable method, such as FE, lumped mass or analytical. For relatively simple 
risers configuration, analytical methods may be used for calculation of the mode 
shapes and the modal frequencies, as discussed in standard works of Timoshenko, 
Young, & Weaver (1974) and Meirovitch (1986). The modal approach reduces the 
partial differential equation to a set of ordinary differential equations, which greatly 
simplifies the calculation. The modal approach is assumed to provide a suitable 
approximation for pragmatic VIV prediction of a real riser, although the assumption 
of prevailing single mode standing-wave type response for discrete periods of time 
is subject to debate. The resulting set of ordinary differential equations is: 
 

 i i i i i i iM q R q K q N t   
 (9-1) 

 
In which M, R, K and N are respectively the modal mass, the modal damping, the 
modal stiffness and the modal excitation force. The subscript ‘i’ denotes the mode 
number. The modal values of M, R, K and N are obtained by considering the mode 
shape iΨ  and integrating the values over the applicable length along the riser. The 

modal mass and the modal stiffness are integrated over the full length L of the 
riser, whereas the modal damping and the modal excitation are integrated over 
their appropriate lengths Lout and Lin for respectively ‘energy out’ and ‘energy in’.  
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The modal values are (Meirovitch, 1986): 
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In which m is the mass in air, r the structural damping, T the tension, F the 
excitation force, iΨ , the modal shape, L the length of the riser, Lin the length for 

energy in and Lout the length for energy out The lift force from the vortex shedding 
process is assumed to be harmonic: 
 

   , i t
i iF x t F x e 

 
(9-6) 

 
The time-averaged modal input and output power can then be calculated as: 
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(9-8) 

 
In which Clv is the familiar lift force coefficient in phase with velocity, in accordance 
with the model of Hartlen & Currie (1970). The two damping terms in Eq. (9-8) for 
respectively the structural damping and the viscous damping are evaluated over 
the appropriate length of respectively L and Lout along the riser. The Venugopal 
(1996) model in Appendix 7 is used for the viscous part, with h CFr B  in Eq. (9-3).  
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The steady state amplitude for each mode can then be derived from the energy 
balance: 
 

, ,in i out i energy in energy out   
 

(9-9) 

 
Yielding (Vandiver & Li, 2003): 
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(9-10) 

 
Evaluation of Eq. (9-10) requires the natural frequency iω , the mode shape iΨ , the 

position of the lock-in region Lin and the position of the lock-out region Lout as input. 
More or less the same calculation approach is used for the simplified model for the 
present test case, as is used in the standard Vandiver model in Appendix 6. The 
simplified model for the present test case loops in straightforward manner over the 
relevant mode numbers from i = 4 to 24. However, instead of the full iteration in 
Step 10 of Appendix 6, the Clv value is looked up from the Clv versus A/D input 
curve in one single step. To be more precise, the calculation first starts with an 
initial value of Clv = 0.24 and based on the outcome of the zeroth iteration the next 
and final value of Clv is looked up from the Clv versus A/D input curve. Examples 
of Clv versus A/D curves are presented in Figure 2-14 and Figure 2-15. In the 
simplified version of the model, the term for the still water damping in Eq. (A-3) is 
not updated, but an average value of A/D 0.8 is used instead. 
 
The end result of the calculation is a plot of the calculated equilibrium response 
amplitude values A/D versus the mode number ‘i’, as shown in Figure 9-1. The 
analysis then proceeds with a selection of the ‘participating modes’ and a selection 
for the ‘time sharing’ of the participating modes. Time sharing means that the 
participating modes are contributing according to their ‘time sharing probability’. 
The participating modes are the modes for which the power ratio ra tio  of Eq. (9-

11) has a value above a certain threshold value threshold .   
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The time sharing probability is based on the power ratio ra tio  as well, as 

proposed by Vandiver & Li (2003). Figure 9-2 shows the calculated power ratios for 
the test case of the OD 610 mm riser, with a threshold value of 10%. 
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(9-11) 

 
 

9.3 Lift force coefficient Clv selection 
 
The reproduced and simpler version of the model for the present work 
distinguishes between ‘lock-in for critical Reynolds numbers’ and ‘lock-in for non-
critical Reynolds numbers’. Two different curves of Clv versus A/D are used in the 
model for the present work: one for ‘lock-in for critical Reynolds numbers’ and 
another for ‘lock-in for non-critical Reynolds numbers’. The distinction between 
critical and non-critical Reynolds numbers was added to the calculation for the 
assessment of the Reynolds number dependency for assessing the effect of the 
new lift force coefficient Clv of Chapter 6. The dedicated model also incorporates 
an extension of the range of reduced velocities for the lock-in condition in the 
critical Re regime from Ur = 4 to 8 to Ur = 4 to 12, reflecting the observed widening 
of the range of Ur values with positive Clv as discussed in Chapter 3 and Chapter 
6. Table 9-2 summarizes the applied input values of the present model and 
compares them with the standard values in the original Vandiver model. Appendix 
62 shows the modal functions and the energy values for mode i = 13. The two 
upper rows in Appendix 62 show respectively the mode shape and the vertical 
velocity profile for the velocity square. Also presented are the applied tapers for Ur, 
the excitation regions for non-critical Re, the excitation regions for critical Re, the 
modal shape function for the structural damping and the modal shape function for 
the region with low Ur damping. Four different regions can be observed along the 
length of the riser with boundaries as summarized in Table 9-3. The region with 
high Ur damping does not occur for mode i = 13.   
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Table 9-2 Clv lift model for critical Reynolds number regime. 

Values are presented for the traditional model (○) and the new model (□) for 
the critical Re regime. 

Parameter Symbol Traditional Critical regime 

Maximum lift force coefficient Clv 0.8 0.4 

AD zero crossing AD 0.9 1.0 

Start lock-in Ur low 4.0 4.0 

End lock-in Ur high 8.0 12.0 

Start critical regime Re low - 2E5 

Start critical regime Re high - 6E5 

 
Table 9-3 Boundaries for ‘energy in’ and ‘energy out’ regions. 

Region Reduced velocity Reynolds number 

Low Ur damping Ur < Ur low - 

Lock-in region for critical Re Ur low ≤ Ur ≤ Ur high Re low ≤ Re ≤ Re high 

Lock-in region for non critical Re Ur low ≤ Ur ≤ Ur high Re < Re low 
Re high < Re 

High Ur damping Ur high < Ur - 

 
 

9.4 Fatigue damage calculation 
 
Mode i = 13 represents the peak of the power ratio in Figure 9-2. Although the 
effect of the bending stiffness is not completely negligible for the tension dominated 
mode i = 13, the effect of the bending stiffness is left out in the approximate 
solution of Eq. (9-12). The effect of the bending stiffness can be easily checked by 
comparing the natural frequencies with and without bending stiffness. Including the 
bending stiffness will slightly shift the natural frequencies upwards. The effect of 
the bending stiffness on the mode shape is small. The effect of the varying tension 
in the risers, resulting from the underwater weight of the riser, is, however, 
considerable for the fatigue damage calculation. The varying tension leads to 
shorter wavelength for the natural modes at the bottom part of the riser than at the 
top part of the riser, which has a significant effect on the curvature and the 
stresses. The varying wavelength along the length of the riser is shown for mode 
shape 1 3Ψ  in the first row of Appendix 62. For 1 3Ψ  the half wavelength of the 

sinusoidals more than doubles from L = 69.7 m at the bottom to L = 155.4 m at the 
top.   
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The effect of the varying tension can be easily included in the analytical solution by 
stretching the sinusoidal mode shapes as shown in Eq. (9-12): 
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(9-12) 

 
Equation (9-13) gives the associated natural frequencies, ignoring the effect of the 
bending stiffness: 
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A linear sheared current profile is assumed for the test case with a flow speed of 
1.2 m/s near the sea surface and a flow speed of 0.2 m/s near the seabed. For this 
linear sheared current profile, the vortex shedding frequencies for the OD 610 mm 
riser vary from 0.4 Hz at the top to 0.07 Hz near the bottom. For mode i = 13 with  

13f = 0.25 Hz, the region with lock-in VIV in the critical Reynolds number regime 

occurs for span wise positions between s = 602 and 1305 m along riser (─), 
whereas the region with lock-in VIV outside the critical Reynolds number regime 
occurs for span wise positions between s = 1305 and 1463 m along the riser (─). 
The regions are schematically presented in the third row of Appendix 62. 
 
Figure 9-1 shows the predicted VIV amplitudes when using the traditional Clv 
values (○) and when using the new values (□) in Table 9-2. The 10% thresholds in 
Figure 9-1 for the participating modes for the traditional and the new calculation are 
respectively indicated by the blue and green vertical dashed lines (─.─ and ─.─). 
For the traditional calculation, mode 9 to 20 are the participating modes, whereas 
this range is increased to mode 7 to 20 for the new calculation. The amplitudes of 
mode 11 to 24 for the new calculation are slightly lower than for the traditional 
calculation, resulting from the lower maximum Clv lift value of Clv 0.4 in the new 
calculation, compared to standard value of Clv 0.8 in the traditional calculation. The 
range of possible participating modes for the lower mode numbers between 4 and 
10 is increased considerably for the new calculation, which is a result of the 
extension of the range of lock-in reduced velocities from Ur = 4 to 8 to Ur = 4 to 12. 
The larger range of reduced velocities for lock-in increases the length for ‘energy 
in’ and reduces the length for ‘energy out’ for the riser, which shift the energy 
balance of Eq. (9-10).   
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For the new mode numbers between 4 and 10, the effect of the lower length for 
‘energy out’ apparently outweighs the effects of the lower value for the VIV lift force 
coefficient of Clv 0.4. 
 

 
Figure 9-1 Calculated VIV response of OD 610 mm deepwater riser. 

Results for traditional lift force coefficient Clv (○) and result when using the new 
lift force coefficient Clv in the critical Reynolds number regime (□). Vertical 
dashed lines (─.─ and ─.─) indicate the 10% threshold for the power ratio of 
Eq. (9-11). 

 
Figure 9-2 shows the power ratio of Eq. (9-11) for the participating modes and the 
non participating modes from i = 4 to 24. For the higher modes of i = 12 to 24, the 
old and the new calculations agree on the value of the power ratio. The peak of the 
power ratio for the traditional calculation at i = 13 is used for normalization. For the 
new calculation (□), a new area with high values of the power ratio can be 
observed for the lower mode numbers of i = 5 to 11, with a new peak at i = 8. Using 
the time sharing concept, this leads to a bias for the VIV towards the lower mode 
numbers, which leads to a reduction of the fatigue damage for the present test 
case.   
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Figure 9-2 Power ratio Пi for test case of OD 610 mm steel riser. 

Results for traditional lift force coefficient Clv (○) and result when using the new 
lift force coefficient Clv in the critical Reynolds number regime (□). Vertical 
dashed lines (─.─ and ─.─) indicate the 10% threshold for the power ratio of 
Eq. (9-11). 

 
The number of stress cycles for the fatigue analysis can be obtained in the familiar 
way by rain-flow counting (Anzai & Endo, 1979). For a random process, the stress 
cycles can be divided into ‘bins’, allowing for the calculation of the accumulated 
fatigue damage by Miner summation (Miner, 1945): 
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(9-14) 

 
In which Ni is the number of cycles to failure and ni the number of stress cycles at a 
given stress range i. The SN-curve of a steel riser can be expressed in the 
familiar logarithmic form  
 

log log logi iN a m     (9-15) 
 
In which a is the scale parameter and m the slope parameter. For a narrow-banded 
process with Rayleigh-distributed stress ranges, the fatigue damage can then be 
more easily obtained with an approximation than actually counting the stress 
cycles, such as (Bai & Bai, 2005): 
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In which T0 is the total time of the VIV loading in seconds, f0 is the zero-up crossing 
frequency, m0 is the zeroth spectral moment of the narrow-banded stress process 
and  is the complete gamma function. 
 
Figure 9-3 compares the predicted fatigue damage for the traditional calculation 
with the new calculation. The total fatigue damage can be obtained by the time 
sharing probability, using the ‘power ratio’ of Eq. (9-11). The total fatigue damage 
for the traditional calculation is D = 58.4 year-1, which means that the riser can 
survive for about 1/58.4 of a year in the 1.2 m/s sheared current condition of the 
present test case. Assuming a safety factor of 20, this means that the riser would 
qualify for 1168-1 of a year in the 1.2 m/s sheared current condition of the present 
test case, which equates to 365x24/1168 = 7.5 hours. For the new calculation the 
damage reduces to D = 23.9 year-1, resulting in an increase of the time that the 
riser would qualify from 7.5 to 18 hours. 
It should be noted that the above times for qualification are calculated for one 
particular velocity profile and one particular current speed. In reality the current in 
the ocean is continuously changing, with changing velocity profile, current speed 
and direction. The general approach for this is to consider discrete ‘bins’ for quasi 
static current conditions, with a typical duration of the bins of one hour. The bins for 
the current should then be used with their associated long term probability of 
occurrence for the say 20 to 50 year design life of the riser. Apart from this, the 
overall fatigue assessment of deepwater risers involves several other specific 
factors which are not discussed here. 
 

 
Figure 9-3 Fatigue damage for test case of OD 610 mm steel riser. 

Results for traditional lift force coefficient Clv (○) and result when using the new 
lift force coefficient Clv in the critical Reynolds number regime (□). Fatigue 
damage per mode is scaled by power ratio ra tio  of Eq. (9-11).  
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Figure 9-4 SN curve for OD 610 mm steel riser. 

Graphical interpretation of the SN fatigue curve on log-log scale. Solid blue line 
is E-class fatigue damage curve for a steel riser. Presented are the calculated 
values of the stress range versus the number of fatigue cycles for different 
participating modes for the VIV fatigue damage analysis. Results are 
presented for the traditional calculation (○) and for the new calculation (□). 

 
 

9.5 Sensitivity of fatigue damage calculation 
 
The fatigue damage calculation for riser VIV can be remarkably sensitive for the 
input parameters in the model. This important topic is discussed by Roveri & 
Vandiver (2001), Yang et al. (2008), Tognarelli et al. (2009), Jhigran and Vogiatzis 
(2010), Resvanis et al. (2012) and Fontaine et al. (2013). It can be shown that 
relatively small variations in predicted VIV amplitudes can have a remarkably large 
effect on the predicted fatigue damage values. To a large extent, this can be 
understood from the steep slope of the SN fatigue damage curve, with a typical 
value of m = 3 in Eq. (9-16). Also, the time sharing probability of the participating 
modes has a considerable effect on the calculated fatigue damage. For instance, a 
shift of the peak can have a larger effect on the calculated fatigue damage than for 
instance the calculated equilibrium amplitudes for the different modes. In general, a 
shift to lower mode numbers reduces the overall fatigue damage value, whereas a 
shift to higher mode numbers increases the overall fatigue damage value. The 
choice of the threshold value for the power ratios can also have a significant effect 
on the calculated fatigue damages values. Results by Tognarelli et al. (2009) in 
Figure 9-5 compare results of the new SHEAR7 version V4.5 with actually 
measured VIV fatigue damage for five deepwater drilling risers DR1 to DR5.  



 142 

Although the values on the axes are left out in this figure, the example clearly 
shows the large scatter that can be expected for VIV fatigue damage predictions. 
Over prediction as well as under prediction by several orders of magnitude can 
easily occur. 
 

 
Figure 9-5 Example of predicted versus measured VIV fatigue damage. 

Tognarelli et al. (2009) compared predicted results of new SHEAR7 version 
V4.5 with actually measured VIV fatigue damage for the five deepwater drilling 
risers DR1 to DR5. Results are presented on log-log scale. The data points 
above the equality line (─) show results where SHEAR7 predicts above the 
measurements. Although the values on the axes are left out, the example 
clearly shows the large scatter that can be expected for VIV fatigue damage 
predictions. Over prediction as well as under prediction by several orders of 
magnitude can be expected. 

 
Figure 9-6 shows an assessment of the sensitivity for the calculated VIV fatigue 
damage for the present calculations for the OD 610 mm steel riser. The results in 
Figure 9-6 are for 18 different sensitivity cases, which are listed in Appendix 63. 
The sensitivity cases include sensitivity for the new lift force coefficient Clv in 
Chapter 6, the traditional Ur regime for lock-in, the linear sheared profile of the 
current speed U(z), the structural damping rs, the parameters in the Venugopal 
damping model Crl, Crh and ksw, the added mass coefficient Ca, the top tension of 
the riser T, the threshold value for the power ratio threshold , for the lift force 

coefficient in phase with velocity Clv and the fatigue class of the steel riser (D, E 
and F). The calculated values of the overall VIV fatigue damage range between D 
15.4 year-1 and D 169.4 year-1, which can be compared with the calculated value 
for the base case of D 58.4 year-1.   
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Figure 9-6 Sensitivity of VIV fatigue damage calculation for OD 610 mm steel riser. 

