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Abstract

This thesis deals with vortex-induced vibrations (VIV) of subsea flexibles (risers and 

umbilicals) used in the offshore oil industry. VIV results from the interaction of the structure 

and the fluid and its analysis involves both fluid dynamics and structural mechanics. An 

existing semi-empirical model is presented and applied to a steel catenary riser (SCR) and to 

a lazy-wave umbilical. A comparison between theoretical predictions and measured response 

is achieved for selected cases where a parametric study could be carried out. The model has 

been found to provide good predictions when the flow is mainly out-of-plane of the structure 

but suffers inaccuracies once the flow becomes highly sheared. Experimental data were made 

available through Phase III of the STRIDE project which was about the instrumentation and 

data acquisition of an existing steel catenary riser in the Allegheny Field, Gulf of Mexico. 

STRIDE Phase IV comprised a series of laboratory experiments of a reduced scale SCR. The 

Foinaven Umbilical Monitoring System (FUMS) for the Foinaven field, west of Shetland, has 

provided a substantial amount of data for the lazy-wave umbilical and forms the basis for the 

main core of investigation in this thesis. An innovative method to detect vortex-induced 

vibration in the curvature data of subsea flexibles is presented. The bandwidth parameter 

Epsilon gives an indication of the spectral width of a signal and then can be used to help 

identify the extent of narrow-bandness within processes such as VIV. The method is based on 

a peak counting approach formulated by Cartwright and Longuet-Higgins. Low values of 

Epsilon close to zero indicate a narrow-band process whereas values near one indicate a 

broad-band process. This method has been applied extensively for a data set covering a few 

months in the winter and spring of 2001 (25-Jan-Ol to 18-April-Ol) and for a more limited 

period in the summer of 2000 (15-Jun-OO to 12-Jul-OO). Current profile and wave heights for 

the 2001 data set have enabled the influence of current on the VIV response to be assessed 

and also the effect of the wave excitation and wave motions.

The technology used by the FUMS to measure curvature is to insert a glass-fiber rod fitted 

with strain gauges in the hydraulic hose of the umbilical. A substantial amount of friction 

occurs between the rod and the hose leading to serious rod retrieval issues when the inserted 

length becomes significant. An analytical model is proposed to represent the magnitude of 

the friction forces and the influence of the hose pitch and helical radius. Both cases 

(extraction and insertion) are considered. The model shows clearly the increase of friction 

during the rod retrieval phase when a tension is applied to the rod.
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Chapter 1 -  Introduction to Flow Induced Vibration

1.1 Introduction

Ocean engineering has gone through major innovations over the past 50 years and the 

offshore oil industry has mostly contributed to the development of subsea equipments. Risers 

designed to carry out drilling operations or to produce oil, umbilicals which control subsea 

tiebacks and mooring lines which keep the vessel or the platform at a steady location are all 

characterised by a slenderness aspect and are then subjected to geometrical deformations 

under the action of the environmental forces. Hydrodynamic loading is due to the current 

acting along those cylindrical structures and to wave excitation. In the case of floating units, 

surface vessel motions create an extra source of excitation.

Hydrodynamic loading can be decomposed in Inertia and Drag loading:

- Inertia forces include Added-Mass and Froude-Krylov forces. The Added-Mass force is 

caused by the pressure gradient due to an accelerating fluid around a still structure or to a 

submerged body in motion in a still fluid or due to an accelerating body in a non-steady flow. 

The Added-Mass force takes into account the acceleration of the volume of fluid that is either 

being displaced or occupied by the submerged body. The Froude-Krylov force is due to the 

acceleration field that a submerged body encounters in a non-steady flow.

The Froude-Krylov force is equivalent to the buoyancy force where the gravity field is 

replaced by the fluid acceleration field. The Froude-Krylov force is non-existent in the case 

of a still fluid or in the case of a constant velocity flow.

- Drag forces or In-Line forces result from the flow disturbances due to the presence of the 

structure. Drag forces are proportional to velocity squared.

In the case of a subsea flexible subject to current loading or/and wave excitation, the 

boundary layer is in a turbulent regime which causes a pressure gradient around the cylinder. 

Oscillating in-line and transverse forces can result and if the frequency of vortex shedding is 

close to a structural natural frequency then large oscillations can develop.
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Morison’s formulation (Morison et al, 1950), sums up the inertia and the drag component of 

the in-line hydrodynamic loading of a fixed cylinder subject in a flow field which is assumed 

to be perpendicular to the cylinder:

A dt 2 (1.1)

p  : Sea water density 

Q  : Added-mass coefficient

D  : Cylinder diameter 

u : Water particle velocity 

Cg : Drag Coefficient

Note that the Froude-Krylov force is taken into account by adding 1 to the added-mass 

coefficient: . The water particle velocity u is taken as the horizontal component and the

convective accelerations terms are often ignored. It can then be assumed that 

du/dt — d u jd t . (Sarpkaya, 1981)

In the case of near tangential flows, Lighthill (1960) proposed in the early 60’s a more 

correct physical description of the hydrodynamic force when the flow is tangential to the pipe 

compared to the Morison equation which was originally derived for piles subject to normal 

flows. See also Quiggin (1994) and Jang (1996).

In order to predict the behavior of a cylinder subject to fluid flow, it is generally accepted that 

two research areas have evolved (Halse, 1997, Benaroya & Wei, 2003). Some researchers are 

primarily interested in understanding how the flow is affected by the presence of the cylinder, 

others try to predict the response of the structure (how the structure will respond due to fluid 

loading).

This thesis is restricted to the study of the structure’s response only. Extensive literature 

exists on this topic. The flow-induced vibration phenomenon is described since the first ages 

of humanity in sacred texts. It is only in the 19* century that Vincenz Strouhal did significant 

work in this field. The purpose here is not to survey extensively all the work achieved since 

the first scientific approach of flow-induced vibration, but to present a summary of the main
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achievements by the most significant contributors first before focusing on the latest 

developments of vortex-induced vibration theory.

1.2 Review of previous work

1.2.1 Vortex Shedding

In 1878, Vincenz Strouhal, the first to adopt a scientific approach, established the “Strouhal 

relation” when he observed that Aeolian tones were proportional to the wind speed and the 

wire thickness. This relation describes the interaction between the shedding frequency, the 

diameter of the cylinder and the fluid velocity.

St =. f s D
U

(1.2)

St : Strouhal Number 

: Shedding frequency

D : Cylinder diameter 

U  : Flow velocity

The physical description of vortex shedding is the following:

As the fluid is flowing around the cylinder, the particles separate into two layers whose 

evolution depends on Reynolds Number. Reynolds Number for a circular cylinder is defined 

as (Schlichting, 1987):

U  : Flow velocity 

D  : Cylinder diameter

Re =
inertia force _ U  D 
viscous force u

(1.3)
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u is the kinematic viscosity defined as: 

p

where fj, is the fluid viscosity and p  is the fluid density.

Strouhal Number variation with Reynolds Number is shown in Fig 1.1. See Lienhard (1966).

Fig 1.2 presents the different flow regimes across circular cylinders according to the 

Reynolds number range.

At high Reynolds number (>10^), what is of particular interest, is that those free shear layers 

roll up into vortices as shown on Fig 1.3. Theodore Von Karman (1912) did significant work 

on the vortex pattern and has given his name to what is called the vortex street as shown in 

Fig 1.4. He found that the stable arrangement is achieved when the two rows of vortex 

behind the bluff body are staggered.

Pressure variation occurring in the wake of the cylinder lead hydrodynamic forces to act on 

the cylinder. Hence a flexible cylinder like a riser or an umbilical is subject to vibrations. See 

Sarpkaya (1979, 1981).

1.2.2 Vortex Induced Vibration (VIV) Theories

1.2.2.1 Harmonic model

Let us now introduce different approaches of vortex induced vibrations which has been 

developed over the last 30 years.

One of the first methods to model VIV was to represent the cylinder/fluid interaction as a 

spring-mass-damper system. The oscillating transverse force applied being modelled by a lift 

force defined as:

P l = s in (o /)  (1.4)
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The equation of motion of the cylinder is then:

mÿ + 2m(^C0yÿ + ky = ]^pU^DCj^ûn{cûJ:) (1.5)

m : Mass per unit length

y  : Displacement of the cylinder from its equilibrium position

Ç : Structural damping factor

k  : Spring constant 

p  : Sea water density

U  : Flow velocity 

D  : Cylinder diameter 

: Lift coefficient

: Circular vortex shedding frequency

Generalisation of this method both for in-line and transverse response has been later 

proposed by Rajabi, Zedan, Mangiavacchi (1984) and Ferrari (1998).

1.2.2.2 Wake Oscillator model

In 1970, Haïtien & Currie proposed a wake oscillator model for transverse vibrations using 

Van der Pol equations. This formulation was originally found in Mechanics and Electricity. 

Iwan & Blevins (1974) obtained the same formulation but using a “hidden” fluid 

variable IV which is the weighted average of the vertical component of flow within the 

volume control. The model parameters (Van der Pol coefficients) are determined from 

experimental data.

The set of equations are:
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(1,7)

Where:

a  , /  : Van der Pol coefficients 

^  : Material damping

f
Qq = —  : Normalised frequency 

fn

: Lift coefficient 

X  : Vibration amplitude 

B  : Interaction parameter

The wake oscillator model is still of interest in the scientific community and has been applied 

in the case of two cylinders in tandem arrangement. See Facchinetti et al. (2002) in this 

regard. An extension to 3D has been achieved by Facchinetti, De Langre and Biolley (2001).