The results of the 18 sensitivity cases in Appendix 63 are presented on a log-
log scale. The range of the calculated values are within the factor +/-10 
uncertainty band.   
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10 Conclusions and recommendations 
 

10.1 Conclusions 
 
Chapter 5: Steady tow tests with non-oscillating pipe 

o The new test results of the tow tests with the non-oscillating pipe in water 
confirm the established results for a non-oscillating pipe in a wind tunnel, which 
is considered as a positive verification of the new test setup for tests at high Re 
numbers. 

o Figure 5-7 shows the results of the measurements of the mean lift force for the 
OD 200 mm smooth and rough pipe. Intuitively, there should be no mean lift 
force for a symmetric circular pipe in a uniform flow. However, some tests with 
the smooth cylinder show remarkably large mean lift force of almost Cl 1.0. The 
large lift force is observed in the neighborhood of the critical Reynolds number 
of Re 2.85E5. The large mean lift force was repeatedly found for the steady tow 
tests with the smooth cylinder in different test campaigns and in different years. 

o The mean lift force can be explained by the single separation bubble in the 
TrBL1 sub-regime, according to the Zdravkovich (1997) classification in Table 
5-2. Experiments by Bearman (1969), Schewe (1983) and Shih et al. (1993) 
provide evidence of the existence of a single separation bubble with asymmetric 
flow and resulting large mean lift force. It should, however, be noted that these 
researchers observed the asymmetric flow for a smooth cylinder at a slightly 
higher Reynolds number of respectively Re 3.7E5, Re 3E5 and Re 3.7E5 than 
the Reynolds number of Re 2.85E5 where the large mean lift force was 
observed in Figure 5-7. 

o In Figure 5-9, the lift force rms almost disappears for the smooth pipe in the 
critical Reynolds number regime for Re > 2.85E5. This is explained by the 
decreasing correlation length of the vortex shedding process along the span 
wise length. Another, presumably somewhat less important effect, is the 
decrease of the vortex shedding strength itself. 

o The jump for the Strouhal number that was observed at Re 2.85E5 for the 
smooth cylinder in Figure 5-14, is not observed for the rough cylinder in Figure 
5-15. However, a new unexpected area with high Strouhal numbers around St 
0.3 is observed for the k/D ~5E-3 rough cylinder at Reynolds numbers between 
7E4 and 1.5E5. This seems a new finding.   
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Chapter 6: Steady tow tests with forced oscillating pipe 

o The main focus of the present work was on the forced oscillation tow tests in 
Chapter 6. The new results in Appendix 36 through Appendix 41 show the 
functions  ,Clv AD Ur  and  ,Cla AD Ur  and can be used directly as input parameter in 

the VIV prediction model of Hartlen & Currie (1970) or the standard industry VIV 
prediction program of Vandiver (2003). 

o The new results in Appendix 37 and Appendix 39 for the smooth cylinder at two 
selected Reynolds number of respectively Re 3.96E4 and Re 2.7E5 deviate 
significantly from the established coefficients of Gopalkrishnan (1993) and 
Sarpkaya (2004) for Re ~1E4. The new test results at Re 2.7E5 are in the 
TrBL0 regime for a non-oscillating pipe, according to the Zdravkovich (1997) 
classification in Table 5-2. The deviations are attributed to Reynolds number 
sensitivity. 

o The new results for the smooth cylinder at Re 3.96E4 and Re 2.7E5 confirm the 
trend of increasing maximum VIV amplitudes and a widening of the range of 
reduced velocities, as discussed in Chapter 3. In Chapter 9 the effect of the new 
lift force coefficients is evaluated for the VIV of a test case riser of OD 610 mm 
riser in deep water. 

o The estimated uncertainty for the measured lift force coefficients Clv and Cla is 
about 5%. The uncertainty can be improved by even more careful execution of 
the tests and by repeating the test to reduce the random uncertainty. 

 
Chapter 7: Tests with forced oscillating pipe in calm water 

o The Morison drag coefficient d_MorC  is an important parameter for the prediction 

of the hydrodynamic damping, because the equilibrium amplitude of the VIV 
response in and Eq. (9-10) depends as much on the ‘output power’ as on the 
‘input power’. 

o For relatively low values of the Sarpkaya frequency parameters β, the new test 
results for the forced oscillating tests in calm water compare reasonably well 
with the established results of Sarpkaya (1976a) at β = 5.26E3. 

o For higher values of the Sarpkaya frequency parameters of 1E4 < β < 1E5, the 
new results deviate significantly from the established results of Sarpkaya 
(1976a) for 5E2 < β < 5.26E3. A much better comparison is obtained when 
comparing the results of the present work with Chaplin (1988) at β = 2E4 and 
Otter (1992) at β = 3E4. The differences are attributed to Reynolds scale 
effects.   
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o The good correlation with Chaplin (1988) and Otter (1992) is considered as a 
positive verification of the new test setup for forced oscillation tests at high Re 
numbers. 

 
Chapter 8: Investigation of the flow in the near wake 

o Chapter 8 presents new PIV measurements for the flow in the near wake of a 
forced oscillating pipe while being towed at constant speed in the basin. The 
PIV measurements are relevant for the present research, because the images 
of the flow in the near wake of the cylinder provides better insight in the flow 
physics than can be obtained by only considering the global forces on a L/D 
~18 section of the pipe, as discussed in Chapter 6. Of particular interest is the 
timing of the vortex shedding process, relative to the phase angle ϕ of the 
motion of the forced oscillating pipe. 

o The new PIV measurements in Chapter 8 show the feasibility of the PIV 
measuring technique for obtaining useful validation material for new numerical 
flow calculations (CFD). The PIV measurements have been performed at 
Reynolds numbers of 9E3 < Re < 9E4. Results of PIV test No. 103005 at Re 
9E3 are presented. 

o PIV test No. 103005 at Re 9E3 is compared with a two-dimensional URANS 
CFD calculation for the same A/D, Ur and Re. The new results of the PIV 
measurements and the CFD calculation of the present work are in good 
agreement. 

o PIV test No. 103005 at Re 9E3 can also be compared with the PIV 
measurements of Carberry (2002) at Re 2.3E3, for which also a good 
agreement is found. 

o The PIV measurements are of particular interest for understanding the timing of 
the vortex shedding process with respect to the oscillating cylinder. Results in 
Appendix 56a through Appendix 59a confirm 2S-type vortex shedding for PIV 
test No. 103005. The 2S-type vortex shedding for this case is most clearly 
evidenced by the angle of the shear layers, which is too pronounced for 2P 
vortex shedding.   
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Chapter 9: VIV induced fatigue damage of an offshore riser 

o Results in Figure 9-1 present the predicted VIV amplitudes when using the 
traditional Clv values and when using the new Clv values of Chapter 6. A new 
area with large VIV amplitudes appears for the participating modes for peaki < i , 

which is a result of the widening of the range of reduced velocities for lock-in 
VIV in the critical Re regime. In spite of this new area, the overall fatigue 
damage is lower for the new calculation, which is explained by the larger 
number of participating modes for the new calculation, which reduces the 
fraction of the time sharing for the higher modes. 

o Results in Appendix 63 and Figure 9-6 show the sensitivity for the calculated 
VIV fatigue damage for the test case with the OD 610 mm riser. The results 
shows that the fatigue damage calculation for riser VIV can be remarkably 
sensitive for the input parameters, as also discussed by Roveri & Vandiver 
(2001), Yang et al. (2008), Tognarelli et al. (2009), Jhigran and Vogiatzis 
(2010), Resvanis et al. (2012) and Fontaine et al. (2013). 

 
 

10.2 Recommendations for further research 
 

o Although the compilation of available data point in Figure 3-7 contains already 
1307 results from open literature and 449 new results of the present work, much 
more work is needed to fully understand the Reynolds number scale effects for 
the VIV lift force coefficients Clv and Cla. 

o To begin with, it would be desirable to conduct an independent confirmation of 
the new measurement results in Appendix 37 and Appendix 39. 

o Next, it would be desirable to extend the measurements to other Reynolds 
numbers, including intermediate Reynolds numbers of 1E4 < RE < 2.7E5 and 
even more desirable for higher Reynolds numbers of 2.7E5 < Re < 2E6. 

o Next, it would also be desirable to extend the measurements for pipes with 
other values of the surface roughness. The majority of the measurements of the 
present work were conducted with the OD 200 mm smooth pipe with k/D ~2E-6, 
and some other measurements for k/D ~1E-3 and k/D ~5E-3.  
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o Apart from the actual physical measurements of the VIV lift force coefficient Clv 
and Cla, it seems possible today to calculate the coefficients with new 
numerical flow calculation methods, such as URANS CFD. However, before 
relying too much on this new calculation methods, more validation and 
verification work is needed to obtain sufficient confidence to actually use the 
numerical flow calculations for the prediction of the VIV of deepwater risers. It 
should be kept in mind that the flow around a circular cylinder remains a 
particularly difficult case for numerical flow calculations. 

o Although the new PIV measurements in Chapter 8 show the feasibility of the 
PIV measuring technique for obtaining useful validation material for new 
numerical flow calculations (CFD), there is still considerable room for 
improvement. Appendix 50 provides suggestions for improvements for the 
present test setup and the present PIV equipment. The most important 
improvements seem: introducing a better quality of the seeding in the PIV 
domain, even more careful execution of the tests, longer duration of the tests 
and execution of many more repeats of the tests. 

o For future PIV measurements, it is recommended to use the full capability of the 
PIV equipment, using both camera A and B.   
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ACRONYMS 
 
D Fatigue damage 
2D Two-dimensional 
3D Three-dimensional 
B Backward 
BL Boundary layer 
CFD Computational Fluid Dynamics 
CF Cross Flow 
dB decibel 
F Forward 
FD Finite Difference 
FE Finite Element 
FO Forced Oscillation 
FV Freely vibrating 
GoM Gulf of Mexico 
GB Giga-byte 
ID Inner Diameter 
IL In-Line 
JIP Joint Industry Project 
L Length 
LM Lumped Mass 
MARIN Maritime Research Institute Netherlands 
NO Non-oscillating 
NS Navier-Stokes 
OD Outer Diameter 
PIV Particle Image Velocimetry 
Re Reynolds number 
S Stationary, non-oscillating 
SCR Steel Catenary Riser 
SL Shear layer 
TDP Touch Down Point 
Tr Transition 
TTR Top Tension Riser 
UOE Pipe manufacturing process by U-ing, O-ing and Expansion 
Ur Reduced velocity 
URANS Unsteady Reynolds Averaged Navier Stokes 
VIV Vortex Induced Vibrations 
WD Water depth 
WO Wake Oscillator   
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crit critical (for Re regime) 
dof degree of freedom 
f frequency in Hz 
i mode number 
k roughness height 
m mass 
n.a. not available 
nc non-critical (outside critical Re regime) 
rms root mean square 
rpm revolutions per minute 
sp separation point 
std standard deviation 
 
ρ density 
ζ damping 
θ position angle on cylinder surface 
ϕ phase angle 
ν kinematic viscosity 
ω frequency in rad/s 
ψ mode shape 
Π  power ratio 
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Appendix 1 Non-dimensional parameters for steady tow tests 
 

Mean drag force coefficient 2
2 d

D
F

C
DL U

  

Mean lift force coefficient 2
2 L

L
F

C
DL U

  

Strouhal number stf DSt
U

  

Reynolds number Re
UD


  

Turbulence parameter u
uT U


  

Roughness parameter 
k

D
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Appendix 2 Non-dimensional parameters for forced oscillation VIV 
 

Cross-flow amplitude ratio * A
A AD

D
   

Forced oscillation frequency [Hz] ef  

Nominal reduced velocity 
e

U
Ur

f D
  

Nominal reduced frequency 
1e

R
f D

f
U Ur

   

Strouhal number (for non-oscillating cylinder) 0stf D f D
St

U U
   

Ratio between excitation frequency and Strouhal 
frequency1 0

1e e R

St

f f f

f f Ur St St
  

Drag force coefficient 2
2 d

d
F

C
DL U

  

Lift force coefficient in-phase with velocity2 
 0
2

2 sin
lv

F
C

DL U




  

Lift force coefficient in-phase with acceleration 
 0
2

2 cos
la

F
C

DL U






  

Added mass coefficient related to laC  
 0

2 2

4 cos
m

F
C

D L A



 


 

Relation between mC  and laC  
2

3 *2

la
m

C Ur
C

A




 

Reynolds number Re
UD


  

 
  

                                                      
1  In Chapter 8, the parameter is defined as fe/fo, following Carberry (2002). 
2  In which   is defined as the phase angle of the lift force in a phase lead convention: 

  0
i ty t y e   

   
0
i tF t F e    
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Appendix 3 Non-dimensional parameters for freely vibrating VIV 
 

Mass ratio 
*

2
4m

f

m
m

D L


 
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Damping ratio  4 a N
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Natural frequency in still water [Hz]  
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N
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Added mass coefficient related to Cla 
 0

2 2

4 cos
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D L A



 


 

Reynolds number Re
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
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Appendix 4 Non-dimensional parameters for forced oscillation in still 
water 

 

Amplitude ratio * A
A AD

D
 

 

KC number 2au T A
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D D
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Morison drag force coefficient 
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Appendix 5 Classification of deep water oil and gas risers 
 

Classification 
of riser type 
according to: 

Designation 
 
 

OD 
(typical) 

[mm] 

Description 
 
 

Function 

Drilling riser 
500 
1500 

Drilling risers are used in offshore industry 
for drilling for oil and gas. For the drilling, a 
smaller size drill string runs through the 
large diameter outer pipe. 

Production Riser 
(PR) 

100 
500 

Production Risers transport hydrocarbons 
from the subsea well to the production unit 
in the free surface. 

Water Injection 
Riser 
(WIR) 

100 
500 

Water Injection Risers transport injection 
water from the production unit to the 
subsea wells. 

Export Riser 
(ER) 

200 
900 

Export Risers transport produced 
hydrocarbons from the production unit to 
an export pipeline on the seabed. 

Umbilical 
50 
150 

Umbilicals are smaller diameter 
pipes/hoses/cables that are used for 
controlling and monitoring the energy 
supply to the subsea well. Umbilicals are 
also used for supply of chemicals to the 
subsea wells. The energy supply can be 
either electric or hydraulic. 

Construction 

Steel riser - 
Standard steel risers are made of thick-
walled steel pipe, as shown in Figure 2-4 
and Figure 2-6. 

Flexible riser - 

Flexible risers have low bending stiffness 
compared to steel risers. Flexible risers 
are assembled with a multi-layered 
construction. The layers are able to slip 
past each other, providing low bending 
stiffness. 
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Configuration 

Steel Catenary 
Riser 
(SCR) 

- 

Steel Catenary Risers hang in a catenary 
shape from the hang off point on the 
production unit to the touchdown point on 
the seabed. 

Top Tension Riser 
(TTR) 

- 

Top Tension Risers are vertical risers, 
which are kept under tension with a large 
tensioning device at the top. For Top 
Tension Risers, the top end is above 
water, allowing for dry completion. 

Free Standing 
Hybrid Riser 

(FSHR) 
- 

Free Standing Hybrid Risers are also 
vertical risers but are placed at an offset 
position from the production unit in the 
free surface. Free Standing Hybrid Risers 
use a large submerged buoyancy tank at 
the top to keep the riser under tension. A 
flexible risers is often used to connect the 
off-setted top end with the production unit 
in the free surface. 

Riser Tower 
2000 
3000 

Riser Towers are a form of Free Standing 
Hybrid Risers, but with several vertical 
risers clustered into one large diameter 
tower. The tower usually has a central 
structural pipe in the middle, on which the 
individual risers are connected. The 
assembly of the central tower and the 
surrounding vertical risers is often 
enclosed by buoyancy modules, resulting 
in a more or less continuous cylindrical 
shape for the overall riser tower. 
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Appendix 6 Schematic solution procedure of SHEAR7 
 
SHEAR7 uses a nested iterative solution procedure (Vandiver & Li, 2003). A 
reproduced and somewhat simplified version of the Vandiver pragmatic VIV 
prediction model is discussed in Chapter 9. The main steps of the iterative solution 
procedure of SHEAR7 are: 

1. Read input data 
2. Determine natural frequencies and mode shapes 
3. Select potentially excited modes 
4. Initial calculation of input power for each mode (zeroth iteration) 
5. Discard modes above cut-off 
6. Determine the energy in length Lin and the energy out length Lout 
7. Check for multi-mode and eliminate mode overlapping 
8. Calculate initial lift and drag force coefficients 
9. Calculate modal input power (based on lift force coefficient Clv): 

o Use initial values for first iteration 
o Otherwise, use updated lift and damping coefficients from step 10 

10. Adjust the value of the lift force coefficient Clv and damping coefficient R(x) 
11. Calculate modal output power (based on the damping model) 
12. Calculate modal response amplitude based on energy balance of Eq. (9-10) 
13. Check for convergence: 

o If not, update lift and damping coefficients in step 10 
o Proceed otherwise 

14. Calculate RMS displacements and accelerations 
15. Calculate RMS stresses and fatigue damage 
16. Calculate (final) modal power 
17. Write output 
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Figure A 1 SHEAR7 iterative solution procedure. 

The above nested iterative solution procedure is outlined in the SHEAR7 
theoretical manual of Vandiver & Li (2003). 
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Appendix 7 Hydrodynamic damping of Venugopal (1996) 
 
The damping model is important for the VIV prediction of a riser in sheared current 
because the equilibrium amplitude in Eq. (9-10) depends as much on the value of 
the ‘input power’ as on the value of the ‘output power’. In general, the damping 
consists of the sum of the mechanical damping of (the steel of) the pipe and the 
hydrodynamic damping of the water surrounding the pipe. Various models have 
been proposed for the viscous damping for the flow around the riser, including 
Stokes (1851), Morison et al. (1950), Wang (1968), Skop et al. (1976), Sarpkaya 
(1978), Chen & Jendrzejczyk (1979), Blevins (2001) and Sarpkaya (2001). 
 
Venugopal (1996) proposed a model that distinguishes between high and low 
reduced velocity. For high reduced velocities of Ur > 8.0, the lift force coefficient is 
assumed to become more negative with increasing amplitude and is assumed to 
be independent of the reduced velocity. For at low reduced velocities of Ur < 5.0, 
the lift force coefficient becomes more negative with increasing amplitude and 
decreasing reduced velocity. The intermediate region of 5.0 < Ur < 8.0, is the VIV 
lock-in region and is not considered in the damping model. Still water damping is 
included in the model to obtain a lower limit value for the regions where the fluid 
velocities are very small. The full model of Venugopal (1996) distinguishes 
between damping for cross-flow (CF) and damping for in-line (IL) motions. Only the 
model for the cross-flow motions is considered here: 
 
The cross-flow damping for low reduced velocity of Ur < 5 is: 
 

, ,
1

2CF low sw CF lowB B C DV 
 

(A-1)

 
The cross-flow damping for high reduced velocity of Ur > 8 is: 
 

2

, ,
1

2CF high CF high
CF

V
B C





 

(A-2)

 
The still water damping model is: 
 

22
02 2

2 Re
sw sw

yD
B k

D

            
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In which 0y  is the amplitude of the cross flow motion and in which ωR e  is a local 

Reynolds number: 
 

2
Re

D






 

(A-4)

 
Vikestad et al. (2000) shows that an equivalent negative lift force coefficients Clv 
can be derived from the Venugopal damping model, allowing for unification of the 
damping model with the empirical determined values for the lift force coefficient Clv 
for the lock-in VIV excitation regions for 5.0 < Ur < 8.0. Vikestad et al. (2000) 
derived the following expressions: 
 

32 23
30 0 0

, ,
8 2

4 2
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lv low sw CF low
y y yfD fD fD

C k C
U D U D U D

                         
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(A-5)
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, ,lv high CF high

y
C C

D
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   

(A-6)

 
It should be noted that the Venugopal damping model may not be conservative for 
high Reynolds numbers when used in pragmatic riser VIV prediction models, 
especially when the model overestimates the actual damping. This can be seen in 
Figure A 2 and Figure A 4.  
 
The following relation is used for deriving the equivalent Morison drag coefficient 
from the Venugopal (1996) damping model for low reduced velocity of Ur << 1: 
 

 
1

0.52 2
_

6 2 3
2

8 8d Morison sw
A A

C k
D D

  


    
   

(A-7)

 
  



 184 

 
Figure A 2 Comparison of Venugopal low Ur damping model with experimental results. 

 The low Ur damping model of Venugopal (1996) in Eq. (A-1) and (A-3) is 
based on experiments by Skop et al. (1976). The contribution of the still water 
fluid damping dominates for low reduced velocity of Ur << 1. Equation (A-7) 
with ksw = 0.25 can be used for calculating the equivalent Morison drag 
coefficient from the damping values of the Venugopal low Ur model. The graph 
shows equivalent Morison drag force coefficients Cd for β 1E3 and β 1E4. The 
results are compared with experimental results of Sarpkaya (1985) for β 3123 
and β 5260, Chaplin (1988) for β 2E4, Otter (1992) for β 3E4 and present work 
for β 2E4. Significant differences can be observed between the various 
contributions. These differences can be important for the prediction of the VIV 
of deepwater risers, as shown in Chapter 9. 

 

 
Figure A 3 Clv values of Gopalkrishnan in Venugopal damping model. 

 The Clv values of Gopalkrishnan (1993) for 4 < Ur < 9 and Re 1.08E4 are 
introduced in the Venugopal (1996) damping model. Equation (A-5) and (A-6) 
of Vikestad et al. (2000) are used for calculating the equivalent lift force 
coefficients Clv for the Venugopal damping model.   
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Figure A 4 New Clv values for Re 2.7E5 in Venugopal damping model. 

 The new lift force coefficients Clv in Appendix 39 for the OD 200 mm smooth 
cylinder at Re 2.7E5 are introduced in the Venugopal (1996) damping model. It 
can be observed that the Venugopal damping model over predicts the viscous 
damping for both the low and the high Ur regimes. The over prediction can for 
instance be observed for the transition at Ur 10. The new measurements for 
Re 2.7E5 show small positive values of Cl ~0.3, whereas the Venugopal 
damping model shows small negative values of -0.4 < Cl < -0.1. Using the 
Venugopal damping model for the prediction of the VIV of a deepwater riser 
may therefore be not conservative for this case. 
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Appendix 8 MARIN High Speed Basin (1998 – 2015) 
 

 
(a) 
 
Legend: 

1 workshop 
2 working pond and sluice gate 
3 beach 
4 main carriage 
5 sub carriage 
6 auxiliary carriage 
7 wave generator 
8 wire mesh package 
9 rails 

 
The experiments of the present work were done in the MARIN High Speed Basin in 
the period 1998 – 2015. In 2014, the MARIN High Speed Basin was refurbished 
and fitted with a new wave maker and a new beach. The tank itself and its towing 
carriage were basically kept unaltered. However, new electro motors for driving the 
carriage and a new system for speed control were installed. A digital ruler was 
added along the side of the basin for direct measurement of the instantaneous 
position of the carriage along the length of the basin. The tow speed can then be 
derived by taking the first derivative of the position measurement. The accuracy of 
the new speed measurement is within 1%, which is equal to or better than the 
original speed measurement with the pulse counter on the fifth wheel. All tests of 
the present work between 2001 and 2011 were performed in the ‘old’ basin, except 
for the last test series S 26893 in 2015.   
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b)  

Figure A 5 Water depth of MARIN High Speed Basin. 

 The MARIN High Speed Basin has a nominal water depth between 3.6 and 
3.8  m. The carriage runs over steel rails which are placed on either side of 
basin. The carriage has a block shaped construction and has a nominal weight 
of about 20 tonnes. 

 

c)  

Figure A 6 Cross section of MARIN High Speed Basin. 

The MARIN High Speed Basin has a cross sectional area of 4 x 4 m. The basin 
has a flat concrete floor over its full length from the wave maker to the 
parabolic beach. For the present work, the water depth in the basin was 
adjusted to 3.8 m. 
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Appendix 9 High Reynolds VIV test device (side view) 
 

 
 
Legend: 

1 two vertical struts 
2 linear bearings on both ends 
3 test pipe 
4 two large circular end plates 
5 two vertical drive shafts 
6 oscillator with gearing and two crank wheels 
7 30 kW electric motor 

 

Figure A 7 Side view of test setup in 4 m deep towing tank. 

The OD 200 mm test cylinder (item No. 3) is suspended at a depth of 1700 mm 
below the free water surface. 
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Appendix 10 High Reynolds VIV test device (front view) 
 

 
 

Figure A 8 Front view of test setup in 4 m wide towing tank. 

The effective length of the test pipe is L 3531 mm. This length constitutes 
3523 mm for the pipe itself plus a 2 x 4 mm gap for the distance up to the large 
circular end plates. 
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Appendix 11 Test setup with linear bearings 
 

 
Figure A 9 Test setup with linear bearings. 

Side view of the underwater support of the OD 200 mm pipe with OD 1000 mm 
end plate. Also shown are the 2 vertical linear bearing shafts, the 4 linear 
bearings and the drive shaft of the crank-shaft driving mechanism. 

 

 
Figure A 10 Details of linear bearing and cardan joint. 

Detail of the underwater mounting of the OD 200 mm, showing the OD 
1000 mm end plate, the vertical linear bearings and the cardan joint. The 
drawing shows one end of the pipe, e.g. the PS end of the pipe when looking 
in forward towing direction. The effective length of the test pipe is 3531 mm. 

L = 3531 mm 
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Appendix 12 Test setup with spring beams (1998 – 2004) 
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Appendix 13 Symmetric setup for 2D3C PIV measurements 
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Appendix 14 Instrumentation, data acquisition and test procedure 
 
The following signals were measured for the forced oscillation tests: 

 Tow speed (1x) 
 FX and FZ load on SB end of test pipe (2x) 
 FX and FZ load on PS end of test pipe (2x) 
 MY loads on SB and PS end of test pipe (2x) 
 X and Z accelerations on SB and PS end of test pipe (4x) 
 Z motions on SB and PS end of test pipe (2x) 
 motor rpm (1x) 
 
The following measuring devices were used: 

 carriage speed : pulse counter on fifth wheel (1998 – 2011) 
 carriage speed : digital ruler (2015) 
 test pipe loads : strain gauge force transducer 
 accelerations : accelerometers  
 vertical motions : wire potentiometer 
 motor rpm : pulse counter 
 
The measuring range of the strain gauge load cells on each end of the pipe was: 

 Maximum FX load : 14 kN 
 Maximum FZ load : 14 kN 
 Maximum MY torque : 0.2 kNm 
 
The lower measuring range of the load cells is about 1:1000 of the nominal value. 
The best measuring range for the load cells is between 1:100 and 1:1, as shown in 
Table A 1. 
 
Table A 1 Measuring range of load cells. 

 Presented values are for the sum of 2 loads cells. 

Load Range 

1:1000 1:100 1:1 +25% 

2x FX 28 N 280 N 28 kN - 

2x FZ 28 N 280 N 28 kN - 

2x MY 0.4 Nm 4 Nm 0.4 kNm 0.5 kNm 
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The measured signals were digitally stored on a data acquisition system at a 
sample rate of 100 Hz. Before sampling, the electronic signals were Nyquist filtered 
at a cut-off frequency of 33.3 Hz. Identical pre-conditioner units and identical 
analogue filters were used for all measured signals to avoid phase synchronization 
errors. The estimated accuracy for the phase angle as a result of the electronics is 
better than ϕ = 0.1 degrees. The 33.3 Hz higher order Nyquist filters were linear up 
to 10 Hz. 
 
The force transducers and accelerometers are calibrated in a separate calibration 
setup prior to use in the test facility: 

 Transducers are cleaned and checked before use. 
 Relationship between the measurement quantity and the output voltage of the 

transducer was determined for a number of steps within the measurement 
range of the transducer. The measurement quantities that are applied during 
the calibration are known quantities, such as calibration weights for the forces 
and moments. 

 A linearity check is carried out using the measured relationship between the 
output voltage and the measured quantity.  

 The linear calibration factor between voltage and measurement is determined 
and stored. 

 
The electronic equipment in the test facility is regularly checked by giving a certain 
input voltage and checking the output at the end of the data acquisition system. 
The following sign convention was used: 

 Horizontal motion  (X) : pipe forward 
 Vertical motion  (Z) : pipe upwards 
 Horizontal load (FX) : pipe forward 
 Vertical load (FZ) : pipe upwards 
 Torque load  (MY) : top pipe forward 
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Figure A 11 Sign convention. 

A right handed coordinate system is used, with the positive X-axis aligned with 
the forward driving direction of the carriage. The positive Z-axis is upwards. A 
negative FX load is measured when the pipe is towed in forward direction. 

 
The forward (F) and backward (B) towing direction are respectively for the carriage 
moving towards the wave maker and away from the wave maker in Appendix 8. 
Equation (A-8) is used for subtraction of the own inertia (dry mass) from the 
measured lift force FZ for the tests with the forced oscillating pipe.  
 
The inertia correction uses the measured vertical accelerations of the pipe as seen 
by the accelerometers mounted on the submerged test pipe. 
 
L zF F m z    (A-8)

 
The following test procedure was adopted for the present work: 

1. Adjustment of the stroke of the crank shaft mechanism. 
2. Setting the output of the force transducers and accelerometers in still water to 

zero (zeroing procedure). 
3. Starting of the oscillator to required frequency. 
4. Accelerating the carriage to required speed. 
5. Performing the actual test (measure cylinder loads and accelerations over 

approximately 20 to 40 cycles). 
6. Decelerating the carriage and stop the oscillator. 
7. End of test. 
 
For low tow speeds (up to 1 m/s) it was possible to perform 2 or 3 tests in each run 
of the carriage, using the total effective length of the basin of approximately 180 m.  
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Testing of 40 cycles requires about 40 m of tank length, assuming a Strouhal wave 
length for the OD 200 mm test pipe of about λ = 1 m. The remaining tank length of 
approximately 60 m was used for acceleration and deceleration of the carriage. 
The following sequence was used for the waiting time in between tests: 5 minutes 
waiting time, 2 tests in forward direction, 5 minutes waiting time, 2 tests in 
backward direction, 5 minutes waiting time, etc. A sufficient waiting time should be 
used in between tests for decay of wave systems. Often the long (standing) waves 
die out the slowest in the basin, because of their long travelling time, their low 
damping and because the wave absorbing beaches are typically designed for the 
shorter waves (typically around 1 s model scale) and not for the long standing 
waves (typically around 10 to 100 s model scale). On average about 10 tests were 
conducted per hour. 
 
Figure A 12 presents the setup for the data acquisition. The MARIN Measurement 
System (MMS) was used for the data acquisition of the analogue signals, including 
the analogue signals from strain gauge load cells and the accelerometers.  
 
The MARIN digital measurement system MSES was used for the logging the digital 
signals, such as the digital signal from the digital ruler (from year 2014). The digital 
signals are logged without online electronic filtering. 
 

 
Figure A 12 Data acquisition. 

The measured signals were digitally stored on a data acquisition system at a 
sample rate of 100 Hz. The electronic signals are Nyquist filtered at 33.3 Hz 
before sampling. Identical pre-conditioner units and identical analogue filters 
were used for all measured signals to avoid phase synchronization errors. 
Electronic calibration tables were used to convert the measured signals from 
voltage units to physical units. 
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Appendix 15 Analysis of lift force coefficients Clv and Cla 
 
Method A, B and C can be used for the derivation of the in-phase part and out-of-
phase part of the lift force signal. The in-phase part is defined as in-phase with the 
velocity of the oscillating pipe and the out-of-phase part as 90 degrees out-of-
phase with the velocity of the oscillating test pipe. The in-phase and out-of-phase 
part are defined for the first Fourier component of the Fourier analysis. The 
dimensionless lift force coefficients Clv and Cla are presented in Appendix 2. 
 
 

A) Fourier analysis method 

In general, a smooth random signal f(t) can be represented by its Fourier series: 
 

   
0

cos sin
k

k k
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f t a kt b kt
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(A-9)

 
In which the first term k = 0 represents the mean value of the signal and the higher 
order terms k = 1, 2, … the expansion of the signal into harmonic components. The 
in-phase and the out-of-phase Fourier coefficients ak and bk can be obtained by 
multiplying the measured signal with respectively the functions cos(kt) and with 
sin(kt) and then take the integral. For discrete signals the integral takes the form of a 
simple summation: 
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(A-10)

 
The amplitude and the phase angle are: 
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(A-11)
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The phase angle   for the present work is defined with the phase lead convention 

for the force signal in Appendix 2. The in-phase and out-of-phase part of the lift 
force Flv and Fla in the Hartlen & Currie (1970) model are obtained from the first 
Fourier component: 
 

1 1 1 1sin sinlvF c F    (A-13) 
 

1 1 1 1cos coslaF c F    (A-14) 
 
 

B) Inner product method 

The inner product method is the second method than can be used for deriving the 
in-phase and the out-of-phase component. In general, the work done can be 
expressed by the path integral of the inner product of the signal of the external 
force and the signal of the motion (Meirovitch, 1986): 
 

FW F dy   
(A-15) 

 
The path integral can be converted into a time integral, by replacing the 
displacement y with the product of velocity and time: 
 

0 0

T T

F
dy

W F dy F dt F y dt
dt

     
 

(A-16) 

 
A graphical representation of the work can be obtained by plotting the signal of the 
force versus the signal of the displacement in a force-displacement diagram. The 
work done during a full cycle can be derived from the area of the enclosed ellipse. 
The direction of the rotation in the force-displacement diagram indicates whether 
the external forcing is adding energy to the mechanical system (clock-wise) or 
extracting energy from the mechanical system (anti clock-wise).  
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Figure A 13 External excitation in a force-displacement diagram. 

The clock-wise rotation in the force-displacement diagram indicates that the 
external force adds energy to the mechanical system. 

 
For regular oscillation of a mass-spring-damper system, the exact same amount of 
energy is dissipated per cycle by the damping: 
 

 
0

T

D DW F dy B y y dt     
 

(A-17) 

 
The damping term on the left can be represented in the form of an ellipse as well. 
The ellipses in Figure A 14 and Figure A 13 must have the same area for energy 
conservation: 
 

2
0Area for damping B y   

(A-18) 

 

 
Figure A 14 Damping in force-displacement diagram. 

The anti clock-wise direction indicates that the damping extracts energy from 
the mechanical vibration.   
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For energy conservation, the work done per cycle of the in-phase part of the lift force 

lvF  must be the same as the the work done by the total lift force F : 

 

0 0

T T

F Flv lvW W or F y dt F y dt   

 

(A-19) 

 
Figure A 15 shows the work done by the excitation force in a force-displacement 
diagram. The area of the ellipses in Figure A 13, Figure A 14 and Figure A 15 must 
be all the same. 
 

0 lvArea for excitation y F  (A10-20) 
 

 
Figure A 15 Work done by Flv in the force-displacement diagram. 

The area of the ellipses in Figure A 13, Figure A 14 and Figure A 15 must be 
all the same. Flv is the in-phase part of the total lift force F. 

 
Time-averaged inner products can be used for calculating the energy transfer 
instead of actually measuring the area of the ellipses. The inner product f , g  and 

the modulus f  are defined as: 
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The phase angle   can be obtained by: 
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From which the in-phase and out-of-phase lift force can be obtained as follows: 
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The factor 2  appears for normalization. The amplitude of the velocity and the 
acceleration of the oscillating test pipe can be found by the inner product method 
as well. This approach may be used when the amplitude and or the frequency of 
the (regular) oscillation is not well defined. 
 

0 2 2 ,y y y y    
 

(A-28) 
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The validity of Eq. (A-26) and (A-27) can be easily checked for pure harmonic 
signals, for which the inner product method yields: 
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With: 
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C) Graphical method 

The graphical method is the third method that can be used for deriving the in-
phase and the out-of-phase components, considering that the inner products of Eq. 
(A-26) through (A-29) can also be ‘measured’ directly from the area of the ellipses. 
The ellipses are obtained by plotting two signals with respect to each other, with the 
notion that the second signal in the inner product brackets is taken one order higher, 
meaning that the time integrated signal should be used for the second signal. Figure 
A 13 shows the ellipse for the inner product F,y , by plotting the lift force signal F 

versus the motion signal y. For a full cycle, the inner product value F,y  equals T 

times the area of the ellipse.   
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The other inner products are obtained in a similar way: 
 

1 0, y sinlArea T F y F    area of ellipse when plotting F versus y  

 

2 0, y coslArea T F y F  
 area of ellipse when plotting F versus y  

 
2

3 0, yArea T y y   
 area of ellipse when plotting y versus y  

 
3 2

4 0, yArea T y y   
 area of ellipse when plotting y versus y   

 
The in-phase and out-of-phase lift force can now be obtained by: 
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Figure A 16 shows an example of the graphical method for the analysis of steady 
state VIV for a freely vibrating pipe section in a mass-spring-damper system. The 
results are explained in Table A 2. The ellipses show respectively the excitation 
term by the vortex shedding process and the damping term of the mass-spring-
damper system. It should be noted that even if the total energy (excitation minus 
damping) is conserved in each cycle, there may still be small amounts of 
positive/negative energy transfer during a cycle. The higher order distorting force is 
the remaining part after subtraction of the first harmonic from the signal of 
excitation minus damping. This higher order distortions yield small higher order 
accelerations of the cylinder during the motion cycle, which are normally ignored in 
the analysis of the VIV signals.   
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Figure A 16 Example of graphical method for steady state VIV. 