Different expressions have been proposed for the maximum resonant amplitude;

Sarpkaya (1979) gives the most general expression for the vibration amplitude:

0.44/
D/max A. + 1 1 .9 4 ^ /

0.3+
A +11.94& (1.8)

where:

0____________

\ i / / \y )d y
(1.9)
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y/{y) : Mode shape 

Sq= — - Strouhal Number

; Longitudinal spacing between two vortices 

D : Cylinder diameter

P

: Structural damping

Iwan (1975, 1981), Blevins (1977), Iwan & Blevins (1974), Griffin & Ramberg (1982) 

developed similar expressions but using different damping formulations. An accurate 

modelling of the damping effect, both structural and hydrodynamic, is a key element for the 

correct prediction of the amplitude of vibration. Recent works include Fang (1991), 

Venugopal (1993), Vikestad, Larsen and Vandiver (1998).

1.2.2.3 Statistical approach

Benaroya and Lepore (1983) developed a statistical model which is the only one in the 

literature. The flow oscillator concept defined by Haïtien and Currie (1970), using Van der 

Pol equations, was redefined for stochastic processes. Equations (1.6) and (1.7) were then 

rewritten as:

x{t) + 2(^co^x{t) + 0)]x{t) = Q  {t)pV^ (0  DL/ 2m 

C ,(t) + { a - /} C l( t )  + rC^,(t)C,(,t) + a>lC,{t) = bx(t)}
(1.10)

These equations were considered as stochastic differential equations because of the many 

unpredictable random effects that determine the fluid loading and the structure response.

In a more recent publication (2003), Benaroya & Wei presented the application of Hamilton’s 

principle for fluid structure interaction. This followed the works of Mclver (1973) who 

included the concept of volume control in Hamilton’s Principle using the Reynolds transport 

theorem.
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1.2.2.4 Computational Fluid Dynamics

These days, fast computing capabilities allow the use of Computational Fluid Dynamics 

(CFD) using the Navier Stokes equations. See Schulz & Kallinderis (1998), Biolley & Le 

Cunff (1999), Herfjordj et al. (1998), Willden & Graham (2000). Solving hilly the Navier 

Stokes equations is achievable (Direct Numerical Simulation) but remain applicable only to 

research projects. The “strip” theory is an alternative method which reduces the 3D Navier 

Stokes equations to 2D at each cross section along the span. Fluid structure interaction is 

achieved by coupling the hydrodynamic loads with a structural Finite Element Model.

1.2.3 Experimental data from in service subsea flexibles

Only a few comparisons of existing theoretical models with measured data of in-service 

risers/umbilicals had been done until the late 1990’s. This type of project still seems to be 

very confidential in the industry and only few reports are available in the scientific 

community.

However in the last 5 years full scale measurement projects have increased. Some 

gravitational matters in the data acquisition process have not yet enabled to have 100 % 

reliable data. See Kaasen et al. (1998). Data acquisition campaigns which aimed to measure 

acceleration at different node locations highlighted the effect of gravitation contamination in 

the measured signal. Kaasen (2001) has proposed a modal estimator which takes into account 

measurement errors due to gravity and which enables prediction of the most suitable sensor 

locations

The Norwegian Deepwater Program (NDP), formed in 1996 by a consortium of oil 

companies being awarded deepwater licenses on the Voring plateau, has been very active in 

the VIV data acquisition of operating risers. See Halse (1998) and Kaasen (1998).

Another substantial data acquisition campaign was carried out in 1996 in the Danish sector 

(Tyra Field) of the North Sea. See Thomsen et al. (1996).

In 1999, in the framework of the STRIDE project, different “blind” VIV predictions were 

compared to measured VFV data of the Allegheny steel catenary riser in the Gulf of Mexico. 

This project was a “First” in the sense that researchers had to predict the amplitude of 

vibration as well as the modes being excited just knowing the current profile and riser 

characteristic without having access in the first instance to the measured data.

1.2.4 Current research trends
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Researchers have recently concentrated on the interaction of the modes being excited in the 

plane and out of the plane of the riser. Larsen et al. (1994, 1997) conducted a series of 

experiments in order to improve the understanding of multi-modal response. Two series of 

test were performed; the first focused on frequency interaction and a flexibly supported 

cylinder was simultaneously excited by vortex shedding and spring support motions, the 

second dealt with a long flexible cylinder in sheared current. A main observation has been 

that several modes were present even if the response was happening at a single frequency. 

Lie et al. (1997, 1998) added that a shift of the dominating mode occurred in some cases 

without any change in the frequency response. With the increase of deepwater developments, 

more work has to be done concerning the response of structures whose main source of 

excitation is primarily the current rather than the wave excitation whose effect remains at the 

upper part of the cylinder. For this purpose, Vandiver (2000) proposed the use of the Kurtosis 

as a tool to detect single frequency lock-in. Transverse acceleration data were processed 

covering a span of eleven days and single-frequency response was detected by the decrease 

of Kurtosis from 3 to 1.5. It will be later referred to the use of Kurtosis in Chapter 4.

Researchers are also focusing on the analysis of the frequency content of the measured 

response. The use of complex modes suggested by Moe & Amsten (2001) considers general 

phase differences occurring along the structure. However, no comparison of such method 

with experimental data has been carried out yet. Sparks (2001) looked at the transverse modal 

vibration analysis assuming no flexural rigidity claiming this one has little influence (except 

for higher modes) on the natural period of lateral vibrations of a vertical weightless riser. 

Larsen et al (2001) developed an empirical model based on energy balance. This model is 

valid only for unidirectional flow. Le Cunff et al (2003) carried out a series of laboratory 

experiments on a tensioned cable and compare the experimental results with a CFD approach 

and a modal approach. Both approaches predicted accurately the dominant frequencies.

In order to suppress vibrations of the risers/umbilicals so as to decrease the impact of such 

vibrations on the structure’s integrity, different devices, some on an empirical basis, have 

been designed. A new approach is proposed by Fernandes et al. (2000) using porous 

cylinders. Experimental data in the open literature for VIV suppression devices are very 

sparse; Huse & Saether (2001) have recently undertaken a series of laboratory experiments to 

measure lift coefficients for cylinders fitted with strakes which have clearly shown a 

significant reduction of lift for strake height of 15% of the cylinder diameter.

Vikestad (2000) carried out experiments to investigate the influence of the flow regime on 

the response and found out that wave excitation combined with an oscillatory flow decreases 

the response amplitude. It will be referred to those results later in Chapter 3 when it will be 

focused on the influence on wave excitation on the global vortex induced vibration response.
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Humphries (1987) carried out a series of experiments in sheared flow on a vertical specimen. 

Humphries found out that the influence of shear velocity profiles reduces the value of the 

critical Reynolds number and the peak amplification of the drag coefficient.

Another area of research concerns the variation of added-mass coefficient for an oscillating 

cylinder in a non-steady flow. Laboratory test have been conducted by Vikestad et al. (2000). 

A better understanding of the added-mass is required so as to predict accurately the natural 

frequencies of the structure. Larsen (1997) observed that the added-mass exhibits a 

significant variation as a function of the reduced velocity. Vikestad (1998) confirmed this 

dependence of the added-mass coefficient with reduced velocity and showed that negative 

values can be found for high reduced velocity, zero added-mass for reduced velocity equal 8 

and very high added-mass coefficients (=  4) for low reduced velocities.

Hybrid methods using CFD and analytical-empirical models have been proposed by Dalheim 

(2001) and Oliveira and Sphaeir (2001) in order to reduce computation time which can 

become significant for real structures with high aspect ratio and were numerous modes are 

likely to be excited. Those hybrid methods are not coupled CFD-empirical methodologies. 

They “simply” separate the structure into two domains of analysis, one region corresponding 

to a CFD analysis, the other one to an empirical model.

Govardhan and Williamson (2002) carried out a series of experiments on transverse vibration 

of a cylinder with no structural restoring force. They found out that large amplitude 

vibrations can occur if the critical mass ratio is less than 0.54 regardless of the reduced 

velocity. This is seen to be as an important contribution to the area of research as previous 

experiments had shown that only vortex-induced vibrations can occur in a range of reduced 

velocity comprised between 4 and 10 (Griffin & Ramberg, 1982). Vandiver & Marcollo 

(2003), investigated high mode vortex induced vibration excitation and confirmed the 

importance of the mass ratio parameter. They showed that the maximum achievable mode 

number depends on mass ratio, length to diameter ratio and the maximum allowable angle of 

departure from vertical at the top end. Their experiments consisted in towing a flexible 

cylinder with a weight at the bottom end. They observed that modal overlap in lock-in 

regions depends on mass ratio in uniform flow but not in sheared flow.

Although a significant number of papers has been published in the field of vortex-induced 

vibration, it seems that the knowledge of multi-modal interaction remains unknown for 

complex systems. Triantafyllou (2003) noted that “for multi frequency response the 

underlying theory is missing, while the experimental database is not available yet”. Some 

accurate predictions have been obtained for simple configurations at laboratory scale and in 

the case of mild shear currents. Sarpkaya (2003) in his “critical review of the intrinsic nature
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of vortex induced vibration” makes no mention of the current knowledge of multi-modal 

interaction.
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Figure 1.1 - Strouhal number vs. Reynolds number for circular cylinders
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Chapter 2 - A Vortex Induced Vibration Model

2.1 Introduction

The model used herein originates from research work carried out in the Department 

of Mechanical Engineering at University College London by Lyons (1986a) for tensioned 

risers and tethers and subsequently by Fang (1991) for flexible risers. The model is based on 

a modal decomposition approach and therefore requires that the response of the structure be 

spatially correlated. The engine for the modal amplitude calculation is based upon that 

provided by Iwan (1981). It is an energy balance method which accounts for amplitudes of 

vibration which are limited by hydrodynamic and structural damping. The regions which are 

excited by one or few modes of vibration can be seen as “power-in” regions whereas the 

other regions act as power dissipation regions. In other words, the hydrodynamic damping 

occurs only in the regions which are not regions of excitation. The hydrodynamic damping is 

based upon use of a drag coefficient (rather than a lift coefficient formulation). It is iterative 

in nature in determining the resultant amplitude of modal vibration. The model produces 

results using a time-stepping simulation using modal vibration estimates built on a semi- 

empirical formulation originally described by Iwan (see section 2.2). These modal estimates 

are combined in the time domain (superposition) to provide the responses at any location on 

the riser. From these displacements it is straight-forward to derive acceleration, curvature, 

and hence bending stress. These are available as time series (time histories) at any specified 

locations, as well as plots of root mean square (rms) and maximum levels at effectively all 

positions along the riser. The scheme used enables analysis of steady and non-steady flows. 

Standard features allow for responses owing to regular waves, vessel motions, and sheared 

current. There is no restriction on the way in which the current may be sheared. The analysis 

is however limited to consideration of responses for which lock-in occurs. It is also restricted 

to considering the response as either transverse or in-line to the flow direction (and VIV 

exciting flows are separately considered as the components of flow in-line or normal to the 

principal planes of vibration). Generally the transverse VFV response is greater than the in

line response and the later one will not be addressed in this thesis.
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2.2 A semi-empirical model

2.2.1 Model definition and Background

The following assumptions concerning the flow and the structure response are made:

Flow is inviscid which provides a good approximation for the flow field outside the 

near wake

Existence of a well-formed vortex street with a well defined shedding frequency 

Vorticity is generated only in the near wake of the cylinder 

Flow and structure are assumed to be two-dimensional and can be non-uniform.

The force exerted on the cylinder by the flow depends only on the velocity and 

acceleration of an average flow relative to the cylinder 

Transverse vibrations occur when the plane of vibration is normal to the flow 

In-line vibrations occur when the plane of vibration is in the plane of the flow 

Drag and added-mass coefficient are respectively set to 1.2 and 1.0

Strouhal number is fixed at 0.2 (smooth cylinder, Reynolds number less than 10  ̂ in 

the case of the risers and umbilicals presented in this thesis)

The model is based on the work by Iwan and Blevins (1974) and Iwan (1975, 1981). 

The structure is represented by a collection of uniform cables (of possibly different 

diameter) with attached point masses as shown on Fig 2.1. The extreme ends of the 

cable system are assumed to be fixed. Tension is constant as variations of tension due 

to VrV are assumed to be small. Iwan and Blevins demonstrated the use of a hidden 

flow variable z{x,t) which is coupled to the structural motion (x is  the position along 

the length and t is time). This hidden flow variable represents the fluid structure 

interaction. The variable z(x,t) is defined (Iwan, 1974, 1975) so that J  = â p̂D̂  dzjdt 

where J  is the transverse fluid momentum in a control volume of infinite extent 

surrounding the cylinder, being a dimensionless constant of proportionality.

If y (x ,t)  is the transverse displacement of the elastic system from equilibrium and d z /d t  

the weighted average transverse velocity of the coupled flow, then the fluid may be modelled 

by:

+  ^5 ^ =  <̂ 3 “  (2 1)
( 5zV

— — + or, —
j
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where or,, are dimensionless model parameters determined from experiment and is 

the pulsation frequency of vortex shedding given by:

CÙ, = 'InS (2.2)

where S  is Strouhal number, U  is flow velocity and is structure diameter.

The fluid oscillator represented by (2.1) maybe be coupled to various one dimensional elastic 

systems. However, consideration is limited here to elastic systems described by the one 

dimensional wave equation. A structural system constituted of a collection of uniform cables 

with attached masses (Fig 2.1) may be represented by the single equation of motion (Iwan, 

1981):

dz dy 
dt dt

(2 3)

where m{x) is the mass per unit length of the cable including added-mass and concentrated 

point masses, / ( x )  is a function which accounts for the cable internal damping and cable 

fluid drag damping, is a flow model parameter and 5(x) is defined as below:

J1 for portions of stmct. where vortex shedding is locked-in to the structural motion 1
[0 for portions of struct, where vortex sheddingis not locked-in to the stmctural motion]

Equation (2.3) is not restrictive to vertical structures and can apply fully to catenary shapes 

since the only difference is the variation of top tension. In the case of more complex shapes 

such as lazy-wave, lazy-S, steep-S, steep-wave configurations, the presence of buoyancy 

modules or buoys lead to buoyancy forces and the application of equation (2.3) is then 

questionable as those buoyancy forces are not taken into account. However, as it will be 

mentioned in section 3.6, the buoyancy modules and the buoys are likely to disrupt the 

formation of vortices and the catenary part could be considered as the only section leading to 

VrV. Application of equation (2.3) could be then considered as a good approximation in the 

case of those more complex shapes.

The natural fi*equencies of oscillations and corresponding mode shapes are computed 

by any numerical technique. If is the natural frequency and (%) is the mode shape for 

the nth mode, a solution of (2.1) and (2.3) is:
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= (2.4)
i=\

= ^<^i(x)z.(0  (2.5)
/=1

where y.(t) and z (^) are time-dependent modal coefficients. Assuming that internal and 

external damping of the structure can be represented by a modal fraction of critical damping 

and substituting from (2.4) and (2.5) into (2.3) and using the orthogonality of mode 

shapes, the structural response is then:

(2 6)

with:

^ , = 4 --------   (2 7)

C = C + —  (2 8)

The parameter is an effective mass ratio. For a uniform cable with fully locked-in flow, 

is simply the cable length density. When lock-in takes place over only a portion of the

structure, the effective mass is seen to increase over its fully locked-in value. Added

concentrated mass will also increase the effective mass.

It is assumed that the stmcture is oscillating in its nth mode such that:

y(x, t) = Y„ (x) cos(û)J + (/>„ ) (2.9)

and:

) ; ( 4 - f . ( 4  (2.10)

where (%) and (j)̂  (x) are the local amplitude and phase of the oscillation.
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The drag force opposing transverse oscillation is given by:

= \ c ^ { x ) p D ( x ) [ v ^  + ( Y , t o „ f  c o s \ o > j ) f  Y„co, c o s { o ) „ t  +  <t>J (2.11)

where (%) is the drag coefficient of the system component at location x , D{x) is the

cylinder diameter, V is the flow velocity. It is noted that the drag coefficient is considered 

independent from Reynolds number. By using an energy balance (Iwan, 1972), the effective 

damping coefficient per unit length may be shown to be:

c{x) = C ^pD
'in

a  y 1 + 2 +
V

E ( k ) - K ( k )

(2,12)

where:

k =
" /  ^  \ 2~

V
1 +

- 1/

(2.13)

K{k)=  (l/ — sin^ 6) do  and E{k)= y/l — k^ sin^ 0 dO are complete elliptic

integrals of the first and second kind respectively. If the flow velocity V is the velocity 

U  associated with vortex shedding on the active portions of the cable and if cô  = , then

I ttS
(2.14)

If there is no flow over the inactive element, V = 0.  Hence the damping coefficient 

c{x) may be expressed as:

c(x) =

CopD\
\ i n ) 2 J

f - 1
(CopD\

.V3;rjI  2 J

1+ 2+ E(k)- s V^O

^ = 0

(2.15)

In all of the above expressions, it is reminded that are functions of x .  The

functional notation has been suppressed for brevity. Fig 2.2 shows the normalised effective 

damping as a function of /D^ with S = 0.2 . For values of /D^ less than 1, the effective 

damping coefficient resembles that of a purely viscous damped system. For values
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/D^ greater than unity, this coefficient resembles that for velocity square damping. The

case K = 0 is seen to represent a lower bound on the damping coefficients and thereby leads 

to an upper bound on response amplitude. This case is used for the remainder of the 

development. The case where /D^ «: 1 leads to linear damping.

The total structural damping is given by:

2o)_

^ c { x ) [ \ - s { x ) ] ^ l { x )d x

f  m{x)^l{x)dx
(2.16)

The dependence of the numerator of (2.16) causes the effective structural damping to 

increase as the spatial extent of lock-on decreases or as concentrated masses are added. By 

definition, s{x) = 0 for all attached concentrated masses and inactive cable segments. Hence 

the integral in the numerator of (2.16) becomes a summation over all concentrated masses 

and all cable segments which are not locked-in. Addition of concentrated masses to an 

otherwise uniform cable system has two effects; The damping tends to be increased by the 

inclusions of added contributions to c(x) but tends to be decreased due to the increased 

contribution of w (x ). The overall result is determined by the relative magnitude of these two 

effects. It should be pointed out that the solution form of equation (2.10) is valid only as long 

as the extent of excitation of the system is such that the response is in the shape of a 

particular mode. If the extent of vortex-induced excitation is small in comparison to the 

length of the system and if the damping of the system is large, the travelling waves in the 

system may die out before they have a chance to combine and form standing waves. In this 

situation a different approach should be used.