The figure shows the work done in a ‘force-displacement’ diagram. a) 
excitation (lift force), b) spring + damping, c) excitation minus damping and d) 
perfect sinusoidal motion. The results are explained in Table A 2.  
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Table A 2 Discussion of results in Figure A 16. 

a) Lift force 

 

The blue curve (─) in Figure A 16a presents a realistic example of the VIV lift force 
with a locked-in third harmonic component. The third harmonic slightly deforms the 
ellipse. The first harmonic of the Fourier analysis only yields the ‘equivalent’ lift force 
Flv. In this subplot, the first harmonic lift takes the form of a perfect ellipse (─). The 
area of the blue and the red ellipse are equal. 

b) Damping force 

 

The blue curve (─) in Figure A 16b presents familiar case for structural damping of the 
type Bx . The sum of the spring term and the damping term Cx + Bx  is shown. The red 
curve (─) is an example of more realistic damping including some hysteresis in the 
spring term. The area of the blue and the red ellipse in this subplot are equal. 

c) Signals of lift force minus damping force 

 

The effective energy transfer during the cycle is presented by considering the signal of 
the lift force minus the damping force. The green curve (─) shows the idealized 
situation of perfect first harmonic excitation and the standard structural damping 
model. The ellipse reduces to a straight line because the damping and the excitation 
are constantly in equilibrium with each other. The blue, red and black curves (─,─,─) 
present more realistic cases with small positive and negative energy within the cycle. 
The area of the four ellipses in Figure A 16c are all equal to zero when considering the 
summation of positive and negative contributions. 

d) Pure harmonic oscillation 

 

The ‘artificial case’ in Figure A 16d considers a perfect harmonic motion for which the 
velocity signal is perfectly 90 degrees out-of-phase with the motion signal. This 
idealized situation is obtained by a forced oscillation experiment with a perfect 
harmonic driving mechanism. In reality the motion and velocity signal show always 
some slightly distorted signals, resulting from noise, drift, low frequency modulation 
and/or higher harmonics. For a freely vibrating VIV experiments with low mass ratio 
there is always a certain degree of modulation for the amplitude and/or the frequency. 
The modulations by be within the motion cycle or may occur from cycle to cycle. 
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Appendix 16 Uncertainty analysis for non-oscillating tow test 
 
The data reduction equation for the mean drag force coefficient Cd is: 

 

2
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DL U


 

(A-36) 

 
The independent variables in the equation are F, D, L, ρ and U. Standard Taylor 
series expansion can be used for the analysis of the error propagation (Coleman & 
Steele, 2009): 
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(A-37) 

 
In which the b’s are the systematic errors and the s’s the random errors. It is 
assumed that the tow speed U and the forces F have random error and that the 
length of the pipe L, the diameter of the pipe D and the water density ρ have 
systematic error. The systematic errors of the tow speed U and the measured force 
F are assumed to be included in the random error. The errors for the fluid density ρ 
and the pipe diameter D are negligible and can be ignored. The correlation effects 
are ignored as well. The simplified error equation becomes: 
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(A-38) 

 
The following zeroth order uncertainties are estimated: 

 sFX = 1 + 0.005 Fx  [N] ISO type B 
 bρ = nil  [kg/m3] ISO type A 
 bD = nil  [m] ISO type A 
 bL = 0.1  [m] ISO type B 
 sU = 0.002 + 0.01 U [m/s] ISO type B 
 
  



 207 

The forces are measured with in-house manufactured Armco three-component 
strain gauge force transducers. The force transducers are placed inside the cardan 
joints, as shown in Appendix 11. The force transducers in the cardan joints are 
loaded in pure FX and FZ direction, so without cross talk resulting from the 
moments MX and MY. It should be noted that the force transducers in the cardan 
joints measure the nett force on the test pipe without the forces on the end plates 
or other structures. 
The Armco force transducers have the following measuring range: 

 FX PS sensor 308K-101 +/- 10,000 N 
 FZ PS sensor 308K-201 +/- 10,000 N 
 MY PS sensor 308K-601 +/- 157 Nm 
 FX SB sensor 308K-102 +/- 10,000 N 
 FZ SB sensor 308K-202 +/- 10,000 N 
 MY SB sensor 308K-602 +/- 157 Nm 
 
The nominal accuracy of the Armco force transducers is about 0.1% of full range. 
This gives an uncertainty of ~10 N for our application. A slightly better accuracy of 
~1 N is obtained for the present work, because of the following reasons: 

a) The force transducers are used under water in a large test facility with a large 
volume of water. The large volume of water ensures constant temperature for 
the load cells within ~1 OC variation in a full day of testing. 

b) The force transducers are mounted inside the cardan joints which eliminates 
cross talk effects. 

c) The force transducers are regularly zeroed in still water. 
d) The forces are measured relative to the zeroed value. 
 
Therefore, the effective accuracy of the Armco strain gauge sensors is ~0.5% of 
the measured value for the present work. In addition, an absolute uncertainty of ~1 
N is included to account for the lower end of the measuring range of the force 
transducers. So: 
 

 95% 1 0.005 [ ] FU t F N
 

 
Figure A 17 shows an example of the zero stability of the force measurement in still 
water. The quantification noise of the data acquisition system is ~0.5 N. The 
measurement has almost no drift and shows every now and then a random jump of 
+/- ~1 N.  
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It should be noted that the underwater weight of the OD 200 mm test pipe has 
been removed by the zeroing procedure at the start of each test series. The 
measured mean value of the FZ force has an accuracy of better than ~0.1 N. 
 

 
Figure A 17 Example of zero stability of force measurement in still water. 

 The quantification noise of the data acquisition system is ~0.5 N. 

 

The tow speed was measured with a pulse counter on the fifth wheel of the 
carriage (years 1998 – 2014), with an accuracy of ~1%. In 2014, the basin was 
refurbished and a digital ruler was placed along the length of the basin to obtain 
direct measurement of the position of the carriage along the length of the basin, as 
discussed in Appendix 8. The tow speed can then be derived by taking the first 
derivative of the position measurement, within 1% accuracy. The accuracy of the 
speed measurement based on the digital ruler is equal to or better than the original 
speed measurement with the pulse counter on the fifth wheel. 
 
For the present work, the ‘residual’ current is an important source of uncertainty for 
the effective incoming flow speed. In general, the residual current in a large test 
facilities with low blockage is small. For the present work with the OD 200 mm test 

pipe in the 4 x 4 x 20  95% 1 0.005 [ ]FU t F N  0 m towing tank, the residual current 

directly after the test is estimated to be about 10% of the tow speed. The initial 
residual current decays quickly, but a small residual current (or standing wave?) 
with a speed of about 1% of the tow speed remains for a long time in the basin, up 
to several hours after the test. Waiting for the smallest residual current to die out 
was considered impractical and instead a minimum waiting time of 5 to 10 minutes 
was adopted between tests.   
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The sensitivity for the waiting time was verified by repeat tests. It should be noted 
that the tests with 5 minutes waiting time did not show a systematic difference in 
the tests results, compared to tests with a much longer waiting time of more than 
half an hour. A safe estimate for the residual current speed can be taken as 2 
mm/s for the tests with the OD 200 mm test pipe at tow speed up to 1.0 m/s. This 
residual current can be considered as a random value, for which the effect reduces 
for repeat tests or for tests over a longer length in the basin. The overall accuracy 
of the effective incoming flow velocity is estimated as follows: 
 

 95% 0.002 0.01 [ / ]UU t U m s   

 
The temperature of the water in the basin was measured regularly during the test 
campaigns. In the large basin with a large volume of water of about 3E3 m3, the 
temperature variations are below 1 OC in a full day of testing.  
The temperature differences for different test campaign in different years was 
within ~5 OC. 
 

01TU C  

 
The temperature dependence of the density of fresh water can be estimated with 
(Batchelor, 1967): 
 

2 3 31000.1 0.0552 0.0077 0.00004 [ ]T T T kg m      

 
The density of the water in the basin was ρ = 1000 kg/m3 with error below 0.1%. 
This error can be safely ignored. The temperature dependence for the viscosity of 
fresh water is (Batchelor, 1967): 
 

 2 21.72256 0.04765 0.000585 6T T E m s        
 

 
The linearized temperature gradient of the viscosity at 15 °C is: 
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The error propagation of the kinematic viscosity into the Reynolds number is: 
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(A-39) 

 
The overall uncertainty of the Reynolds number was ~3%, which can be safely 
ignored for the purpose of the tests. It should be noted that the Reynolds number is 
presented on logarithmic scale. 
 

R e 3 %U   

 
The expanded large U uncertainty for the propagated error for the drag force 
coefficient Cd can be obtained by including a ‘coverage factor’ 95%t . For a system 

with a large degree of freedom, the coverage factor can be taken from the t-
distribution with a standard engineering value of 95%t 2.0 . The expanded large U 

uncertainty 95%U  becomes: 
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The partial derivatives can be replaced by their first order Taylor series expansion: 
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The final result for 95%t 2.0 is: 
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Figure 5-16 shows an example of the error bars for the non-oscillating tow test with 
the OD 200 mm smooth pipe. The expanded large U uncertainty for the Cd 
coefficients is about: 
 

0.1CdU   

 
This roughly corresponds to a 95% confidence level for the measured Cd values of 
about 10%. The 10% value for the present work can be compared with the 
specified accuracy of the ESDU (1986) 80025 reference curve for a smooth 
cylinder of about +/-0.06. The uncertainty of the ESDU (1986) 80025 reference 
curve is for the sub-critical, critical and super critical Reynolds number regime. 
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Appendix 17 Uncertainty analysis for forced oscillation tow tests 
 
The data reduction equation for the lift force coefficients Clv and Cla are: 
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The independent variables are Fl, ϕ, D, L, ρ, U, Fz, m, A and ω. 
 
The zeroth order uncertainties are estimated as follows: 
 sFx = 1 + 0.005 Fx [N] ISO type B 
 sFz = 0.5 + 0.005 Fz [N] ISO type B 
 bρ = nil  [kg/m3] ISO type A 
 bD = nil  [m] ISO type A 
 bL = 0.1  [m] ISO type B 
 sU = 0.002 + 0.01 U [m/s] ISO type B 
 sϕ = 0.5 [deg] ISO type B 
 bm = 2 [kg] ISO type B 
 bA = 0.001 + 0.0001 ω2A [m] ISO type B 
 sω = 0.001 ω [1/s] ISO type B 
 
The forced oscillation tests use a crank-shaft driving mechanism to drive the test 
pipe in a regular sinusoidal motion. The amplitude of the forced oscillation is 
manually adjusted on the crank wheel with an adjustment screw within 1 mm 
accuracy. The drive shafts have a length of 2.68 m, which means that the regular 
sinusoidal motion contains a small third order contributions. The small third order 
contribution increases with amplitude and is proportional to the ratio between shaft 
length and crank radius (Maltbaeck, 1988). The magnitude of the small third order 
contribution is less than 3% for the largest amplitude of A/D 1.0 and is ignored. 
However, for test with high speed and high forces an additional uncertainty is 
considered for the amplitude of the forced oscillation, which is taken proportional to 

the vertical acceleration 2ω A  of the test pipe: 
 

2
95% 0.001 0.0001 [ ]AU t A m    
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The crank-shaft driving mechanism has a 30 kW electromotor and has a two-step 
belt and gear transmission to reduce the motor rpm to the required forced 
oscillation frequency for the test. The tested frequencies range between 0.1 and 
3.0 Hz. The electromotor has a stable speed control. The uncertainty for the 
frequency of the forced oscillation is small: 
 

 95% 0.001 [ / ]U t rad s   

 
As discussed in Appendix 16, the effective accuracy of the Armco strain gauge 
force transducers for the FZ signal is estimated to be within ~0.5% of the measured 
value. In addition an absolute uncertainty of 0.5 N is used for the lower end of the 
measuring range. The slow drift effect of the Armco strain gauge sensors in the 
forced oscillation experiments is small because we are only interested in the 
dynamic lift amplitude and not in the mean lift force. The small slow drift during the 
steady part of the test run is essentially filtered off in the Fourier analysis. 
 

 95% 0.5 0.005 [ ]FU t F N   

 
The analogue channels of the forces and acceleration of the OD 200 mm test pipe 
were measured at 100 Hz sample rate. Identical electronic pre-conditioners and 
electronic filters were used to avoid errors with the relative phase angle, as 
discussed in Appendix 14. The error for the phase angle as a result of the 
electronics is estimated to be below 0.1 degrees.  
 
The effective error for the phase angle was confirmed by analyzing the variations in 
the phase angle over say the first 20 cycles and the last 20 cycles of tests with a 
total of 40 regular cycles, for tests with regular lift force due the vortex shedding 
process such as test No. 2030251 in Table A 3. It can be observed that the 
difference between analyzing the phase angle with the Fourier method or with the 
inner product method in Appendix 15 is small. Table A 3 shows the convergence of 
the lift angle for increasing number of forced oscillation cycles. It can be concluded 
that a minimum of about 20 to 40 regular forced oscillation cycle is needed to 
obtain the required uncertainty for the phase angle below ~0.5 degrees: 
 

 95% 0.5 [deg]U t     
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Table A 3 Accuracy of determination of phase angle ϕ. 

 Test No. 1030251 of series S 21536 in 2007 is considered at Re 2.7E5. The 
phase angle ϕ1 for Fourier method and the phase angle ϕ2 for the inner product 
method are compared. The phase angles are calculated for respectively 24, 
37, 49, 61, 74 and 81 regular force oscillation cycles. 

Designation Unit - - - - - - 

number of cycles [-] 24 37 49 62 74 81 

ϕ1 (Fourier method) [deg] 9.64 9.74 9.75 9.78 9.81 9.84 

ϕ2 (inner product method) [deg] 9.62 9.72 9.73 9.76 9.79 9.82 

difference (ϕ1 - ϕ2) [deg] 0.02 0.02 0.02 0.02 0.02 0.02 

convergence error ϕ1 [deg] 0.20 0.10 0.09 0.06 0.03 0.00 

convergence error ϕ2 [deg] 0.20 0.10 0.09 0.05 0.03 0.00 

 
The large U expanded uncertainty for the coefficients Clv, Cla and Cd are 
estimated for standard engineering ‘coverage factor’ of 95%t 2.0 . The partial 

derivatives for the phase angle can be approximated by their first order Taylor 
series expansion: 
 
Clv

Cla



 

  
(A-47) 

 
Cla

Clv





  
(A-48) 

 
2

2 2
8

R

Cla A

m LD U





 



 

(A-49) 

 
The final equations for the overall large U expanded uncertainty for 95%t 2.0

becomes: 
 

0.52 2 2
2 2 2 2 22

2.0Clv Fl L U
l

Clv Clv Clv
U s b s Cla s

F L U 
                       

(A-50) 
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0.52 2 2 2
2 2 2 2

22 2
2 2 2 2

2 2

2

2.0
2 8

Fl L U A
l

Cla

m
R

Cla Cla Cla Cla
s b s b

F L U A
U

Cla A
s Clv s b

D LU
 


 

                          
                

(A-51) 

 
0.52 2 2

2 2 22
2.0Cd Fx L U

x

Cd Cd Cd
U s b s

F L U

                      

(A-52) 

 
Appendix 43 and Appendix 44 show examples of the calculated error for the forced 
oscillation tow tests with the OD 200 mm smooth pipe. Estimated uncertainties for 
Re 2.7E5 are: 

0.05ClvU   

0.1C laU   

0.05CdU   
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Appendix 18 Uncertainty analysis for forced oscillation in still water 
 
The data reduction equation for the coefficients Cd and Cm in the Morison 
equation are: 
 

_ 2 2
3 sin

4
d Morison

F
C

DL A

 

 




 
(A-53) 

 

 2

_ 2 2 2 2

4 cos4 cos ZL
a Morison

F mAF
C

D L A D L A

 

   


 

 

(A-54) 

 
The independent variables are Fl, ϕ, D, L, ρ and m. 
The zeroth order uncertainty estimates are: 

 sF = 0.5 + 0.005 F [N] ISO type B 
 bD = nil  [m] ISO type A 
 bL = 0.1  [m] ISO type B 
 sω = 0.001 ω [1/s] ISO type B 
 sϕ = 0.5 [deg] ISO type B 
 bm = 2 [kg] ISO type B 
 bA = 0.001 + 0.0001ω2A [m] ISO type B 
 
The large U expanded uncertainty for the coefficients Cd and Ca are estimated for 
standard engineering ‘coverage factor’ of 95%t 2.0 . Only the relevant error 

contributions are kept and the partial derivatives are replaced by their first order 
Taylor series expansion: 
 

0.522 2 2 2 2
2 2 2 2 22 2 3

2.0
16Cd F L A

Cd Cd Cd Cd DCa
U s b s b s

F L A A 




                                    

(A-55) 
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



 

                  
 
                     

(A-56) 
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Appendix 49 shows an examples of the calculated error for the forced oscillation 
test in calm water. The expanded uncertainties are approximately: 
 

_ 0.1Cd MorisonU   

 

_ 0.1Ca MorisonU   
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Appendix 19 Review of tests with non-oscillating cylinder in air (selection) 
 

Author 
 

Year 
 

D 
[mm] 

L/D 
[-] 

D/B 
[-] 

Ti 
[%] 

Re 
[-] 

Test facility 
 

(Wieselsberger) 1921 
Ø0.05 
Ø300 

7.0 0.14 0.2 
1E2 
8E5 

- 

(Roshko) 1961 Ø457 5.7 0.14 - 
1.5E5 
9E6 

Wind tunnel 

(Jones, Cincotta, & 
Walker) 

1969 Ø914 5.33 0.19 0.2 
3.6E5 
1.87E7 

Wind tunnel 

(Bearman) 1969 Ø178 12 0.06 0.2 
1E5 

7.5E5 
Wind tunnel 

(Achenbach) 1971 Ø150 3.33 0.17 0.7 
4E4 
3E6 

High pressure wind 
tunnel 

(Guven, Patel, & 
Farell) 