2.2.2 Modal prediction

Assuming that the hidden flow variable z ( a : , / )  is a simple harmonic function of 

time, that there is no coupling between terms in the modal expansion for z{x,t) , and using 

harmonic balance, Iwan (1975) showed that the amplitude of vibration for a lock-on mode 

can be approximated by:

(2.17)
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where /„ is a mode shape factor for a uniform system but may differ significantly from its 

usual value for a non-uniform system. /„ is defined as:

{m{x)^'^{x)dx
 :  (2 18)

{x)dx

The amplification factor which depends on the effective mass ratio //J and the structural

damping may either be expressed in terms of the model parameters defined

in section 2.2.1 or derived from past experiments (normalised amplitude vs. structural 

damping) for reference systems such as rigid cylinders, pivoted rods, cables, simply 

supported beams, cantilever beams in different modes. is defined as:

F „ = [ l - h 9 .6 ( /^ ;c y * r  (2.19)

The effective mass ratio is:

The effective mass is:

im (x ) f„ (x )dx  
    (2.21)

Where:

f 1 for portions of struct, where vortex shedding is locked-in to the structural motion] 
otherwise }

The total damping which is the sum of the internal damping and hydrodynamic damping is 

given by:

(2.22)

30



The hydrodynamic damping is:

\[Cd {x )pD^ (x )Ii -  {x)\^dx
2D,
2)71

^m{x)^ l{x)dx ^m{x)^l{x)dx
K

(2.23)

Hydrodynamic damping is calculated only for regions which are not “locked on”. Equation 

(2.19) and (2.22) must be solved simultaneously for the amplification factor or the

effective damping so that the amplitude of response may be determined from equation

(2.17). The drag coefficient is fixed in the model although this one depends on the amplitude 

of vibration and the flow regime. Griffin (1982) gives the following formulation:

CD _
Cr

1 for  <\

With the wake parameter defined as: =
V s

(2.24)

(2.25)

A schematic diagram representing the different steps of the model is showed on Fig. 

2.5. The program is run for each natural frequency of the structure. The structure is divided in 

11 regions where the reduced velocity is calculated to determine the regions of excitation. If a 

region is locked-on a particular mode, this means the structure vibrates at one of its natural 

frequency ( f  = f^). The reduced velocity parameter is defined as:

V_ =
U

U  : flow velocity, : Structural natural fi-equency, : Cylinder diameter

(2.26)

If the reduced velocity is in the range [4 -  10] (Fig. 2.3) then the cylinder is subject to 

excitation. This range [4 -  10] has been identified by Griffin & Ramberg (1982) where 

transverse oscillations of a bluff body can occur. It has been observed experimentally that 

oscillations initiate at a value of approximately 4, reach a peak at 6, and cease at 10. In the 

case of in-line response, the reduced velocity must be in the range [1 -  2] or [2.2 -  2.7] (Fig. 

2.4). It will be later referred (section 6.3.4) to the works of Govardhan & Williamson (2003)
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who recently demonstrated that the upper boundary for reduced velocity is a function of 

critical mass ratio for transverse oscillation. The range of reduced velocity [4 -  10] used in 

the present model might then be too restrictive.

Iwan’s scheme is applied to the whole section. The maximum modal amplitude is calculated 

using Iwan’s formulation (1975):

r /D  = x / [ l  + 9.6 /;?)'■*] (2,27)

Where y  is defined as:

;r== fmaxO://) X 7-----------  (2 28)
^ ^ \ x ) d x

and ^{x  / /) is the mode shape over the span, 

is the reduced damping:

Where Ô is the logarithmic decrement of structural damping ^  ;

8  = (2.30)

The maximum modal amplitude is then modified by an amplitude multiplier corresponding to 

the reduced velocity range since the maximum modal amplitude corresponds to the peak 

resonant amplitude at a reduced velocity of 6.0. The structure is moved incrementally 

through each time step Time series at 11 locations along the member are then produced 

which include a decay of vibration due to structural damping, and a random change of phase 

of vibration if a mode becomes inactive. There is a balance between struetural/hydrodynamie 

damping and excitation for each region. Regions which are not excited act as 

struetural/hydrodynamie damping regions only.
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2.2.3 Mode Priority Scheme

A main feature of the model is to have a mode priority scheme. The need for such a 

scheme appeared when Lyons (1986a) carried out tests on a tether in the UCL tank. For the 

lower tension case, many modes were excited and the predicted response (without mode 

priority) was overestimated. It became clear that a modal selection should be implemented. 

The foundation of the mode priority scheme is presented in Fig. 2.6. The current is assumed 

to increase from the sea bed to the sea level. The lower end is pinned and the upper end 

allows free rotation and displacement. As the upper end is free to move, it is assumed that 

higher modes may develop in the upper part of the structure whereas lower modes may 

develop in the lower part. The assumption according to which the current should be greater at 

the sea level than at the sea bed was based on the general current profile knowledge at that 

time but recent surveys (Jeans & Feld, 2001) have shown the strongest current velocities can 

also be found at mid depth. Fig. 2.7 shows the mode priority scheme. When the mode priority 

is set as active, only one mode per region is excited whereas several modes can be combined 

when the scheme is set as inactive. Mode priority appears to be more applicable when a few 

modes may be excited like in the case of top tensioned risers. In the case of catenary risers 

and lazy-wave umbilicals, the mode priority scheme seems inappropriate as it will be shown 

later.

2.2.4 Time-series

At selected nodes, the vibration amplitude is multiplied by a sinusoidal function which 

generates times series. The vibration amplitude values for each mode are combined to obtain 

the overall vibration time history. The displacement, acceleration and bending stress time 

series are then used for fatigue damage calculation purposes.

2.2.5 Wave excitation

Top oscillations caused by wave excitation (and/or surface vessel motions) can be 

taken into account through an additional flow velocity component and a change of phase. The 

assumption is made that the vortex shedding is based on the instantaneous flow velocity. The 

components of water particle velocity are calculated according to linear wave theory and 

added to the current velocity. The effect of waves is similar to those of surface vessel
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motions except that the relative horizontal velocity between the structure and the wave fluid 

decays exponentially with depth rather than linearly.

2.2.6 Surface vessel motion

It has been considered by the model originators (Lyons and Patel) that the surface 

vessel motions could have an influence on the VIV response. They suggested that the surface 

vessel velocity could be added to the top node water particle velocity as a simple 

representation of such effect. It is questionable to know if the surface vessel motion has a real 

impact on the response of the stmcture. This option was tested throughout this study but no 

significant conclusion can be made as a strict comparison (setting in the model inputs only 

water particle velocity due to vessel motion and no current) with experimental data (waves 

and no current) was not possible.

2.2.7 Implementation

VIV ALL is a suite of VIV prediction programs written in Fortran. Four modules within 

VrVALL which account for various riser configurations are available:

■ VTWER: Vertical risers which may be top tensioned

■ VTVLW: Lazy Wave catenary flexible risers

■ VTVLS: Steep-S catenary flexible risers

■ VTVSCR: Steel Catenary Risers

The VrVSCR module is derived fi’om the slightly more sophisticated VIVLW (Lazy Wave) 

which takes into account the increase of diameter and added-mass of buoyancy modules. The 

program has the capability of predicting:

■ Modes being excited

■ Amplitude of vibrations

■ rms Displacement and Acceleration

■ Bending stress

■ Displacement time series

■ Bending stress time series

■ Fatigue damage calculations

Fatigue life calculations use Miner’s mle based on the summation of each modal estimate 

derived from the relevant S-N curve.
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The program inputs are:

■ Current profile data (20 locations)

■ Riser characteristics (Diameter, Youngs Modulus, logarithmic decrement for each 

mode)

■ Geometric description of the structure

■ Modes shapes and natural frequencies of the riser

It has to be pointed out that top tension is not an input as such in the model; VIV ALL uses a 

modal analysis derived by Iwan, which takes the output from the finite element program 

REFLEX which generates the geometric description, the mode shapes and the natural 

frequencies of the structure. There is no tension dependency within VIV ALL other than the 

condition for a consistent geometric stiffness matrix within REFLEX.

REFLEX is a frequency domain finite element model software developed by Baradaran- 

Seyed (1989). It has a 3D capability and is based on a set of reformulated governing equations 

for the effects of hydrostatic pressure forces on the riser element at any orientation. The static 

analysis uses a non-linear large deflection technique to compute the pipe profile at rest under 

the action of steady environmental loads. The effects of self weight, current drag, internal and 

external pressure forces, internal flow and mass or buoyancy attachments are considered. 

Additionally, the facility is provided for fitting user prescribed end-angles to the pipe. The 

dynamic analysis in the frequency domain is capable of analysing the riser response in regular 

sea states. The regular wave model is based on a non-linearisation of drag forces involving a 

curtailed expansion of this force into its components. The irregular wave model is, in contrast, 

based on a stochastic frame invariant linearisation of the drag force across the frequency 

spectrum.

35



fi h Cj

Figure 2.1 Cable Systems with non-uniform segments and attached masses

(Iwan, 1981)
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Figure 2.2 Effective viscous damping coefficient for oscillatory motion in a cross flow

(Iwan, 1981)
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Figure 2.7 - Mode Priority Scheme
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Chapter 3 -  Comparison o f  VIV theoretical predictions with the 
measured response o f  a lazy-wave umbilical

In this Chapter, the model presented in Chapter 2 is applied to the lazy-wave 

Foinaven Umbilical and a comparison with measured curvature data is carried out for selected 

records between June and September 1997. The aim of this chapter is to provide a discussion 

on the validity and applicability of the model used.

3.1 Introduction to NDP cases studies

The Norwegian Deepwater Program (NDP) was created in 1996 by a group of deep water 

licences in Norway in order to carry out cost effective preparations for safe and efficient 

drilling and field development. The Umbilical Guidelines activity included a VIV study of 

the Foinaven umbilical (Lyons et al, 2000). Data sets fi"om the Foinaven Umbilical 

Monitoring System (FUMS) were selected in 1997 which cover a broad range of current and 

sea states. The FUMS is presented in detail in Chapter 4. Table 3.1 and 3.2 present the four 

current and sea state cases which have been considered;

Case current sea state

Dla no current calm

Dlb medium calm

D7 strong low

D8b strong medium

Table 3.1 - NDP cases, current and sea state conditions
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Case & Filename Date & Time RMS Heave (m) 

Hs (m)

Maximum current 

(m/s)

D la

Y97A155U

June 4, 1997 

14:38

H = 0.04 

Hs ^ 0.8 m

< 0.1 m/s

D lb

Y97B156P&Q

June 5, 1997 

09:25, 09:35

H = 0.04 

Hs = 1.9 m

0.66 m/s

D7

Y97A161A

June 10, 1997 

14:10

H = 0.16 m 

Hs = 2.4 m

0.86 m/s

D8b

Y97A256U

Sept 13,1997 

05:10

H = 0.72 m 

Hs = 7.1 m

0.84 m/s

Table 3.2 - NDP cases, rms heave, Hs and maximum current velocity

These cases have been examined further by the author and comparison made with VIVLW 

(Lazy-wave version of the VIV ALL) simulations. Curvature data for each case was 

processed using MATLAB in order to analyse the frequency spectrum. Predicted curvature 

for each case was computed by the theoretical model presented in Chapter 2. A comparison 

between the measured and the predicted response is presented.

3.2 Spectral analysis procedure

3.2.1 Measured curvature

The measured curvature is composed of different components:

■ Static component due to geometrical shape

The curvature sensors are located in the bend stiffener area where the umbilical is 

designed to be reasonably straight in the zero offset position so the static component due 

to the geometrical shape is negligible.

■ Dynamic component due to current

The current acting along the span of the umbilical leads to variations of curvature along 

the span of the umbilical. The current is also the main source of VIV excitation.
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■ Dynamic component due to waves

Waves create a source of excitation at the top part of the umbilical and can lead to significant 

curvature of at the top part of the umbilical. Wave excitation may also induce VIV.

■ Dynamic component due to surface vessel motions

High-energy waves can lead to significant surface vessel motions and then to an increased 

amount of curvature at the top part of the umbilical. The exact relative influence of heave, roll 

and pitch is not yet known. This would require the analysis of records where no current is 

flowing and with a significant amount of vessel motions. Roll is believed to have the most 

significant contribution, as the natural period in roll is greater than the one in pitch. However, 

in rough weather, monohull vessels like FPSOs (Floating Production Storage & Offloading) 

try to maintain head-seas position so pitch could has a significant influence on curvature.

■ Dynamic component due to mooring

Surface vessel excursions due to the mooring can also increase the curvature level again 

principally in the upper part of the structure.

In order to retain only the components owing to VIV due to current excitation, raw curvature 

data were high-pass filtered at 0.25 Hz using a 9-pole Butterworth filter. 0.25 Hz has been 

identified as a sensitive cut-off frequency to consider the VIV frequency range due to current, 

waves and surface vessel motions having larger periods above 5 sec. It has to be pointed out 

that waves and surface vessel motions can have an influence on the global VIV response but 

don’t seem to be a source of VIV excitation as such as it will be further discussed in section 

3.3. A Hanning window over 256 points was computed prior to the power spectral density 

computed with 128 samples overlap. Both PSD and commands within MATLAB

were used to have two representations of the power spectral density. The colour scale from 

blue to red indicates increasing frequency activity in terms of power spectral density 

amplitude.

3.2.2 Predicted curvature

Predicted curvature was computed by the VIV model presented in Chapter 2. It is 

implemented in the Fortran code called “VIVLW” developed for lazy-wave configurations. 

Curvature was derived from the displacement time-series at the sensor location L I. (Fig 4.3)

44



The general expression for curvature is:

K =

1 +

Curvature at node n (Fig 3.1a) using a centred scheme is given by:

K { n )  =
dx

f  \
y„+i ~T„-i

V ^ n+l ~  ^ n - l  J z . - z n - 2-
r \ 2 ~ % - 2 ~

] + 1 +
< ^ n + \ ~ ^ n - \  J  ̂ •̂ n+l - V i  J

Fig 3.1b presents the axis reference system and the umbilical orientation. The umbilical is 

orientated at approximately 45 degrees relative to the north.

3.2.2.1 Current profile

Between December 1996 and June 1997, Fugro GEOS (1998) carried out a measurement 

campaign to investigate the current profile at Foinaven Drill Centre 2A. Acoustic Doppler

Current Profiler (ADC?) was deployed from the Stena Dee at location 60^ 20 37.45 N  and

004^ 14 43.31 IF in a total water depth of 474m. The ADC? was configured to measure 

current speed and direction at 16 metres intervals fi-om a depth of 60 m below mean sea level 

to the seabed. Due to the effects of sidelobe reflection in the bottom, the deepest valid 

measurements were collected from a depth centred on 396 m below mean sea level. Data 

were recorded at 10 min intervals.

Two main components of the observed current regime were identified; firstly a long period 

slope current flowing predominantly toward the north-east quadrant, with over 72% of 

directional occurrences. Superimposed on this current was a mainly semi-diurnal tidal flow, 

causing variations in current speed of up to 0.5 m/s over a six hour period. The maximum 

observed current speed was 1.38 m/s, recorded in the uppermost bin at a depth of 60 m below 

mean sea level on 8 April at 21:50 GMT. The magnitude of the current speed reduced with 

depth down to 396 m below mean sea level, the deepest valid measurement bin.
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The Current data (velocity and direction) for the selected periods were selected at 20 

locations required by the VIV prediction code. Instantaneous data (recorded every 10 min) 

have been used to simulate the current profile for the selected curvature record which time 

length is about 7 min. It has to be pointed out that a method based on empirical orthogonal 

functions have been developed recently by Jeans & Feld (2001) to derive extreme current 

profiles from current time series. Current time series are broken down into a set of modes 

which describe a particular vertical coherence. This method takes into account the fact that 

the strongest currents near the surface and near the sea bed can occur at different times. This 

method would be suitable at the design stage of a riser or an umbilical knowing the current 

profile of a given ocean region in order to predict the maximum vortex induced vibration 

response and the associated fatigue damage.

3.2.2.2 Wave data

The analysis was run first simulating the effect of the current only then adding wave 

excitation to simulate the global vortex induced vibration response. However, it was found 

that the addition of a wave excitation component did not have a significant effect neither on 

the modes of vibration being excited nor on the amplitude of vibration. A slight increase of 

the amplitude of vibration was observed. In the model used in this thesis the fundamental 

assumption is made that the frequency of vortex induced vibration is higher than the wave 

frequency load component. This means that vortex induced vibrations can be calculated in a 

steady flow configuration by freezing the wave profile at certain time steps. The slight 

increase of the amplitude of vibration is not in accordance with the experimental results of 

Vikestad (2000) who found out that the wave excitation combined with an oscillatory flow 

decrease the response amplitude. Fang (1991) and (Lyons & Fang, 1992) noted that the 

influence of wave excitation depends greatly on water depth. In deep water the wave particle 

velocity decays exponentially with depth, resulting in a highly sheared velocity profile which 

limits the extent of lock-on regions on a particular mode. In the case of the Foinaven 

umbilical which can be considered to be in a deep-water region, the same effect should have 

been observed but the addition of wave excitation has lead to a slightly larger amplitude of 

vibration.
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3.2.2.3 Mode shapes and Natural frequencies

These were produced by the frequency domain finite element model software (REFLEX) 

developed by Baradaran-Seyed (1989) referred to in Chapter 2. 250 modes were used for the 

analysis which predicts up to the 104* mode being excited. Table 3.3 below presents the 

natural frequencies predicted by REFLEX. Mode 1 to 250 covers the period range between 

0.41 and 56.8 sec.

Mode Number Natural Frequency (Hz) Mode Number Natural Frequency (Hz)
1 1.76E-02 16 1.21E-01
2 2.04E-02 17 1.32E-01
3 3.17E-02 18 1.37E-01
4 3.93E-02 19 1.50E-01
5 4.28E-02 20 1.52E-01
6 4.35E-02 21 1 66E-01
7 5.62E-02 22 1.67E-01
8 6.03E-02 23 1.82E-01
9 7.18E-02 24 1.83E-01
10 7.58E-02 25 1 97E-01
11 8.28E-02 50 3.83E-01
12 8.93E-02 75 5.74E-01
13 9.95E-02 100 7.70E-01
14 1.07E-01 150 1.16E+00
15 1.18E-01 200 1.63E+00
16 1.21 EE-01 250 2.43E+00

Table 3.3 -  Foinaven Umbilical Natural Frequencies predicted by REFLEX

3.3 Spectral analysis of measured curvature

3.3.1 Case D la  - Base case: no current, calm seas

This case was chosen as a reference case as the current is very low and the sea state very 

calm which lead to no source of excitation over the entire span of the umbilical.

Fig 3.2 shows the current profile for this particular case D la and for the following cases: 

Dlb, D7, D8b.

Fig 3.3 shows the power spectral density (psd) of the curvature in the x and y directions. Two 

representations are used; the first representation displays psd versus frequency, and the 

second, frequency versus time.

The unfiltered psd shows a peak at very a low frequency which represents the mooring period 

of the vessel.
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The filtered signal shows a small peak at the cut-off frequency but no particular sign of a 

vibration regime can be observed. The spectrogram is then characterised by a patchwork of 

colours indicating that no particular frequency is being excited over the record period.

3.3.2 Case D lb  - medium current, calm seas

In this case, the current velocity is higher than in the previous case with an average value of 

0.6 m/s between 92 and 396 metres waterdepth.