1975 Ø271 3.08 0.18 0.2 
7E4 

5.5E5 
Wind tunnel 

(Miller) 1976 Ø100 10 0.1 - 
4E5 
6E6 

High pressure wind 
tunnel (smooth and 

rough pipes) 

(Achenbach & 
Heinecke) 

1981 Ø148 6.75 0.17 0.7 
1.5E4 
6E6 

High pressure wind 
tunnel (smooth and 

rough pipes) 

(Cantwell & Coles) 1983 Ø101 25 0.04 0.6 
6.9E4 
3.4E5 

Wind tunnel 

(Schewe) 1983 Ø60 10 0.1 0.4 
2.3E4 
7.1E6 

High pressure wind 
tunnel 

(Shih, Coles, & 
Roshko) 

1993 Ø316 8.23 0.11 low 
3E5 
8E6 

High pressure wind 
tunnel (smooth and 

rough pipes) 

(Norberg) 2003 Ø120 8.8 0.1 0.1 
2E4 
2E5 

Wind tunnel 

(Hinsberg, Schewe, 
& Jacobs) 

217 □60 10 0.1 - 
8E4 

1.2E7 

High pressure wind 
tunnel (square 

cylinder) 
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Appendix 20 Review of tow tests with non-oscillating cylinder in water 
 

Author 
 

Year 
 

D 
[mm] 

L/D 
[-] 

D/B 
[-] 

Ti 
[%] 

Re 
[-] 

Test facility 
 

(Wilde & Huijsmans, 
2001) 

1999 Ø206 18.6 0.05 low 
1.87E4 
5.52E5 

MARIN 
Netherlands 

(Ding et al.) 2004 Ø220 18.0 0.05 low 
1.12E5 
7.8E5 

DTMB 
Carderock 

(smooth and rough 
pipes) 

(Oakley & Spencer) 2004 Ø325 19.1 0.05 low 
1.3E5 
1.04E6 

NRC 
Canada 

(smooth and rough 
pipes) 

Wilde 2019 
Ø200 
Ø204 

17.7 0.05 low 
3.5E4 
7.6E5 

MARIN 
Netherlands 

(smooth and rough 
pipes) 
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Appendix 21 Review of forced oscillating test with pipe section in calm 
water 

 

Author 
 

Year 
 

D 
[mm] 

L/D 
[-] 

k/D 
[-] 

KC 
[-] 

Beta 
[-] 

Test 
setup 

Keulegan & 
Carpenter 

1958 
Ø32 
Ø76 

7 
16 

smooth 
3 

120 
800 

2.96E4 

Standing wave 
Office of Naval 

Research 
USA 

(Sarpkaya) 1976 n.a. n.a. smooth 
4 

100 
497 

5.26E3 
In: (Sarpkaya & 
Isaacson, 1981) 

Sarpkaya & Storm 1985 
Ø64 

Ø152 
6 

14 
smooth 

1 
140 

500 
5.5E3 

Oscillating U-tube 

(Bearman, et al.) 1985 Ø500 10 smooth 
0.1 
10 

~1E5 
Delta Flume  

Delft Hydraulics 
Netherlands 

(Chaplin) 1988 n.a. n.a. smooth 
10 
20 

500 
2E4 

In: (Blevins, 1999) 

Otter 1992 
Ø315 
Ø400 

3 smooth 
2 

18 
3E4 

1.5E5 

Forced oscillation 
Shell Research 
Laboratory, the 

Netherlands 

Najafian et al. 2000 Ø480 27 smooth 
8 

40 
1.5E4 

Flexible pipe in 
irregular wave 

Christchurch bay 
United Kingdom 

Wilde 2019 Ø200 17.7 smooth 
0.5 
7.5 

1E4 
9E4 

Forced oscillation 
High Speed Basin 

MARIN, Netherlands 

Wilde 2019 Ø200 17.7 rough 
1.0 
7.5 

1E4 
9E4 

Forced oscillation 
High Speed Basin 

MARIN, Netherlands 

Wilde 2019 Ø324 10.9 
inter- 

mediate 
rough 

0.5 
6.5 

1E4 
1E5 

Forced oscillation 
High Speed Basin 

MARIN, Netherlands 

 



 221 

Appendix 22 Review of freely vibrating VIV tests with pipe section in water 
 

Author 
 

Year D 
[mm] 

L/D 
[-] 

D/B 
[-] 

Ti 
[%] 

Re 
[-] 

Test facility 

Hover 
Triantafyllou 

1998 Ø32 19.2 0.03 low 3.8E3 
MIT 

Cambridge 

Vikestad 
Larsen 

1998 Ø100 20 0.08 low 
1.4E4 
6.5E4 

NTNU 
Norway 

Wilde 
Huijsmans 

1999 Ø206 18.6 0.05 low 
1.9E4 
3.7E5 

MARIN 
Netherlands 

Wilde 
Huijsmans 

2001 Ø200 17.7 0.05 low 
7E3 
6E5 

MARIN 
Netherlands 

Smogeli 
Hover 

2003 Ø76 26.2 0.05 low 
1.9E4 

3.05E4 
MIT 

Cambridge 

Jauvtis 
Williamson 

2003 Ø38 10 0.10 low 
1E3 
6E3 

Cornell ONR 
New York 

Ding 
et al. 

2004 Ø220 18.0 0.05 low 
7E4 
7E5 

DTMB Carderock 

Deepstar 2004 Ø325 19.4 0.05 low 
4E5 
8E5 

NRC 
Canada 

Spencer 
Oakley 

2004 Ø325 19.1 0.05 low 
3E5 
9E5 

NRC 
Canada 

Dahl 
et al. 

2006 Ø76 26.2 0.05 low 
1.1E4 
6E4 

MIT 
Cambridge 

Govardhan 
Williamson 

2006 Ø38 10 0.10 low 
1.25E3 
1.2E4 

Cornell ONR 
New York 

Klamo 
Roshko 

2007 
Ø6 

Ø38 
78 
12 

0.01 
0.08 

low 
2E2 

5.05E3 
Caltech 

Pasadena 

Raghavan 
Bernitsas 

2007 Ø126 7.3 0.14 low 
8E3 

1.5E5 
LTFSW 

Michigan 

Blevins 
Coughran 

2009 Ø63.5 17.8 0.06 low 
1E4 
8E4 

Scripps Institution 
California 

Morse  
Williamson 

2009 Ø38 10 0.10 low 4E3 
Cornell ONR  

New York 

(Chang) 2010 Ø89 10.3 0.11 low 
4E4 

1.2E5 
LTFSW 

Michigan 

Lee  
Bernitsas 

2011 Ø89 10.3 0.11 low 
4E4 

1.4E5 
LTFSW 

Michigan 

Lie  
et al. 

2013 Ø533 6.1 0.05 low 
7.5E4 

5.53E5 
NTNU 

Norway 
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Appendix 23 Review of forced oscillation VIV tests with pipe section in 
water 

 

Author 
 

Year 
 

D 
[mm] 

L/D 
[-] 

D/B 
[-] 

Ti 
[%] 

Re 
[-] 

Test facility 
 

(Bishop & Hassan) 1964 Ø25.4 3.0 0.08 - 6E3 
University College 

London 

Mercier 1973 Ø25.4 7.1 0.08 - 8E3 
Stevens Institute 

Hoboken 

Sarpkaya 1978 Ø38.1 - - - 1.43E4 - 

Staubli 1983 Ø - - - 6E4 - 

Gopalkrishnan 
Triantafyllou 

1993 Ø25.4 23.6 0.02 - 1.08E4 
MIT 

Cambridge 

Khalak 
Williamson 

1996 
Ø19 
Ø51 

6.0 
22.0 

0.05 
0.13 

low 
2.4E3 
6.8E3 

Cornell ONR 
New York 

Hover 
Triantafyllou 

1998 Ø32 19.2 0.03 low 3.8E3 
MIT 

Cambridge 

Wu 
Moe 

1998 Ø50 - - - 2.05E4 
NTNU 

Norway 

Vikestad 
Larsen 

1998 Ø100 20.0 0.1 low 
1.3E4 
5.9E4 

NTNU 
Norway 

Carberry 
Rockwell 

2002 
Ø25.4 
Ø50.8 

12.5 
7.6 

0.04 
0.08 

- 
2.3E3 
9.1E3 

Lehigh University 
Pennsylvania 

Hover 
Triantafyllou 

2003 Ø76 26.2 0.05 low 3.05E4 
MIT 

Cambridge 

Wilde 
Huijsmans 

2003 Ø200 17.7 0.05 low - 
MARIN 

Netherlands 

Deepstar 2004 Ø325 19.4 0.05 low 
4E5 
8E5 

NRC 
Canada 

Spencer 
Oakley 

2004 Ø325 19.1 0.05 low 
4E5 
8E5 

NRC 
Canada 

Ding 
et al. 

2004 Ø220 18.0 - - 
8E4 

2.5E5 
DTMB 

Carderock 

Sarpkaya 2004 Ø50 7.2 - - 
2.5E3 
4.5E4 

Open water 

Wilde 
Huijsmans 

2004 Ø200 17.7 0.05 low - 
MARIN 

Netherlands 

Govardhan 
Williamson 

2006 
Ø19 
Ø51 

6.0 
22.0 

- - 
1E3 

1.2E4 
Cornell ONR 

New York 

Dahl 
et al. 

2008 Ø76 26.2 0.05 low 
1.6E4 
6E4 

MIT 
Cambridge 
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Author 
 

Year 
 

D 
[mm] 

L/D 
[-] 

D/B 
[-] 

Ti 
[%] 

Re 
[-] 

Test facility 
 

Aronsen 2007 
Ø100 
Ø150 

20 
0.07 
0.10 

low 2.4E4 
NTNU 

Norway 
Wilde 
Boubenider 

2007 Ø324 10.9 0.09 low 
8.76E4 
2.92E5 

MARIN 
Netherlands 

Morse 
Williamson 

2009 Ø38 10.0 0.10 low 4E3 
Cornell ONR 

New York 

Szwalek 2007 Ø100 20 0.07 low 
9E3 

3.6E4 
NTNU 

Norway 
Raghavan 
& Bernitsas 

2010 Ø 
6.0 

14.4 
- - 

8E3 
1.5E5 

Michigan 

(Zheng) 2013 Ø38 16.8 0.04 low 7.6E3 
MIT 

Cambridge 

Wilde 2019 Ø200 17.7 0.05 low 
3.96E4 
3.6E5 

MARIN 
Netherlands 
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Appendix 24 Review of VIV experiments with flexible pipe in water 
 

Author 
 

Year 
 

D 
[mm] 

L/D 
[-] 

N 
 

Ti 
[%] 

Re 
[-] 

Test facility 
 

Exxon- 
Mobil 

1981 Ø120 83 1 - 
1.1E4 
2.4E5 

Skibteknisk Lab 
Denmark 

Vandiver & 
Griffin 

1982 Ø31 737 
1 
8 

high 3.9E4 
Castine 

Maine, USA 
Vandiver 
et al. 

1983 Ø41 558 
1 
3 

high 2.6E4 
Castine 

Maine, USA 
Allen & 
Henning 

1997 
Ø89 

Ø141 
14 
22 

1 - 
2E4 

1.5E6 
DTMB Carderock, 

Maryland, USA 
Huse 
et al. 

1998 Ø30 3 000 
1 

16 
- 

3.7E3 
2.6E4 

Hangoytangen 
Norway 

Lie 
et al. 

1998 Ø20 567 
1 
5 

- 
3.5E3 
2.8E4 

Rotating rig 
Marintek, Norway 

Halse 
et al. 

1999 Ø23 1232 
1 
9 

- 
1.6E3 
2.9E4 

Tow tank 
Marintek, Norway 

Allen & 
Henning 

2001 
Ø38 
Ø64 

763 
458 

1 
25 

- 
9E4 

3.4E5 
Rotating arm Carde-
rock, Maryland, USA 

Allen & 
Henning 

2001 Ø64 85 
1 
4 

- 
1.84E5 
6.56E5 

Rotating arm Carde-
rock, Maryland, USA 

Lee 
et al. 

2004 Ø115 32 
1 
4 

- 
7.6E4 

2.65E5 
Shell 

Westhollow, USA 
(Wilde & 
Huijsmans) 

2004 Ø16 788 
1 

10 
low 

7E3 
4.3E4 

Shallow Water Basin, 
MARIN, Netherlands 

(Chaplin, 
Bearman, Huera 
Huarte, & 
Pattenden) 

2005 Ø28 469 
1 

10 
low 

2.5E3 
2.5E4 

Delta Flume 
Delft Hydraulics, 

Netherlands 

Trim 
et al. 

2005 Ø27 1 407 
1 

16 
 

7.1E3 
5.7E4 

Ocean Basin 
Marintek, Norway 

Vandiver 
et al. 

2005 Ø33 
1 840 
3 670 

10 
25 

- 
7.6E3 
2.5E4 

Lake Seneca, 2004  
NSWC, USA 

Vandiver 
et al. 

2006 Ø36 4 138 
10 
25 

- 
3.6E3 
3.4E4 

Gulf stream, 2004 
Miami, USA 

Braaten 
et al. 

2008 Ø20 457 
1 
6 

- 
1.8E3 
5.3E4 

Tow tank 
Marintek, Norway 

(Lie, Braaten, 
Jhingran, 
Sequeiros, & 
Vandiver) 

2012 
Ø12 
Ø30 
Ø80 

3 167 
1 267 
4 75 

2 
30 

- 
5E3 

2.2E5 
Ocean Basin 

Marintek, Norway 

(Resvanis) 2014 Ø24 167 
3 
4 

- 
3E3 
5E3 

State Key 
SJTU, China 

Frickel 
et al. 

2016 Ø20 380 
1 
8 

- 
3.6E3 
6.1E3 

DWB MARIN, 
Netherlands 
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Appendix 25 Review of full-scale riser monitoring campaigns 
 

Author 
 

Year 
 

D 
[mm] 

L/D 
[-] 

N 
 

Ti 
[%] 

Re 
[-] 

Test facility 

Pettersen & 
Saudland 

1998 Ø1130 604 
1 
5 

Sea 2E5 Helland-Hansen 

Cornut & 
Vandiver 

2000 Ø1124 316 
1 
4 

Sea 7.6E5 
Scheihallion 
North Sea 

Shilling 
et al. 

2005 - - - - - 
Svinoy 
Faroes 

Shilling 
et al. 

2005 - - - - - 
Assynt 
Faroes 

Shilling  
et al. 

2005 - - - - - 
Reki 

Amazon Basin 

Shilling 
et al. 

2005 - - - - - 
Rebecca 

Amazon Basin 

Karayaka 
et al. 

2009 Ø203 5300 
1 

15 
Sea 5E5 

Tahiti SCR 
GoM 
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Appendix 26 Review of flow visualization tests and PIV tests for riser VIV 
 

Author 
 

Year 
 

D 
[mm] 

L/D 
[-] 

Motion 
[-] 

Re 
[-] 

Remark 
 

(Cantwell & Coles) 1983 Ø101 29.3 Captive 1.4E5 
CALCIT 
Stanford 

(Vegt) 1988 Ø150 7.3 Captive 2.1E4 
MARIN 

Netherlands 

(Gu, Chyu, & 
Rockwell) 

1994 
Ø9.5 

Ø25.4 
59 
20 

Forced 
185 
5E3 

Lehigh University 
Bethlehem 

(Lin, Towfighi, & 
Rockwell) 

1995 
Ø25.4 
Ø50.8 

20 
10 

Forced 
1E3 
1E4 

Lehigh University 
Bethlehem 

(Gaydon & 
Rockwell) 

1999 Ø25.4 12 Forced 700 
Lehigh University 

Bethlehem 

(Govardhan & 
Williamson) 

2000 
Ø12.7 
Ø38.1 

10 
20 

Free 
1E3 
1E4 

Cornell ONR 
New York 

(Carberry) 2002 
Ø25.4 
Ø50.8 

12.5 
7.6 

Forced 
2.3E3 
9.1E3 

Lehigh University 
Bethlehem 

(Jauvtis & 
Williamson) 

2003 Ø38 10 Free 
1E3 
6E3 

Cornell ONR 
New York 

Wilde 2006 Ø200 17.7 Forced 
4E4 
2E5 

MARIN 
Netherlands 

(Aronsen) 2007 
Ø100 
Ø150 

20 Free 2.4E4 
MCL 

NTNU 

(Klamo) 2007 
Ø6 

Ø38 
78 
12 

Forced 
200 

5.1E3 
Caltech 

Pasadena 

(Dahl J. ) 2008 Ø9 48 Free 9.6E3 MIT Cambridge 

(Parnaudeau, 
Carlier, Heitz, & 
Lamballais) 

2008 Ø12 20 Captive 3.9E3 
Wind tunnel 

Rennes, France 

(Morse) 2009 Ø38 10 Forced 4E3 
Cornell ONR 

New York 

(Lam, Liu, & Hu) 2010 Ø15 33 Forced 
90 
814 

University of 
Hong Kong 

(Chang) 2010 Ø89 10.3 Free 
4E4 

1.2E5 
LTFSW 

Michigan 

Wilde 2019 Ø200 17.7 Forced 9E3 
MARIN 

Netherlands 

 



 227 

Appendix 27 Review of CFD analysis towards riser VIV prediction 
 

Author 
 
 

Year 
 
 

CFD 
 

[-] 

Grid 
cells 
[-] 

Cylinder 
motion 

[-] 

L/D 
 

[%] 

Re 
 

[-] 

Remark 
 
 

(Vegt) 1988 Vortex - Captive 8.0 2.1E4 MARIN Vortex Blob 

(Lu & Dalton) 1996 NS 3.3E4 Forced 2D 
185 
1E3 

University of 
Houston 

(Schulz & Kallinderis) 1997 - - Free 2D 
6.83E3 
1.85E4 

Texas 
A&M 

(Huijsmans, Wilde, & 
Buist) 

2000 RANS 1.7E4 Captive 2D 
3.75E4 
4.68E5 

CFX 

(Al-Jamal & Dalton) 2004 LES 7.6E4 Free 2D 8E3 
University of 

Houston 

(Dong & Karniadakis) 2005 DNS 1.2E6 Forced 3.14 1E4 
Brown 

University 

(Singh & Mittal) 2005 FE 1.2E5 Captive 2D 
2E3 
1E5 
1E6 

India 
IIT 

(Polner) 2005 
FE 

Galerkin 
4.3E4 Captive 2D 200 

University of  
Twente 

(Vaz, Mabilat, Wal, & 
Gallagher) 

2007 URANS 1.2E6 Captive 2.0 
9.3E4 
5.5E5 

ANSYS 
CFX 

(Klaij) 2008 URANS 6.9E5 Captive 2.0 9.3E4 ANSYS CFX 

(Parnaudeau, Carlier, 
Heitz, & Lamballais) 

2008 LES 4.4E7 Captive 3.14 3.9E3 
France University 

Bretagne 

(Rosetti, Vaz, & Fujarra) 2012 URANS 
7.0E3 
5.4E5 

Captive 2D 
10 

5E5 
ReFRESCO 

(Nguyen & Temarel) 2014 URANS 7.8E4 
Fee 

Captive 
2D 1E4 

University of 
Southampton 

(Bandringa, Verstappen, 
Wubs, Klaij, & Ploeg) 

2014 LES 8.4E5 Captive 3.14 3.9E3 
RUG 

ReFRESCO 

(Lloyd & James) 2014 URANS 6.0E6 Captive 1.7 
6.3E4 

5.06E5 
OpenFOAM 

(Rosetti G. ) 2015 URANS 1.9E7 Captive 4.0 
1E3 

7.57E5 
ReFRESCO 

(Rosetti G. ) 2015 URANS 4.1E6 Forced 13.0 
1E4 

4.5E4 
ReFRESCO 

(Rosetti G. ) 2015 URANS 4.1E6 Free 13.0 
4E3 

1.9E4 
ReFRESCO 

(Pereira) 2018 PANS 
4.6E6 
2.0E7 

Captive 
3.0 
2.0 

3.9E3 
1.4E5 

ReFRESCO 

Wilde & Maximiano 2019 URANS 5E5 Forced 2D 9E3 ReFRESCO 
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Appendix 28 Review of new tow tests with non-oscillating pipe 
 
a) Review of non-oscillating tow tests with OD 200 mm smooth pipe. 