The psd (Fig 3.4) shows two clear peaks at 0.5 and 1.20 Hz which indicate that those 

particular frequencies are predominant in the response of the umbilical. The spectrogram then 

shows a dark band around 0.5Hz over the record period. However, the peak at 1.25Hz in the 

Y direction visible on the (psd vs. freq) graph cannot be seen on the spectrogram.

3.3.3 Case D7 - strong current, low sea state

In this case (Fig 3.5), the maximum current velocity reaches 0.86m/s and the wave height

2.10 m. The psd shows one clear peak at 0.5Hz for the X component at sensor location LI 

(XLl). This peak is still present in the Y component signal but is not as sharp as in the X 

component. The current for this case is generally 45 degrees (relative to north) which is 

almost in line with the umbilical orientation (Y direction) (Fig 3.1b). Transverse vibrations 

might reasonably be expected in the X direction. The spectrograms for the X and Y 

component show a clear difference of pattern and confirm the higher excitation for the X 

component.

3.3.4 Case D8b - strong current, medium sea state

In this case (Fig 3.6), the maximum current velocity reaches 0.84m/s and the wave height

7.10 m. In this particular case, the sea has built up and then an additional source of excitation 

has to be taken into account. The psd shows one clear peak at 0.7 Hz indicating a shift in 

frequency compared to case D7. The current still presents similar characteristics in terms of 

velocity and direction then the only difference is the influence of the waves acting at the top 

part of the umbilical. The case additionally with greater wave excitation leads to a similar 

level of response in the X and Y directions.
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3.4 Theoretical spectral predictions and comparison with measured data

Figs 3.7, 3.8, 3.9, 3.10 show the different components (high-pass, unfiltered, low-pass) of 

measured curvature time-series for the selected cases. It is also been presented the predicted 

and measured displacement spectra. In order to make a comparison between predicted 

displacement and measured curvature, it was necessary to make a transformation from 

displacement to curvature and vice-versa. In the following, measured curvature has been 

transformed to displacement. Curvature and displacement spectra are linked by the following 

relation:

w h e r e ( / )  is the spectrum of amplitude andiS'^,(/) , the spectrum of curvature at sensor

location i. The transfer function at the sensor location LI obtained with the finite element 

software RIFLEX and RISANA is (Lyons et al., 2000, 2003):

The transfer function is plotted in Fig 3.11

Although displacement spectra have been plotted, comparison with curvature time-series is 

possible as the transfer function is linear.

Measured displacement spectra at location LI are also shown for the X and X components 

whereas predicted spectra are not specific to one particular direction as the analysis has taken 

into account only the current velocity in this particular case. Attempts have been made to run 

the analysis considering the current direction but this has not led to significant difference of 

results. It is reminded that only the current was simulated in those spectral predictions (no 

wave excitation as explained in 3.2.2.2).

In all cases, a peak at 0.25 Hz corresponding to the cut-off frequency can be observed. It has 

to be pointed out that the cut-off frequency was applied to both measured and predicted 

curvature.

Fig 3.7 shows that for the base case Dla (no current, calm sea state) no particular regime of 

vibration is being predicted. As the current speed increases (case Dlb, Fig 3.8), a measured
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peak at 0.5Hz for the X component and two peaks at 0.2 and 1.2 Hz for the Y component can 

be seen. The predicted spectra shows only one peak at 0.5Hz. It was expected to observe a 

peak in the predicted spectra for ease D7 (Fig 3.9) as the current velocity was increasing 

gradually but the predicted spectra appears to be similar to the reference ease Dla. For the 

strongest current case D8b (Fig 3.9), a peak at 0.5 Hz is predicted.

It will be presented in the following section and in the discussion section (3.6) the reasons for 

such discrepancies. Prior to the analysis of those results, a closer look at the rms 

displacement predictions is required.

3.5 Theoretical rms displacement predictions

Table 3.4 below presents the maximum predicted rms displacement for each ease, the modes 

being excited and the mode which has the highest contribution. The frequency of the 

displacement dominant mode for 5-June, 10-June and 13-Sept which is about 0.1 Hz match 

with the main frequency of the unfiltered signal shown on Figs 3.8-3.10. The cut-off 

frequency at 0.2 Hz was then a too restrictive condition in those cases.

Test Number

Maximum

current

velocity

(m/s)

Sea state
max 

rms dpi. 

[A/D]

Modes

excited

displacement dominant 

mode

mode

#

ampiit.

[AID]

freq.

[Hz]

4-Jun-97 / D1a 0.10 calm 0.065 1-13 1 0.127 0.0176
5-Jun-97 / D1b 0.66 calm 0.477 1-104 11 0.503 0.0828
10-Jun-97 / D7 0.86 low 0.440 1-72 9 0.365 0.0718

13-Sept-97 / D8b 0.84 medium 0.693 1-104 13 0.668 0.0995

Table 3.4 - NDP cases. Theoretical predictions summary

Note that the mode priority was inactive in order to identify all the modes likely to be 

excited. Although the range of amplitude is less than one cylinder diameter which is within 

the range that such structures exhibit, the dominant frequencies (for which the maximum 

response amplitude has been computed) being excited are found to be extremely low. The 

calculation of the shedding frequency = SU/D  for the strongest current case D8b, with S

= 0.2, U = 0.84 m/s and D = 0.18 m indicates that the shedding frequency should be almost 

equal to the flow velocity (0.93 Hz). However, the relevant flow velocity which is considered 

by the model is the normal (horizontal) component to the umbilical and given the lazy-wave 

shape of the Foinaven umbilical, there is a section of the umbilical at the sag-bend region 

(Fig 3.12) for which the normal velocity component is close to zero. It is reminded that 

current data were provided as horizontal current velocities in the X and Y components. The
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sag-bend region of the umbilical is likely to excite (according to the Strouhal frequency) very 

low modes as normal horizontal current components are close to zero. As mentioned 

previously, the predominant mode presented for each case in Table 3.4 corresponds to the 

mode having the largest amplitude of vibration. The maximum amplitude of vibration for a 

given mode is given by the amplification factor presented in Chapter 2, section 2.2.2:

The total damping parameter is the sum of structural and hydrodynamic damping. The 

hydrodynamic damping takes the maximum value between a linear scheme or a velocity 

squared formulation which depends on the reduced velocity = f///„T ),.. It is reminded

that the reduced velocity must be in a restricted range [4 -  10] for the mode n to exist. The 

lower the local incident flow velocity, the lower the excited mode. For low local incident 

flow velocity, the hydrodynamic damping is then reduced compared to a higher mode which 

causes the lower mode to have a higher amplitude of vibration.

Fig 3.13 shows the rms displacement predictions simulating the effect of the current only. It 

can be clearly seen the increase of the overall enveloped of vibration as the current increases 

from case Dla to case D8b. Fig 3.14 shows the rms displacement predictions simulating the 

effect of the current plus the waves for case D7. It can be observed a slight increase of the 

amplitude of vibration when wave excitation is added to the current excitation.

3.6 Discussion

The comparison between measured and predicted displacement spectra showed mixed results 

in the sense that model could not predict all the frequencies being excited which have been 

identified by the measured data. The main reason is the shape of the umbilical (lazy-wave) 

which causes the flow to be almost tangential to the umbilical in the sag-bend region. The 

normal velocity component becomes very small but can satisfy the condition of reduced 

velocity in the range [4 - 10] resulting in very low frequencies being excited. The low 

frequencies being excited have predominance over the higher modes as the latter are more 

heavily damped. On another hand, there is possibly an issue with the location of the sensors 

at the top part of the umbilical. It is questionable to know if measuring the curvature only at 

the top part gives enough information on the overall behaviour of the umbilical. It is 

reasonable to affirm that the measured curvature at the turret exit enables determination of 

the vibration profile with sufficient accuracy for the umbilical section between the turret and 

the sag region. As for the remaining part of the umbilical between the start of the sag region 

and the seabed, it is unlikely to extract valid information from the curvature measured at the
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top section of the umbilical. The predicted curvature is derived from the theoretical model 

which consider the whole umbilical from turret to wellhead and not just the section between 

turret and sag region. This leads to the question to know if for a lazy-wave configuration, the 

vibration profile is not mainly due to the catenary section defined between the turret and the 

sag region. Lastly the presence of buoyancy modules is likely to disrupt the formation of 

vortices in the wake of the buoyancy module section and then no vortex-induced vibration 

would occur.
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Figure 3.1b - Foinaven umbilical orientation and axis definition
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Figure 3.7 - NDP case D la  : 4-June-97

a: Measured curvature time-series; b: predicted displacement spectra;

c: measured displacement spectra
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a: Measured curvature time-series; b; predicted displacement spectra;
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a: Measured curvature time-series; b: predicted displacement spectra;
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Curvature to amplitude transfer function for LI
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Figure 3.11- Curvature to VTV transfer function for sensor LI
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Chapter 4 -  Identification o f  VIV components from curvature data

In this Chapter, an alternative method (compared to spectral analysis) to analyse 

curvature data from the FUMS is presented and applied to curvature time-series. The aim of 

this Chapter is to provide an analysis of the VIV frequency content of the curvature signal of 

the Foinaven umbilical over an extended period.

4.1 Foinaven Umbilical Monitoring System

The Foinaven Umbilical Monitoring System (FUMS) was developed and installed in 1996 

and is maintained by BPP Technical Services on the Floating Production Storage and 

Offloading vessel (FPSO) ‘Petrojarl IV’ operated by BP on the Foinaven Field located in the 

west of Shetlands in 465 metres water depth (BPP, 2000, 2001).

The system uses a specially developed curvature sensor which is deployed in a spare 5/8” 

hydraulic control hose in the umbilical. The umbilical configuration is of a lazy-wave type 

(Figs 4.1-4.2). The sensor measures curvature at three locations noted LI, L2, L3, in two 

orthogonal directions in the region of the umbilical bend stiffener (Fig 4.3). It is terminated at 

the FPSO connector deck level and extends through the vessel depth to the measurement 

region below the vessel keel (Fig 4.4).

Curvature is detected using strain gauges configured in pairs for each location and direction 

to ensure tension and temperature effects are eliminated. A special procedure implemented at 

the time of installation was necessary to account for the helical nature of the spare hose into 

which it was inserted to enable corrections for the inherent curvature of this.

The main processing unit (INTEL 486) samples 16 channels of analogue data at 20 

samples/sec/charmel, for a total of 8192 samples per channel. Hence each sampling period is 

just under 7 minutes. The 20 Hz sampling rate was chosen to deal with expected 3Hz vortex 

induced vibration frequencies. The 7 minute sampling period being just adequate to cope 

with a few cycles of surge and sway.

Subsequent to acquisition the data are processed which includes marking for quality, 

calculation of statistical values, incrementation of rainflow tables, and storage if preset 

thresholds have been exceeded. This takes of the order of one minute to complete, before 

acquisition of the next set of data. Serial data signals from the external environmental and 

vessel motions measurement system are also read and stored as part of the FUMS data set.
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This is achieved by converting these data to analogue form and sampling rate with the main 

signals. These data are:

■ Significant wave height

■ Zero up-crossing period

■ Primary wave direction

■ Vessel heading

■ Vessel surge

■ Vessel sway

The current profile data were gathered by Fugro GEOS using Acoustic Doppler Current 

Profiling (ADCP). The ADCP technology provide real-time current profiles for the entire 

water column, rather than separate measurements at a limited number of depths. Data were 

collected at 10 mins intervals.

4.2 Epsilon Technique

Vortex Induced Vibration (VIV) is a potential problem for subsea flexibles such as 

risers and umbilicals used in the offshore oil industry. The main source of vortex shedding is 

the marine current acting on those slender structures but the wave excitation combined to the 

surface vessel motion also lead to a substantial level of vibration. Accurate Prediction of VIV 

response of a subsea flexible is a very difficult task. Data from systems such as FUMS may 

be used to improve prediction methods and determine their levels of reliability. The method 

presented herein enables to have a better understanding of the VIV regime happening over 

several months during the years 2000 and 2001. VIV is responsible for fatigue then the 

analysis of VIV occurrences over a long period would enable a better fatigue appraisal in 

future design.

The Foinaven Umbilical Monitoring System is designed to measure the curvature in 

the umbilical, the vessel motions and the environmental data. Those data combined with the 

current profiles enable one to analyse effectively the dynamic response of the umbilical. 

Previous work from the Norwegian Deepwater Program (NDP) provided a transfer function 

from curvature to displacement hence fi-equency content may be shown in either curvature or 

displacement forms. In the method presented further, curvature time series are processed so as 

to identify the occurrence of VIV using the bandwidth parameter Epsilon originally 

developed by Cartwright and Longuet-Higgins (1956) for the analysis of wave peaks, wave 

pressure, vessel pitch and roll. Epsilon exhibits a scatter of values between 0 and 1 depending 

on the frequency content of the signal (narrow or broad band process) and enables one then to
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identify the occurrences of VIV over a time-series. This approach yields insight not so readily 

evident from other frequency content methods such as spectrograms.

4.2.1 The bandwith parameter Epsilon

4.2.1.1 Introduction

Cartwright and Longuet-Higgins (1957) carried out substantial works on the distribution of 

maxima of a random function to investigate the distribution of wave heights and ship 

motions.

The random function was defined as the sum of an infinite number of sine-waves:

= (4.1)

with:

: Frequency in the interval [0, oo]

(p̂  : Random phase in the interval [0,2;r]

^ 1
The amplitude is such that in any small interval of frequency fÿ' : ^  — = E { f ) d f

where E { f )  is a continuous function of f  called the energy spectrum of f ( t ) .

It is to be mentioned here that the expression given in (4.1) is not the exact definition of a 

random function, as there should have a condition of randomness for the amplitude . This 

was reported by Tucker et al. (1984).

The following expression for the bandwidth Epsilon is given:

with:

r : Proportion of negative maxima
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N q : Number of up-crossing periods 

vV] : Total number of maxima

The definitions of positive maxima, positive minima, negative maxima, negative minima, 

zero up-crossing, zero down-crossing are shown in Fig 4.5.

From (4.2) and (4.3) we obtain:

£ = 1 - (4.4)

Epsilon depends then only on the number of zero up-crossings and on the number of maxima 

in the signal. It is this approach that has been applied as presented herein:

Another formulation of Epsilon is:

£ =
y 2\-  m.

The standard deviation of curvature is:

(4 5)

sde = vvariance =
{ y - y )

- \2  A

/=1 N
(4.6)

with: Y. : curvature at time step i
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4.2.1.2 Peak distribution and Epsilon

The frequency content of a signal has a direct influence on the peak distribution. The 

definitions of positive maxima, positive minima, negative maxima, negative minima, zero 

up-crossing and zero down-crossing are shown in Fig 4.5.

Let’s consider different combinations of simple sinusoidal signals:

Fig 4.6 shows the combination of two sinusoidal signals of frequency FI = 0.05 Hz and F2 = 

0.5 Hz.

Fig 4.7 shows the combination of multiple sinusoidal signals of frequency, FI = 0.05Hz, F2 = 

0.5 Hz and F3 = 5 Hz and a random signal in the interval [0-1].

Fig 4.6 and 4.7 clearly show that the number of zero up-crossings reduces drastically 

compared to the number of maxima, as more frequencies are present in the signal.

According to equation (4.3), if we consider an infinite number of frequencies, the

ratio 0 and then: f  1

Epsilon then takes a value close to unity for broad band signals.

If we now consider the case of a narrow band signal like a simple sinusoidal signal, the 

number of positive maxima equals the number of zero up-crossings by one.

The ratio 1 and then: f  0
V  y

Epsilon then takes a value close to zero for narrow band signals. This feature of Epsilon has 

been used throughout this study.

71



4.2.2 Analysis o f curvature data

4.2.2.1 Raw Data Filtering

The raw curvature data contain all the components of curvature owing to the wave excitation, 

surface vessel motion and VIV. In order to examine only the VIV components in the 

curvature signal, the raw data were band-pass filtered between 0.2 and 2 Hz. The filter used 

is a frequency domain FFT filter the transfer function of which is shown on Appendix A1. A 

potential source of contamination of the filtered curvature signal in the range [0.2 -  2 Hz] 

might be due to the overlap between the proper VIV components and the waves and vessel 

motions components. It was considered that wave and vessel motion responses would not be 

significant below 4 seconds period (0.25 Hz). The filter used is allowing for imperfect 

sharpness of the filter. Plainly it is possible that some VIV response may exist in the region 

below 0.2 Hz. However, evidence from the variation in umbilical dynamic response with 

current indicates that this is probably not significant, Lyons et al. (2003).

4.2.2.2 Epsilon Analysis

The Epsilon analysis was implemented in a FORTRAN code processing sequentially the daily 

records during the period considered.

■ For the year 2000 period analysis, 16 records of 7 mins each were available from 16 June 

to 12 July then a total of nearly 2 hours every day.

■ For the year 2001 period analysis, 64 records of 7 mins each were available from 25 

January to 18 April then a total of nearly 8 hours every day.

The current profiles were collected by Fugro GEOS Ltd for the account of BP using the 

Acoustic Doppler Current Profile (ADCP) technique on the drilling rigs Stena Dee and TO-L. 

Data were recorded between 64 and 400 metres water depth. The current profiles presented in 

Figs 4.8, 4.14 and 4.16 are the records at 64 metres.
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4.2.2.3 Variation of Epsilon with amplitude and current

- Comparison of Epsilon with curvature and current profile (June-July 2000):

Fig 4.8 shows the results of the Epsilon analysis compared with standard deviation of 

curvature and current data for the same period. These are shown in accumulated form such 

that there is a spread of 16 values clustered about each day for each measurand.

A close match between Epsilon, amplitude (standard deviation of curvature), and the current 

speed can be clearly seen. For greater clarity, 1-Epsilon has been plotted in order to have this 

and amplitude and current speed varying in the same sense. There is a trend towards narrow 

band response as the amplitude of VIV increases (with increasing current). This can observed 

for both X and Y components which would tend to indicate that the umbilical vibrates in both 

planes (in-plane and out-of-plane). However, due to an orientation error (order of magnitude 

of few degrees) of the sensors which occurred during the installation of the FUMS, it is likely 

that both sensors are measuring curvature in planes which are not exactly the in-plane and 

out-of-plane of the umbilical as shown on Fig 4.9.

- Comparison of Epsilon with curvature and current profile (January-April 2001):

Fig 4.10a, b, e show the results of the Epsilon analysis compared with standard deviation of 

curvature and current.

Again, a clear match between Epsilon and curvature can be observed. 64 daily records (7.5 

hours) were processed in this analysis covering a three-month period, which enabled a more 

refined analysis both on a daily basis and seasonal basis.

4.2.2.4 Power spectral density peaks, frequencies and Epsilon

Figs 4.1 la  and b show the results of the Epsilon analysis compared with standard deviation of 

curvature and frequencies of spectral density peaks for 6 February 2001 for the X and Y 

components. In this particular case, there is a clear difference of regime between the two 

components; the X component seems to exhibit more variation than the y component. The 

quality of the signal measured by the Y component shows some deficiency (very high values) 

as shown by different psd records (see Fig 4.12 record no. 64) where there level of psd is 

significantly higher than for the X component.
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Fig 4.12 shows the spectral analysis for selected records on 06-Feb-01. There is a clear 

frequency shift between record no.l and no. 48 where the curvature becomes narrow banded.