Test series 
 

Year 
 

Forward 
backward 

D 
[mm] 

k/D 
[-] 

Re 
[-] 

S 15306 1999 F 206 2E-6 1.87E4 – 5.52E5 

S 15935 2001 F 200 2E-6 6.3E4 – 7.57E5 

S 17708 2002 F/B 200 2E-6 3.6E4 – 2.7E5 

S 18996 2004 F 200 2E-6 3.6E4 – 3.59E5 

S 19906 PIV 2005 F 200 2E-6 3.6E3 – 1.8E5 

S 21536 2007 F/B 200 2E-6 4.4E4 – 7.15E5 

S 21536 PIV 2007 F 200 2E-6 3.6E3 – 2.7E5 

S 25059 2011 F/B 200 2E-6 5.4E4 – 7.15E5 

S 26893 2015 F/B 200 2E-6 5.0E4 – 5.0E5 

 
b) Review of non-oscillating tow tests with OD 200 mm rough pipe. 

Test series 
 

Year 
 

Forward 
Backward 

D 
[mm] 

k/D 
[-] 

Re 
[-] 

R 15935 2001 F 204 5E-3 3.6E4 – 7.23E5 

R 18996 2004 F 200 5E-3 3.5E4 – 3.32E5 

R 21536 2007 F/B 204 5E-3 3.7E4 – 3.65E5 
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Appendix 29 Review of new VIV tests with freely vibrating pipe 
 
a) Review of freely vibrating tow tests with OD 200 mm smooth pipe. 

Test series 
 

Year 
 

Speed 
[m/s] 

OD 
[mm] 

k/D 
[-] 

Remark 
 

S 15935 2001 0.4 – 2.6 Ø 200 2E-6 1 Hz spring blades 

S 15935 2001 0.6 – 2.0 Ø 200 2E-6 1 Hz spring blades + damping 

S 15935 2001 1.2 – 3.2 Ø 200 2E-6 2 Hz spring blades 

S 15935 2001 1.6 – 3.2 Ø 200 2E-6 2 Hz spring blades + damping 

S 15935 2001 1.6 – 3.3 Ø 200 2E-6 3 Hz spring blades 

S 15935 2001 2.4 – 3.3 Ø 200 2E-6 3 Hz spring blades + damping 

 
b) Review of freely vibrating tow tests with OD 200 mm rough pipe. 

Test series 
 

Year 
 

Speed 
[m/s] 

OD 
[mm] 

k/D 
[-] 

Remark 
 

R 15935 2001 0.6 – 2.6 Ø 204 5E-3 1 Hz spring blades 

R 15935 2001 0.9 – 2.6 Ø 204 5E-3 1 Hz spring blades + damping 

R 15935 2001 1.6 – 3.0 Ø 204 5E-3 3 Hz spring blades 

R 15935 2001 1.6 – 3.0 Ø 204 5E-3 3 Hz spring blades + damping 
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Appendix 30 Review of new VIV tow tests with forced oscillation pipe 
 
a) Review of forced oscillation tow tests with OD 200 mm smooth pipe. 

Test series 
 

Year 
 

Speed 
[m/s] 

OD 
[mm] 

k/D 
[-] 

Remark 
 

S 15935 2001 - Ø 200 2E-6 1 Hz spring blades 

S 15935 2001 - Ø 200 2E-6 2 Hz spring blades 

S 15935 2001 - Ø 200 2E-6 3 Hz spring blades 

S 17708 2002 - Ø 200 2E-6 with anti- Magnus device 

S 17708 2002 - Ø 200 2E-6 free vibration 

S 17708 2002 - Ø 200 2E-6 free vibration 

S 17708 2002 - Ø 200 2E-6 w/o anti-Magnus device 

S 17708 2002 - Ø 200 2E-6 - 

S 18996 2004 0.22 Ø 200 2E-6 - 

S 18996 2004 0.44 Ø 200 2E-6 - 

S 18996 2004 2.00 Ø 200 2E-6 - 

S 18996 2004 - Ø 200 2E-6 gradual increasing tow speed 

S 19906 
 

2005 
 

- 
 

Ø 200 
 

2E-6 
 

PIV measurements 
Re 3.6E4 – 9.0E4 

S 21536 2007 0.23 Ø 200 2E-6 - 

S 21536 2007 1.50 Ø 200 2E-6 - 

S 21536 2007 - Ø 200 2E-6 PIV measurements Re 9E3 

S 25059 2011 0.23 Ø 200 2E-6 - 

S 26893 2015 1.50 Ø 200 2E-6 - 

 
b) Review of forced oscillation tow tests with OD 200 mm rough pipe. 

Test series 
 

Year 
 

Speed 
[m/s] 

OD 
[mm] 

k/D 
[-] 

Remark 
 

R 15935 2001 - Ø 204 5E-3 1 Hz spring blades 

R 15935 2001 - Ø 204 5E-3 3 Hz spring blades 

R 18996 2004 0.22 Ø 200 5E-3 - 

R 18996 2004 0.44 Ø 200 5E-3 - 

R 18996 2004 - Ø 200 5E-3 gradual increasing tow speed 

R 18996 2004 - Ø 200 5E-3 pipe 180 deg rotated 

R 21536 2007 2.00 Ø 204 5E-3 - 
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c) Review of forced oscillation tow tests with OD 324 mm intermediate rough pipe. 

Test series 
 

Year 
 

Speed 
[m/s] 

OD 
[mm] 

k/D 
[-] 

Remark 
 

B 22022 2007 0.30 Ø 324 1E-3 - 

B 22022 2007 1.00 Ø 324 1E-3 - 
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Appendix 31 Review of new forced oscillation tests with pipe in calm water 
 
a) Review of forced oscillation tests with OD 200 mm smooth pipe in calm water. 

Test series 
 

Year 
 

OD 
[mm] 

k/D 
[-] 

KC 
[-] 

Beta 
[-] 

Remark 
 

S 21536 2007 Ø 200 2E-6 
0.5 
7.5 

1E4 
9E4 

- 

S 25059 2011 Ø 200 2E-6 
0.5 
7.5 

1E4 
9E4 

- 

S 26893 2015 Ø 200 2E-6 
0.5 
7.5 

1E4 
9E4 

- 

 
b) Review of forced oscillation tests with OD 200 mm rough pipe in calm water. 

Test series 
 

Year 
 

OD 
[mm] 

k/D 
[-] 

KC 
[-] 

Beta 
[-] 

Remark 
 

R 21536 2007 Ø 204 5E-3 
1.0 
7.5 

1E4 
9E4 

- 

 
c) Review of forced oscillation tests with OD 324 mm intermediate rough pipe in calm water. 

Test series 
 

Year 
 

OD 
[mm] 

k/D 
[-] 

KC 
[-] 

Beta 
[-] 

Remark 
 

B 22022 2007 Ø 324 1E-3 
0.5 
6.5 

1E4 
1E5 

- 
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Appendix 32 2D graphical representation of data points for Re sensitivity 
 

a)  
  

b)  
 

Figure A 18 Graphical representation of available data points for Re sensitivity. 

Result in Figure 3-7 shows a three-dimensional representation of the available 
data points of VIV experiments. The same data point of the 3D representation 
in Figure 3-7 are depicted here in a 2D representation. Only the cases for 
which the three main test parameters Re, Ur and A/D are available are 
considered. a) AD versus Re and b) Ur versus Re. Data points that can be 
found in open literature in blue (o) and new data points of the present work in 
green (o). A total of 1307 data points in open literature and a total of 449 data 
points of the present work are presented. 
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Appendix 33 Triangulation settings for contour plots Clv and Cla. 
 

Test 
series 

Appendix 
 

Number of 
data points 

Interpolation 
method 

Step size 
Ur 

Step size 
AD 

S 18996 rough 
Re 3.96E4 

Appendix 36 69 cubic 0.2 0.01 

S 18996 smooth 
Re 3.96E4 

Appendix 37 45 cubic 0.2 0.01 

B 22022 bare 
Re 8.79E4 

Appendix 38 46 cubic 0.2 0.01 

S 21536 smooth 
Re 2.7E5 

Appendix 39 61 cubic 0.2 0.05 

B 22022 bare 
Re 2.91E5 

Appendix 40 31 cubic 0.2 0.01 

S 21536 rough 
Re 3.6E5 

Appendix 41 46 cubic 0.2 0.01 
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Appendix 34 Contour plots Gopalkrishnan (1993) at Re 1.08E4 
 

a)  
 

b)  
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c)  

 

Figure A 19 Contour plots derived from Gopalkrishnan (1993) at Re = 1.08E4. 

a) lift force coefficient in-phase with velocity Clv, b) lift force coefficient in-
phase with acceleration Cla and c) mean drag force coefficient Cd. 
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Appendix 35 Contour plots Blevins (2009) for Re 1E4 to 8E4 
 

a)  
 

b)  
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c)  

 

Figure A 20 Contour plots of compilation by Blevins (2009) for Re 1E4 to 8E4. 

a) lift force coefficient in-phase with velocity Clv, b) lift force coefficient in-
phase with acceleration Cla and c) mean drag force coefficient Cd. 
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Appendix 36 Contour plots rough cylinder at Re 3.96E4 
 

a)  
 

b)  
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c)  

 

Figure A 21 Contour plots of forced oscillation lift force coefficients at Re 3.96E4. 

Forced oscillation tests while towing of test series R 18996 with OD 200 mm 
rough cylinder with k/D = 5E-3. a) lift force coefficient in-phase with velocity 
Clv, b) lift force coefficient in-phase with acceleration Cla and c) mean drag 
force coefficient Cd. 
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Appendix 37 Contour plots smooth cylinder at Re 3.96E4 
 

a)  
 

b)  
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c)  

 

Figure A 22 Contour plots of forced oscillation lift force coefficients at Re 3.96E4. 

Forced oscillation tests while towing of test series S 18996 with OD 200 mm 
smooth cylinder. a) lift force coefficient in-phase with velocity Clv, b) lift force 
coefficient in-phase with acceleration Cla and c) mean drag force coefficient 
Cd. 
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Appendix 38 Contour plots for intermediate rough cylinder at Re 8.79E4 
 

a)  
 

b)  
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c)  

 

Figure A 23 Contour plots of forced oscillation lift force coefficients at Re 8.79E4. 

Forced oscillation tests while towing of test series B 22022 with OD 324 mm 
intermediate rough cylinder with k/D = 1E-3. a) lift force coefficient in-phase 
with velocity Clv, b) lift force coefficient in-phase with acceleration Cla and c) 
mean drag force coefficient Cd. 
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Appendix 39 Contour plots smooth cylinder at Re 2.7E5 
 

a)  
 

b)  
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c)  

 

Figure A 24 Contour plots of forced oscillation lift force coefficients at Re 2.7E5. 

Forced oscillation tests while towing of test series S 21536 with OD 200 mm 
smooth cylinder. a) lift force coefficient in-phase with velocity Clv, b) lift force 
coefficient in-phase with acceleration Cla and c) mean drag force coefficient 
Cd. 
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Appendix 40 Contour plots for intermediate rough cylinder at Re 2.91E5 
 

a)  
 

b)  
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c)  

 

Figure A 25 Contour plots of forced oscillation lift force coefficients at Re 2.91E5. 

Forced oscillation tests while towing of test series B 22022 with OD 324 mm 
intermediate rough cylinder with k/D = 1E-3. a) lift force coefficient in-phase 
with velocity Clv, b) lift force coefficient in-phase with acceleration Cla and c) 
mean drag force coefficient Cd. 
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Appendix 41 Contour plots rough cylinder at Re 3.6E5 
 

a)  
 

b)  
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c)  

 

Figure A 26 Contour plots of forced oscillation lift force coefficients at Re 3.6E5. 

Forced oscillation tests while towing of test series R 21536 with OD 204 mm 
rough cylinder with k/D = 5E-3. a) lift force coefficient in-phase with velocity 
Clv, b) lift force coefficient in-phase with acceleration Cla and c) mean drag 
force coefficient Cd. 
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Appendix 42 Comparison between Gopalkrishnan (1993), Blevins (2009) 
and present 

 

a)  
 

b)  
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c)  

 

Figure A 27 Comparison of contour lines Gopalkrishnan, Blevins and present. 

Comparison of results of Gopalkrishnan (1993), Blevins (2009) and present. 
Results of test series S 18996 of present work are for OD 200 mm rough 
cylinder at Re 3.96E4. a) zero crossing for Clv = 0.0, b) zero crossing for Cla = 
0 and c) mean drag force coefficient for Cd = 1.6. 
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Appendix 43 Uncertainty FO tests smooth cylinder at Re 3.96E4 
 

a)  
 

b)  
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c)  

 

Figure A 28 Uncertainty of measured coefficients at Re 3.96E4. 

Uncertainty analysis of test series S 18996 with OD 200 mm smooth cylinder 
as discussed in Appendix 17. a) uncertainty of lift force coefficient in-phase 
with velocity Clv, b) uncertainty of lift force coefficient in-phase with 
acceleration Cla and c) uncertainty of mean drag force coefficient Cd. 
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Appendix 44 Uncertainty FO tests smooth cylinder at Re 2.7E5 
 

a)  
 

b)  
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c)  

 

Figure A 29 Uncertainty of measured coefficients at Re 2.7E5. 

 Uncertainty analysis of test series S 21536 with OD 200 mm smooth cylinder 
as discussed in Appendix 17. a) uncertainty of lift force coefficient in-phase 
with velocity Clv, b) uncertainty of lift force coefficient in-phase with 
acceleration Cla and c) uncertainty of mean drag force coefficient Cd. 
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Appendix 45 Sensitivity for small in-line motions in 2001 and 2002 
 
In 2001 and 2002, an unexpected large sensitivity was observed for the measured 
lift force coefficient Clv for test series S 15935 and test series S 17708 (Wilde, 
Huijsmans, & Triantafyllou, 2003). The tests involved forward and backward towing 
with the OD 200 mm smooth pipe mounted on long spring blades, shown in 
Appendix 12. In 2004, the test setup with the long spring blades was replaced by a 
new test setup with linear bearings, as shown in Appendix 9. The new test setup 
with linear bearings ensures pure single degree of freedom cross-flow motion for 
the test pipe. The unexpected large sensitivity for the tests in 2001/2002 was found 
for the VIV lock-in regime at a Reynolds number of Re 7.8E4. In 1999, a large 
sensitivity was also observed for test series S 15306 with an OD 206 mm freely 
vibrating cylinder on long spring blades (Wilde & Huijsmans, 2001). The evidence 
for the large sensitivity is, however, much more convincing for the forced oscillation 
tests in 2001/2002, than for the previous tests with the freely vibrating pipe in 1999. 
 
The oscillating cylinder on the long spring blades is effectively constrained to an 
orbit along the arc of a circle with rotation point near the clamping point of the long 
spring blades. The effective rotation point is somewhat forward (to the left) of the 
clamping point of the spring blades, as shown in Appendix 12. The 2D orbit can be 
considered as slightly convex when towing in forward direction (F) and as slightly 
concave when towing in backward direction (B). For long spring blades of 2.5 
length, the contribution of the in-line motions is small compared to the cross-flow 
motions. The in-line motions are approximately 3% of the cross-flow motions for 
the motions of an OD 200 mm cylinder at a forced oscillation amplitude of A/D 1.0. 
 

 
Figure A 30 Motion trajectory of test pipe mounted on long spring blades. 

The in-line motions are approximately 3% of the cross-flow motions for 2.5 m 
long spring blades. 

 
Figure A 31 shows the measured Clv lift forces from the forced oscillation 
experiments with the test cylinder mounted on the spring blades together with those 
using the linear bearings.   
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Both configurations were tested for forward as well as backward towing direction. 
The Clv zero crossing for the pure cross-flow motion at Re 7.8E4 is well above one 
cylinder diameter, which is more than double the value expected from the 
Gopalkrishnan (1993) results at Re 1.08E4. The Clv zero crossing for the convex 
case is even higher. Results for pure cross-flow are almost symmetric for forward (○) 
and backward (◊) towing direction, except for the region 0.7 < AD < 1.3, where a 
large scatter can be observed. The reason for the large scatter is not well 
understood, but it is well-known that the results of VIV experiments can sometimes 
be remarkably sensitive for minor unknown perturbations, such as small 
imperfection on the surface of the cylinder. 
 

 
 

Figure A 31 Large sensitivity for small in-line motions. 

An unexpected large sensitivity was observed for the Clv lift force coefficient 
for test series 17708 in 2002 for forced oscillation with OD 200 mm smooth 
cylinder mounted on 2.5 m long spring blades. The motions are slightly convex 
when the carriage moves in forward direction and slightly concave when the 
carriage moves in backward direction. For the forced oscillation tests with the 
linear bearings there are no in-line motions. Results are for Re 7.8E4 and Ur 
7.0. Large sensitivity can be observed for: small convex motion (○), small 
concave motion (◊) and pure cross-flow motion (○ , ◊). Results of 
Gopalkrishnan (1993) at Re 1.08E4 and Ur 7.0 are presented for reference (○). 
Results for pure cross-flow are almost symmetric for forward (○) and backward 
(◊) towing direction, except for the region 0.7 < AD < 1.3, where a large scatter 
can be observed. The reason for the large scatter is not well understood, but it 
is well-known that the results of VIV experiments can sometimes be 
remarkably sensitive for minor unknown perturbations, such as small 
imperfection on the surface of the cylinder. 
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Appendix 46 Higher harmonic lift forces 
 
The Hartlen & Currie (1970) two-parameter VIV model assumes steady VIV at 
constant frequency and constant amplitude. This means that the signal of the 
motion Z as well as the signal of the lift force FZ are assumed to be perfectly 
sinusoidal, or similarly that only the first harmonic of the signal is considered. In 
reality, the signal of the motions and the lift forces are, however, not perfectly 
sinusoidal and higher or lower order harmonics may be present. The higher 
harmonics of test No. 704803 of test series S 15935 in 2001 are considered as an 
example. Test No. 704803 is a freely vibrating test with the OD 200 mm smooth 
pipe at Re 2E5 on the long spring blades. Stable VIV response of A/D 1.0 was 
measured at a true reduced velocity of Ur 6.5. The damping ratio was β 0.05. The 
result in Figure A 32 shows the measured lift force after inertia removal (─). Also 
shown are the first harmonic of the lift force (─) and the higher harmonics after 
removal of the first harmonic (─). Figure A 33 shows the lift force signal versus the 
displacement signal. The motion signal was derived by double integration of the 
measured acceleration directly on the pipe. It can be observed that the measured 
motions is highly regular for this case of freely vibrating VIV. It can also be noted 
that the measured amplitude of the third harmonic of the motion signal is below 1% 
of the measured first harmonic, as shown in Figure A 35. As explained in Appendix 
15, the work done during a full cycle of the oscillation can be derived from the area 
of the enclosed ‘ellipse’. A clock-wise rotation in Figure A 33 means that the vortex 
shedding adds energy to the mass-spring-damper system. For energy balance, the 
exact same amount of energy should be dissipated by the damping term of the 
mass-spring-damper system. A perfect ellipse should be expected for a perfect 
sinusoidal signal of the motions and the lift force. The measurement shows, 
however, a small distortion of the measured lift forces, in particular near the turning 
points. The small distortion appears predominantly in the third harmonic, as shown 
by the results in Table A 4 and Figure A 34. 
 
Table A 4 Higher harmonics of test No. 704803. 

Test No. 
 

Fl/Fl 
[-] 

Flv/Fl 
[-] 

Fla/Fl 
[-] 

2nd 

[-] 
3rd 

[-] 
4th 

[-] 
5th 

[-] 

740803 1.000 0.185 0.983 0.007 0.086 0.013 0.002 
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Figure A 32 Total lift force coefficient Cl of freely vibrating VIV test No. 704803. 

Test No. 704803 of tests series S 15935 in 2001 was carried out with the OD 
200 mm smooth pipe freely vibrating on long spring blades at a tow speed of 
1.1 m/s. The Reynolds number was Re 2E5 and the true reduced velocity was 
Ur 6.5. A stable VIV response of A/D ~1.0 was measured. Presented are the 
signal of the total measured lift force after inertia removal (─), the signal of the 
first harmonic of the lift force (─) and the signal of the higher harmonics after 
removal of the first harmonic (─). 

 

 
Figure A 33 Force versus displacement diagram of test No. 704803. 

The work done can be derived from the area of the enclosed ellipse. The 
clock-wise rotation corresponds to a positive lift force coefficient of Clv 0.61. 
The small distortion of the force signal near the turning points is third harmonic. 
Presented are the signal for the total measured lift force FZ after inertia 
removal (─) and the signal of the first harmonic of the lift force (─).The 
response motion is highly regular with third harmonic below 1%, as shown in 
Figure A 35.   
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Figure A 34 Power spectrum of measured lift force FZ of test No. 704803. 

Presented are the power spectrum of the signal of the measured first harmonic 
of the lift force FZ (─) and the power spectrum of the remaining higher 
harmonics after removal of the first harmonic (─). The vertical axis is truncated 
at a value of S = 2E4, to better show the peak of the third harmonic of S 
~0.6E4. The amplitude of third harmonic is about 8.6% of the amplitude of the 
first harmonic, as shown in Table A 4. 

 

 
Figure A 35 Power spectrum of measured motion signal Z of test No. 704803. 

The vertical axis is truncated at a value of S = 1E-5, to better show the peak of 
the third harmonic of S ~0.3E-5. The amplitude of the third harmonic is below 
1% of the amplitude of the first harmonic. 
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Appendix 47 Classification of vortex shedding regimes for FO tests in still 
water 

 
In general, the Morison coefficients Cd and Ca depend on the KC number and the 
Sarpkaya frequency parameter β, as defined in Appendix 4: 
 

   , ,D aC KC and C KC 
 (A-57) 

 
A general classification of the vortex shedding regimes for low beta values of β < 
1E3 is: 
 
KC < 0.4 The flow does not separate and there are no transverse forces. 

0.4 < KC < 4  A symmetric pair of vortices is formed in the wake. These vortices 
reverse during the flow oscillation cycle. Lift forces are small. 

4 < KC < 8  One of the vortices in the pair becomes stronger and the vortex 
pair becomes asymmetric. The dominant frequency of lift 
oscillation is twice the frequency of the flow oscillation. 

8 < KC < 15  Vortex pairs are shed alternately into the wake during each half-
cycle of the flow oscillation. The vortex pairs convect alternately 
asymmetrically at approximately 45 degrees to the direction of the 
flow oscillation. The dominant frequency of lift oscillation and 
vortex shedding is twice the flow oscillation frequency. 

15 < KC < 22  Multiple pairs of vortices are shed in each flow oscillation cycle and 
the pairs convect at 45 degrees to the direction of the flow 
oscillation. The dominant frequency of vortex shedding and lift 
oscillation is three times the flow oscillation frequency. 

22 < KC < 30  Multiple pairs of vortices are shed per cycle. The dominant 
frequency of vortex shedding and lift oscillation is four times the 
frequency of flow oscillation. 

KC > 30  Quasi steady vortex shedding. The frequency of vortex shedding is 
roughly the nearest multiple of the flow oscillation frequency, 
corresponding to the normal Strouhal frequency of a stationary 
pipe. 

 
Honji (1981) visualized the flow around a harmonically oscillating cylinder and 
observed fairly regular rows of mushroom-like structures along the lines of 
maximum local velocity, as shown in Figure A 36.   
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Figure A 36 Honji type instability in Otter (1992). 

Picture was taken for β 5.75E4 and KC 0.463 
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Appendix 48 Contour plots of Morison coefficients for OD 200 mm smooth 
pipe 

 

a)  
  

b)  
 

Figure A 37 Contour plots of Morison coefficients for FO tests in calm water. 

Combination of results of test series S 21526 and S 26893 with OD 200 mm 
smooth pipe. a) Morison drag force coefficient in-phase with velocity D_MorC  

and b) Morison added mass coefficient in-phase with acceleration Ca . 
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Appendix 49 Uncertainty of forced oscillation experiments in calm water 
 

a)  
  

b)  
 

Figure A 38 Uncertainty of measured Morison coefficients for FO in calm water. 

Uncertainty analysis of Appendix 18 for forced oscillation tests in calm water. 
Results of combination of test series S 21526 and S 26893 with OD 200 mm 
smooth pipe is considered. a) uncertainty of Morison drag force coefficient in-
phase with velocity D_MorC  and b) uncertainty of Morison added mass 

coefficient in-phase with acceleration C a . 
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Appendix 50 Analysis of PIV test No.103005 
 
This appendix discusses the post processing of PIV test No. 103005 of test series 
S 21536 in 2007. PIV test No. 103005 was a forced oscillation VIV test with the OD 
200 mm smooth pipe at a constant tow speed of 0.05 m/s. The main test 
parameters are shown in Table A 5. The amplitude of the forced oscillation was 60 
mm and the period of the regular forced oscillation was 19.2 s. The FX and FZ 
forces on the pipe were not measured for PIV test No. 103005, because the forces 
of about 10 N at 0.05 m/s tow speed were much too small for the 10 kN force 
transducers. 
 
Table A 5 Test parameters for forced oscillation of PIV test No. 103005 in 2007 

Test No. Cylinder PIV A/D Ur Re 

103005 OD 200 mm smooth 2D2C 0.3 5.0 9E3 

 
The PIV system in Appendix 13 can be assembled in different configurations. The 
standard configuration is for two-dimensional three-component PIV measurements 
(2D3C). A symmetrical configuration was used with the laser sheet placed in the 
between Camera A and B. At this stage only the 2D2C results from Camera A are 
analyzed and presented, because it was found out after the tests that Camera B 
suffered from a small misalignment problem. Although it is expected that the small 
misalignment problem can be resolved later on with more advanced PIV post 
processing software, this has not been tried yet. For the 2D2C images, a 
somewhat larger perspective error may be expected than for 2D3C images, 
especially for those areas of the flow with a large out-of-plane component. It should 
be noted that the 2D2C PIV with only one camera can only detect the projected 
velocity components in the 2D plane of the laser sheet. Perspective errors can 
occur when the viewing direction deviates from orthogonal, even if the images are 
properly dewarped. The effect of the perspective error for the final SVD results is 
expected to be small, because of the phase averaging over 1199 individual PIV 
images. 
 
A total of 1199 pairs of PIV images was recorded for PIV test No. 103005 in 2007. 
The PIV images were recorded at an image capturing rate of 10 Hz. Each pair of 
images was evaluated in the PIV post processing for 6887 spatial interrogation 
units, using 32 x 32 pixel interrogation. The 120 s duration of PIV test No. 103005 
means that the cylinder has progressed forward over a length of about 6 m in the 
basin, meaning that about 6.2 forced oscillating cycles are recorded. PIV test Nos 
103001 and 103002 are repeat tests of PIV test No. 103005.   
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The three PIV tests together were combined in one final phase synchronized result 
using the SVD analysis: 

 Test No. 103001 599 images ~3.1 cycles 
 Test No. 103002 1199 images ~6.2 cycles 
 Test No. 103005 1199 images ~6.2 cycles 
 
The file size for storing of one pair of raw PIV images for Camera A only is about 
3.6 MB. This means that about 10 GB of raw PIV data was captured for PIV test 
Nos 103001, 103002 and 103005 together. It was experienced that the data 
processing of more than 10 GB of raw PIV images can be time consuming. 
Some important remarks on the quality of PIV test No. 103005 are: 

1. The raw PIV images in Appendix 53 shows some direct illumination of the mid 
part of the OD 200 mm smooth pipe by the laser sheet. It was found out that 
any direct or indirect illumination of the test setup in the vicinity of the measuring 
area should be avoided to obtain the best possible quality for the raw PIV 
images. The final quality of the PIV measurements strongly depends on clean 
PIV images at the beginning, including high contrast, high resolution, 
homogenous seeding distribution and no contamination by direct or indirect 
reflections. 

2. Appendix 69 shows the OD 200 mm smooth pipe for PIV test No. 103005 in 
2007. It can be observed that the pipe was painted black with an approximately 
200 mm long section of Rhodamine laser absorbing paint in the middle. The 
200 mm long section in the middle is the section where the laser sheets shines 
on the pipe. It was found out that, in spite of the Rhodamine laser absorbing 
paint, there is still too much light reflection from the pipe into the measuring 
area. For future PIV measurements it is recommended to paint the complete 
pipe with Rhodamine and/or to avoid any direct illumination of the pipe by the 
laser sheet. 

3. In general, the PIV measurements require appropriate seeding of the flow with a 
uniform distribution of seeding particles in the PIV interrogation area. For PIV 
measurements in a large towing tank, the seeding particles are normally 
injected at a suitable upstream location of the test object. For turbulent flow at 
higher Reynolds numbers of Re > 1E3, the upstream injected seeding particles 
tend to mix and distribute in three-dimensional space, which also means mixing 
out of the 2D plane of the laser sheet.   
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4. In 2007, an improved seeding method was used for PIV test No. 103005. The 
improved seeding method involved pre-laying of the seeding in still water prior 
to the actual test with the moving pipe. For PIV test No. 103005 in 2007 there 
was no upstream injection of the seeding during the tow test. The seeding was 
laid in a more or less uniform band of roughly 0.5 x 1.0 x 30.0 m (W x H x L) at 
the centerline of the basin and at ~1.7 m below the free surface. A short waiting 
time was adopted before starting the PIV tests and before moving the carriage, 
to allow mixing of the seeding material due to the ambient background 
turbulence. Although the new seeding method in 2007 in much better quality 
PIV measurements than the previous seeding method in 2005, there is still 
considerable room for improvement, as summarized below: 

o Obtaining the optimum seeding concentration was difficult and required a 
trial and error approach. 

o Even with nicely uniform seeding in the pre-laid upstream volume, there still 
appeared local areas (blobs) with low seeding concentration in the 
downstream PIV interrogation area. 

o It was noted that when waiting too long after the pre-laying of the seeding 
material, the Rilsan 60 m seeding particles could disappear from the pre-
laid volume due to dispersion or slow rising or sinking of the particles, 
resulting from their nett positive or negative buoyancy. 

o The 20 to 30 m length of the pre-laid volume of seeding material was only 
just long enough for the steady state tow length for a 120 s PIV 
measurement. 

o It was found out that when doing too many tests per day, that the 
concentration of seeding material in the basin was ‘pumping up’. It was 
experienced that a too high concentration of dispersed seeding material in 
the water of the basin reduced the quality of the view of the CCD cameras. 

5. The Rilsan 60 m seeding particles seemed adequate for the purpose of the 
tests. It is not expected that significant improvement can be obtained by using 
another seeding material, unless opting for instance for drastically more 
expensive seeding material, such as fluorescent seeding material. 

6. For the PIV tests in 2007, the entire PIV system was pre-calibrated as one pre-
installed assembly in a separate calibration setup outside the towing tank. The 
calibration in a separate calibration setup was considered more time effective 
and presumably more accurate than in-situ calibration in the test facility itself.  
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7. At this stage only the 2D2C results from Camera A are analyzed and presented. 
The results of Camera B are not used because of a small misalignment problem 
that was detected after the tests. Although it is expected that the small 
misalignment problem can be resolved later on with more advanced PIV post 
processing software, this has not been tried yet. For the 2D2C images, a 
somewhat larger perspective error may be expected than for 2D3C images, 
especially for those areas of the flow with a large out-of-plane component. It 
should be noted that the 2D2C PIV results with only one camera can only detect 
the projected velocity components in the 2D plane of the laser sheet. Therefore, 
perspective errors can occur when the viewing direction deviates from 
orthogonal, even if the images are properly dewarped. However, the effect of 
the perspective error for the final SVD results is expected to be small, because 
of the phase averaging over 1199 individual PIV images. It is expected that the 
perspective error should roughly go down with the square root of the number of 
images. 

8. It is expected that the misalignment of Camera B occurred during transport 
and/or installation of the pre-calibrated PIV unit under the carriage. It is also 
possible that the central OD 114 mm under water housing of the two cameras 
has experienced a small structural deformation due to its own submerged 
weight, when hanging under the carriage. 

9. The camera settings, the camera alignment, the calibration procedure, the laser 
power, the sample rate and the time between dual pulses seemed more or less 
adequate for PIV test No. 103005. It is of course always possible to further 
optimize the settings. 

10. It was found out that a somewhat too small laser sheet aperture was used, 
leading to a reduction of the effective measuring area for the cameras. This was 
due to limitations of the optics. This problem was resolved in the post 
processing by masking the edges and by only using the useful area of the raw 
images in the middle. 

11. Single value decomposition (SVD) analysis of Appendix 52 was used as a final 
step in the post processing. The results after SVD analysis yields phase 
synchronized values for the velocities u and v in velocity maps for 16 
equidistant time steps in one forced oscillation cycle of the test pipe. 
Consequently, vorticity maps were derived from the velocity maps. Results in 
Appendix 56 through Appendix 59 present the final vorticity maps for four 
selected phase angles of the cylinder motion of respectively Φ = 90, 135, 180 
and 225 degrees.   
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12. The SVD analysis of Appendix 52 clearly demonstrates the advantage of the 
phase synchronization for PIV measurements when testing in a complex three-
dimensional separated flow at high Re numbers of Re > 1E3 in the turbulent 
regime. The quality of the final PIV results significantly improves with the SVD 
analysis, because the random errors caused by the local areas with poor 
seeding quality are averaged out. The vortex shedding process at high 
Reynolds numbers of Re > 1E3 is a stochastic process for which the phase 
averaged PIV results are more useful when comparing with URANS CFD. 

13. Longer duration PIV measurements and/or additional repeat tests are 
recommended to improve the statistical reliability of the SVD analysis. The SVD 
analysis allows for ‘temporal stitching’ of repeat tests into one combined set of 
SVD phase synchronized result. It can be expected the statistical reliability of 
the SVD analysis will roughly improve with the square root of the number of 
available PIV images. The SVD analysis also allows for combination of the 
results of PIV measurements at other positions by ‘spatial stitching’. 
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Appendix 51 Post processing of PIV test No. 103005 
 
The post processing of PIV test No. 103005 with cross correlation technique starts 
with a subdivision of the captured images into spatial interrogation windows. The 
typical size of the windows range between 16 x 16 and 128 x 128 pixels. The 
interrogation windows of the first image of the first laser pulse are cross correlated 
with the windows of the second image of the second laser pulse. A range of 
displacements of the interrogation window on the second image is tried in order to 
find the maximum value for the correlation. The end result is a correlation map for 
pixel displacements. A low pass 3rd order Gaussian filter was used for the cross 
correlation. The Gaussian filter reduces the errors induced by the truncation at the 
size of the interrogation area. Outliers are removed by peak validation. Outliers are 
incorrect vectors resulting from noise in the peak detection of the cross correlation. 
A peak-height validation function was used for comparing the highest peak (signal) 
with the second highest peak (noise). The ratio is known as ‘detectability criterion’. 
A detectability criterion of 1.1 was used, meaning that the signal (valid vectors) can 
also be detected in areas with low seeding quality. After the cross correlation, a 
moving average filter was used, in order to reduce the velocity noise over the 
whole measurement area and to replace invalid vectors by interpolated vectors. 
The filter parameters were 3 x 3, which means that a vector in an interrogation area 
is replaced by the average of its 8 immediate neighbors. The acceptance factor 
was 0.15. The final settings for the PIV interrogation values have been defined 
experimentally, searching for the best compromise between the number of 
interpolated vectors and the number of outliers. 
 
Appendix 53 shows an example of a raw PIV image of Camera A (starboard) and 
of Camera B (port side). The quality of the seeding is in accordance with normal 
standards for this kind of PIV measurements. About 10 detectable seeding particle 
(or clusters) are present in a 32 x 32 pixel interrogation window. The in-plane and 
out-of-plane loss of particles is low when using a short time between the laser 
pulses of 30 ms. In general, the best possible PIV result can be obtained when the 
following settings are satisfied: 

1. Image density Ni (minimum number of particles in an interrogation area): 

10iN   

2. The number of exposures Np: 

2pN   
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3. Restriction of in-plane displacement: 

  1
,

4 ix y D  , with Di the size of the interrogation area 

4. Restriction out-of-plane displacement: 

0
1

4
z z   , with Δz0 the thickness of the light sheet 

5. Velocity spatial gradients: 

The displacement differences over the interrogation volume should be less than 
about 5 % of the size of the interrogation region. 

 
These settings were more or less satisfied for PIV test No. 103005 in 2007. The 
displacement of the particles in X and Z directions could be estimated with a 
statistical accuracy of about 0.1 pixel. The following PIV post processing steps 
were done for the derivation of the 2D velocity field from the raw images PIV of 
Camera A: 

 dewarping of the images (i.e. correcting for optical distortions) 
 auto or self calibration 
 masking 
 background and reflection subtraction 
 image pre-processing 
 cross correlations analysis 
 determination of correlation peaks (e.g. 2D Gaussian) 
 moving average filter for replacing outliers 
 validation routine 
 
A zeroth order uncertainty estimate can be given for instantaneous velocities u and 
v in the final velocity map before SVD analysis: 
 

( , )
,

x y
u v

t




  
(A-58) 

 
The zeroth order uncertainty estimates are: 

 sΔx,y = 0.1  [pixel] ISO type B 
 bΔx,y = 0.1  [pixel] ISO type A 
 sΔt = 1  [μs] ISO type B  
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The average peak displacement for the tests at 0.05 m/s tow speed is about 6 
pixels, corresponding to about 1.5% accuracy for the peak displacement. The 
uncertainty of ~1 μs for the time between pulses is very small and can be safely be 
ignored. The large U expanded uncertainty for 95% confidence level is: 
 

0.5 0.52 2 2
, , ,2 2u v x y t x yU s s b

             
(A-59) 

 
Overall, this leads to a zeroth order accuracy for the instantaneous velocities u and 
v in the final velocity map of about 3%. However, due to the practical difficulties as 
discussed in Appendix 50, the effective accuracy is estimated to be about 5 to 10% 
for the instantaneous velocities u and v in the final velocity map. It should further be 
noted that with SVD analysis, the accuracy of the phase synchronized results 
improve roughly with the square root of the 1199 PIV images. 
 

s
s

n


 
(A-60) 

 
First order accuracy estimate for the PIV measurements was obtained by means of 
PIV tests without the pipe in the water. The uniform flow field of the PIV 
measurement can then be compared with the accurately measured speed of the 
carriage. The open water tests were done for a tow speed of 0.5 m/s (e.g. PIV test 
No. 60100009). The following accuracies were estimated from the open water test: 

 in-plane systematic error of 5% 
 in-plane random error of 5% 
 out-of-plane systematic error of 2% of in-plane component (not used for test No. 

103005) 
 out-of-plane random error of 5% of in-plane component (not used for test No. 

103005) 
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Appendix 52 SVD analysis of PIV test No. 103005 
 
Single value decomposition (SVD) of Golup & Loan (1989) proved to be an 
effective means for improving the accuracy of the PIV results. The SVD analysis 
was done as a final step in the post processing. The results after SVD analysis 
yields phase synchronized values for the velocities u and v in velocity maps for 16 
equidistant time steps in one forced oscillation cycle. Finally, the vorticity maps 
were derived from the velocity maps. Results in Appendix 56 through Appendix 59 
present the final vorticity maps for a phase angle of the cylinder motion of Φ = 90, 
135, 180 and 225 degrees. SVD analysis is commonly used in structural vibration 
analysis and in turbulent flow analysis. The SVD analysis helps to distinguish the 
dominant coherent structures in a data set. Another option would have been to 
decompose the harmonic components in space. While this latter option is typically 
suitable for wave type problems, it does not seem the best approach for the flow in 
the near wake of a oscillating cylinder.  
 
The instantaneous velocities u and v are combined into a complex vector w: 
 

( , ) ( , ) ( , )w t x u t x iv t x 
  

 (A-61) 
 
The SVD analysis of Golup & Loan (1989) searches for mode decomposition of the 
following type: 
 

( , ) ( ) ( )k k
k

w t x a t x 

 
(A-62) 

 
The time traces ak describe the amplitude evolution of mode shape k. The original 
vector field w can be reconstructed by summation of all modes. The discrete 
dataset of w is stored in a matrix W, where each row corresponds to a time step 
and each column to a position in space. The SVD method decomposes the 
complex matrix W as follows: 
 

*W T D S  
(A-63) 

 
This yields a Nt x Nt complex orthogonal matrix for the amplitude evolution T and a 
complex Nx x Nx orthogonal matrix for the base functions S in space. The real Nt x 
Nx diagonal matrix D yields the sorted amplitudes of each mode.  
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The results of the SVD analysis can be interpreted as follows: 

 The columns of S contain orthogonal basis functions in space of the data W. 
These are the spatial structures that evolve coherently in time. 

 The columns of T contain the amplitude evolution in time of each spatial mode 
shape, normalized to 1. 

 The diagonal entries iσ  of D are the sorted amplitudes of each mode. 

 The first spatial mode (first column of S), when evolved in time according to the 
first column of T and using magnitude 1σ , produces a dataset that closest 

resembles the original data in the L2 norm. 
 
Multiplying the kth diagonal entry with the kth column of T produces the time signal 
ak. The transpose complex conjugate of the kth column of S corresponds to spatial 
modes k: 
 

'w D T S    (A-64) 
 
For the present work it was noted that the quality of the SVD analysis improved 
considerably by first removing the mean from the velocity maps. This yields the 
complex vector w – w0 as input for the SVD analysis. It was also found that the 
quality of the SVD analysis improves by first using a band filter for the time 
evolution T. In summary, the SVD analysis involved the following steps: 

 Reading of the processed PIV velocity fields from file. 
 Rotating the PIV image by 48.2 degrees. 
 Combining the velocities u and v into a complex number w = u+i*v. 
 The time average of each spatial data point should be subtracted, yielding w-

w0. 
 Performing SVD analysis of Golup & Loan (1989) on the discrete dataset w-w0. 
 Fourier analysis on the SVD time signals iT . 

 Zero crossing analysis of the SVD time signals iT . 

 Reconstruction of the PIV images based on the dominant SVD modes: W = w0 
+ w1 + w2. 

 Resampling of the result into 16 equidistant phases per cycle. 
 Combining the interpolated velocities ui and vi into a new complex number  

wi = ui+i*vi. 
 Combining the original velocity field with its mirror image for time sample t+T/2. 
 This last steps yields the final time synchronized velocity maps for u and v. 
 Deriving the vorticity field from the velocity map.   
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Appendix 54 shows an example of the reconstructed velocity field for PIV test  
No. 103005 before and after the SVD analysis. PIV image 172/1199 of PIV test  
No. 103005 is considered. 
 
Appendix 55a shows the final time averaged stream wise velocity u0 for PIV test 
No. 103005 after the SVD analysis. The result can be compared with the result of 
2D URANS CFD run No. 103001 in Appendix 55b. 
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Appendix 53 Example of raw PIV image 
 

Cam A  
  

Cam B  
 

Figure A 39 Example of raw PIV images. 

 Camera A (starboard) and Camera B (port side) 
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Appendix 54 Reconstruction of SVD velocity field for PIV test No. 103005 
 

a)  
  

b)  
 

Figure A 40 Example of PIV reconstructed velocity field after SVD analysis. 

 PIV image 172/1199 of PIV test No. 103005 is considered. a) initial result after 
standard PIV analysis and b) reconstructed result after SVD analysis. The SVD 
analysis greatly improves the quality of the PIV images and effectively removes 
the outliers. 
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Appendix 55 Time averaged stream wise flow field u0 for PIV test No. 
103005 

 

a)  
  

b)  
 

Figure A 41 Time averaged flow velocity uo at Re 9E3. 

 The plots show the time averaged streamwise velocity uo for forced oscillation 
PIV test No. 103005 with the OD 200 mm smooth cylinder at Ur 5.0, AD 0.3 
and Re 9E3. a) PIV test No. 103005 and b) CFD run No. 103001 
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Appendix 56 Vorticity field of PIV test No. 103005 for Φ = 90 deg 
 

a) PIV  
 

b) CFD  

 

Figure A 42 Vorticity field w for phase angle Φ = 90 deg. 

 Forced oscillation PIV test No. 103005 with OD 200 mm cylinder for Re 9E3, 
Ur 5.0 and AD 0.3. Presented is the phase averaged result for Φ = 90 deg with 
the cylinder in its uppermost position. a) PIV frame 12/16 for test No. 103005 
and b) CFD frame 5/16 for run No. 103001. The vector of the hydrodynamic lift 
and drag force of CFD run No. 103001 is presented with a blue arrow. 
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Appendix 57 Vorticity field of PIV test No. 103005 for Φ = 135 deg 
 

a) PIV  
 

b) CFD  

 

Figure A 43 Vorticity field w for phase angle Φ = 135 deg. 

 Forced oscillation PIV test No. 103005 with OD 200 mm cylinder for Re 9E3, 
Ur 5.0 and AD 0.3. Presented is the phase averaged result for Φ = 135 deg 
with the cylinder moving downwards. a) PIV frame 14/16 for test No. 103005 
and b) CFD frame 7/16 for run No. 103001. The red anti-clockwise rotating 
vortex at a distance of X/D = 2 is about to shed. 
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Appendix 58 Vorticity field of PIV test No. 103005 for Φ = 180 deg 
 

a) PIV  
 

b) CFD  

 

Figure A 44 Vorticity field w for phase angle Φ = 180 deg. 

 Forced oscillation PIV test No. 103005 with OD 200 mm cylinder for Re 9E3, 
Ur 5.0 and AD 0.3. Presented is the phase averaged result for Φ = 180 deg 
with the cylinder at the downward zero crossing position. a) PIV frame 16/16 
for test 103005 and b) CFD frame 9/16 for run No. 103001. 
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Appendix 59 Vorticity field of PIV test No. 103005 for Φ = 225 deg 
 

a) PIV  
 

b) CFD  

 

Figure A 45 Vorticity field w for phase angle Φ = 225 deg. 

 Forced oscillation PIV test No. 103005 with OD 200 mm cylinder for Re 9E3, 
Ur 5.0 and AD 0.3. Presented is the phase averaged result for Φ = 225 deg 
with the cylinder moving towards its lower position. a) PIV frame 2/16 for test 
No. 103005 and b) CFD frame 11/16 for run No. 103001. 



 284 

Appendix 60 Carberry (2002) PIV measurement for ‘2P’ and ‘2S’ vortex 
shedding 

 
a) Φ = 90 deg 

 

b) Φ = 135 deg 

c) Φ = 180 deg 

d) Φ = 225 deg 

 

Figure A 46 PIV images of Carberry (2002) showing ‘2P’ and ‘2S’ vortex shedding. 

 Result of Carberry (2002) for A/D 0.5 and Re 2.3E3. Left column shows the low 
frequency state for fe/fo = 0.806. Right column shows the high frequency state 
for fe/fo = 0.869. The rows show the time evolution of cylinder motion, with (a) 
cylinder in its uppermost position and (c) cylinder at its downward zero 
crossing position. 
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Appendix 61 Calculated forces for CFD at Ur 5.0, AD 0.3 and Re 9E3 
 

a) Clv  
 

b) Cla  
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c) Cd  

 

Figure A 47 Calculated forces of CFD run No. 103001 at Re 9E3. 

Lift and drag forces for CFD run No. 103001 at Ur 5.0, AD 0.3 and Re 9E3 (■). 
CFD results are compared with measured result of present work for test series 
S 18996 with the OD 200 mm smooth cylinder at Re 3.96E4 and AD 0.5 (∗). 
Results are also compared with result of Gopalkrishnan (1993) at Re 1.08E4 
and AD 0.3 (○), Carberry (2002) at Re 9.1E3 and AD 0.5 (∇) and Carberry 
(2002) at Re 4.41E3 and AD 0.25 (ൈ). Results are presented for: a) lift force 
coefficient in-phase with velocity Clv, b) lift force coefficient in-phase with 
acceleration Cla and c) mean drag force coefficient Cd. 
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Appendix 62 Pragmatic VIV prediction based on energy balance 
 

 
Figure A 48 Results of pragmatic VIV prediction based on energy balance. 

 The VIV of an OD 610 mm steel riser in deep water in sheared current is 
considered. The test case is discussed in Chapter 9. Presented result is for 
mode i = 13, with natural frequency of 13f  0.25 Hz. The plot shows the power 

input (excitation) and power output (damping) along the length of the riser. The 
dedicated model of Chapter 9 distinguishes between lock-in in the critical Re 
regime (─) and lock-in outside the critical Re regime (─). The three lower rows 
show the structural damping (─), the low Ur damping (─) and the high Ur 
damping (─). 
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Appendix 63 Sensitivity of pragmatic VIV prediction for OD 610 mm riser 
 
Table A 6 Sensitivity of pragmatic VIV prediction. 

 The VIV of an OD 610 mm steel riser in deep water in sheared current is 
considered, as discussed in Chapter 9. For the base case #0, the standard 
settings of the standard industry VIV prediction model of Vandiver (1985) are 
used. The first sensitivity case (#1) is for the new calculation with the new lift 
force coefficients Clv of Chapter 6. The remaining cases #2 through #18 are 
sensitivity cases with respect to the base case #0. 

# 
 
 

Description 
 
 

Symbol 
 
 

Default 
value 

[-] 

Sensitivity 
value 

[-] 

Mode 
peak 

[-] 

Peak 
A/D 
[-] 

Fatigue 
damage 
[1/year] 

0 Base case - - - 13 0.75 58.4 

1 New Clv for critical Re - nc nc + crit 13 0.73 23.9 

2 Traditional lock-in regime Ur [4,8] [4,6] 17 0.53 61.3 

3 Traditional lock-in regime Ur [4,8] [4,10] 10 0.83 38.5 

4 Current profile U(z) [1.2;0.2] [1.4;0.2] 15 0.75 169.4 

5 Current profile U(z) [1.2;0.2] [1.2;0.3] 13 0.78 71.3 

6 Venugopal low damping Crl 0.36 0.18 13 0.76 66.9 

7 Venugopal high damping Crh 0.40 0.20 13 0.75 56.5 

8 Added mass Ca 1.0 1.2 13 0.76 70.8 

9 Top tension T 6.0E6 6.6E6 12 0.74 15.4 

10 Structural damping rs 0.003 0.03 13 0.64 26.1 

11 Still water damping ksw ksw 0.25 0.50 13 0.66 26.2 

12 Power ratio threshold Πthres 0.10 0.20 13 0.75 62.8 

13 Max. lift force coefficient1 CL_m 0.80 0.40 13 0.63 20.1 

14 A/D zero crossing2 A0 0.90 0.72 13 0.61 36.8 

15 A/D zero crossing A0 0.90 1.08 13 0.90 86.4 

16 Fatigue class D log(C) 11.610 11.764 13 0.75 41.0 

17 Fatigue class E log(C) 11.610 11.610 13 0.75 58.4 

18 Fatigue class F log(C) 11.610 11.455 13 0.75 83.5 

 

                                                      
1  See definition in Figure 2-14 of Chapter 2. 
2  See definition in Figure 2-14 of Chapter 2. 



 289 

Appendix 64 Photographs of High Reynolds VIV test device 
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Appendix 65 Photographs of High Reynolds VIV test device 
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Appendix 66 Photographs of OD 200 mm smooth pipe 
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Appendix 67 Photographs of OD 200 mm rough pipe 
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Appendix 68 Photographs of OD 200 mm pipe with 500 micron sand 
roughness 
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Appendix 69 Photographs of OD 200 mm smooth pipe for PIV test No. 
103005 
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Appendix 70 Photographs of PIV setup 
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