Fig 4.13 shows the filtered curvature time series for those specific records and confirms the 

narrow band aspect of the curvature at record no. 48 for which Epsilon has a value of 0.55.

A particular day (20-Feb-Gl) has been selected where the current data were covering a half 

tide cycle fi’om max to min current velocity in order to have a large variation of current 

velocity. The daily data acquisition was limited to a time duration of 7 hours and 42 minutes 

between 00:00 and 07:42 am.

Fig 4.14 shows the same form of plots as Fig. 4.11 but additionally with the current speed at 

74m (not available for 06-Feb-01). At start of data acquisition, the current is at its lowest 

value and Epsilon has a value of 0.9. As current speed increases, Epsilon drops and reaches 

its min value of 0.65. As the current increases, the standard deviation increases and the 

frequencies excited are of a higher order. It has to be pointed out the existence of secondary 

peaks of very low amplitude as shown on Fig 4.15, record no. 50. As the current speed 

increases, it is suggested that not only higher modes are being excited but also a higher 

number of modes. The VIV regime has been characterized in previous studies by a strong 

activity around a particular frequency, which is confirmed in this study by the spectral 

analysis carried out on an extended period between 10 February and 18 April 2001.

Fig. 4.16 presents the results of the Epsilon analysis for an extended period between 10 

February and 18 April 2001. The data are presented sequentially and not in accumulated 

form. The consistency of the Epsilon analysis is demonstrated here where the current peaks 

are well matched with Epsilon and otherwise by curvature. It can be seen that as the current 

increases, a higher number of frequencies is present in the curvature signal as shown on Fig 

4.14d, which seems in contradiction with Epsilon having a low value (sign of a narrow band 

process). There are two main assumptions that can be made here: The first is to assume that 

as the current increases, higher modes are excited and also that a higher number of modes is 

present in the signal so in this sense, the response should be considered more broad band 

when the current increases. The other argument (which is confirmed in this study) is to 

assume that higher modes are excited as the current increases but that one or two modes are 

predominant so the response becomes narrow-band as the current increases. Results from 

spectral analysis and analysis of the time-series confirm the narrow band characteristic of the 

curvature response for higher current speed. The secondary peaks shown on Fig 4.15d have 

extremely low amplitudes compared to the main peak.

74



4.2.3 Comparison o f Epsilon with Kurtosis

For univariate data ^2 ?•••» ^ivthe formula for Kurtosis is

“ is=t̂ 7n)7" (4 7)

The Reduced Kurtosis is:

Reduced Kurtosis = ------ r—:---- 3 (4.8)
( # - ! ) /

N  : Number of points 

Y : Mean

s : Standard deviation

Kurtosis is a measure of whether the data are peaked or flat relative to a normal distribution. 

It has been argued by Vandiver (2000) that it has the advantage compared with spectral 

analysis of providing a single value as a measure of bandwidth. However, unlike Epsilon it 

does not have as useful a restricted range of values to represent the Rayleigh to Gaussian 

variation. See Appendix A2. Fig 4.17 shows a comparison between Epsilon, Kurtosis and the 

standard deviation of curvature. One of the benefits of Epsilon over Kurtosis is that this one 

exhibits a narrower range of values between 0 and 1 whereas Kurtosis values are more 

widespread. The Epsilon trend matches well the standard deviation of curvature, which was 

expected, as standard deviation is a measure of the energy contained in the signal. The more 

frequencies, the higher Epsilon and the more energy the signal contains. It can be noted that 

Kurtosis exhibits a large scatter of values above 3. Kurtosis is a measure of the distribution of 

peaks of a signal; if there is a wide range of amplitude of curvature (compared to the normal 

distribution) then Kurtosis will be high. In the case of a normal distribution, Kurtosis will 

take the value of 3. In the particular case of a sinusoidal signal, Kurtosis will be equal to 1.5. 

In other words, Kurtosis measures the departure from a normal distribution in terms of range 

of amplitude present in the signal. The assumption according to which Kurtosis can be 

considered as a measure of bandwidth is the link between the spread of amplitudes and the 

number of frequencies contained in a signal.
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Fig 4.18 shows the variation of Skewness for the 2001 data set. Skewness is mainly 

distributed around zero, which indicates that the curvature distribution is normally 

distributed.

Fig 4.19a and b show the correlation between Skewness and Kurtosis for the 2001 data set. 

When Kurtosis is around 3, indicating a broad band process, Skewness is mainly distributed 

around zero. Fig 4.20 shows the correlation between Skewness and Epsilon. As the signal 

becomes broad band (Epsilon close to one) Skewness departs from a normally distributed 

behaviour. Epsilon only gives information on the frequency content of a signal. Epsilon takes 

a value of unity for a broad band signal and a value close to zero for a mono frequency 

sinusoidal signal.

It is interesting to consider why Kurtosis gets such a higher value than 3. If in the case of a 

broad band signal there is a wide range of amplitude (compared to the normal distribution, 

such as exponentially decaying) then Kurtosis will be very high (substantially greater than 3), 

which leads to an untidy variation with time (Epsilon is limited to a maximum of unity and 

remains tidy). Also beating type behaviour as a consequence of too closely spaced 

frequencies can produce values of Kurtosis around 3 (implying broad-band when this is not 

so). Appendix A3 shows the sum of two sinusoidal signals of close frequency and the beating 

effect which result from this combination. Kurtosis has a value of 2.25 in this case which 

departs significantly from 1.5. As for concluding on the nature of the curvature signal, it is 

possible to identify cases where the signal is purely Gaussian (Kurtosis = 3, Skewness = 0), 

some cases where the signal is narrow banded when VIV is occurring (Epsilon = 0.5), and 

other cases where. Epsilon, Kurtosis and Skewness exhibit a scatter of values which indicate 

no particular feature of the signal (from a distribution point of view).

One uncertainty remains concerning the influence of the sensor orientation when the plane of 

vibration is not in of the principal plane of the sensor system. It is questionable to know if the 

X and Y component enable to compute the real curvature as it has already been mentioned in 

section 3.6. Another interrogation concerns the nature of the X and Y component from a 

distribution point of view. It seems that no general comment can be made. It might be the 

case that when the signal obtained is Gaussian; the vibration is actually in one of the planes 

of the sensor system. Having analysed the data, the X and Y component are most of the time 

of the same order of magnitude. One should have expected that one component is min when 

the other is max for some cases but it does not seem to be the case. Another source of 

uncertainty is the error of calibration of the pair of sensors, which are not strictly in the plane 

and out of the plane of the umbilical. Therefore, the measured curvature is actually not fully 

reliable.
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4.2.4 Epsilon and fatigue

Subsea flexibles are made of several armoured layers as shown on Fig 4.21. High 

frequency vibrations lead to stress inside the different layers and the fatigue life of the 

structure may be affected. The range of VIV displacement amplitude can be wide and 

Miner’s rule which takes into account variable amplitude stress cycles needs to be applied for 

VrV fatigue damage calculation using available S-N curves. As an engineering assessment 

tool it is noted that DNV rules (2001) for risers in section D mention the use of Epsilon for 

wide band fatigue damage assessment. As an example from these rules, the true damage 

(using a rain flow counting technique) is expressed by:

^ R F C  ~  ^ N B  ^  ^R F C  ( 4 * 9 )

where is the narrow banded Gaussian fatigue damage (see DNV section C200) and 

is a correction factor depending on Epsilon:

^RFc(^) = Û! + (1 -  a)(l -  £“)* (4.10)

where:

a = 0.926 — 0.033m 
6 = 1.587m-2 .323

(4.11,4.12)

and m is the -  slope'* of the S-N curve.

4.2.5 Conclusions

The bandwidth parameter Epsilon was proposed by Cartwright and Longuet-Higgins in 1956 

to investigate the distribution of wave heights. The mathematical formulation, which consists 

of a sum of sine-waves, applies fully to the curvature response of a subsea umbilical. The 

Epsilon parameter based on a peak counting approach is applied in this study to the umbilical 

curvature to determine characteristics of narrow band process such as vortex induced 

vibration. Epsilon exhibits a scatter of values between 0 and 1 depending on the frequency 

content of the curvature signal and enables one to quickly analyse the VIV regime over a 

long period given sufficient curvature time series. The Foinaven Umbilical Monitoring 

System has been constantly adjusted and upgraded to provide accurate curvature 

measurement on a yearly basis. Daily coverage has been increased fi’om 2 to 8 hours giving
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sufficient daily data to take into account the tide effects. This appropriate daily coverage 

enables one also to follow the evolution of VIV over the hours. The use of the Epsilon 

method coupled with the results of spectral analysis indicate that VIV owing to current builds 

up gradually and becomes active during several hours a day in general. We can relate the 

trends of Epsilon with the level of curvature and current. Strong currents lead to substantial 

amounts of curvature. If the flow speed reaches a sufficient level to initiate vortex shedding, 

then the curvature response tends to become narrow-banded as Epsilon reveals this regime.
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2

Figure 4.6 - Combination of two sinusoidal signals of frequency 0.05 and 0.5 Hz

I — x1 ■ »tn(2pr0.05n)—x2 «»ln(2pl*0.5n) x3 - »ln(H>l*S*t)—random [0 . 1] x1*x2—x1*x2*x3—x1+x!+x3+mnd |

Figure 4.7 - Combination of multiple sinusoidal and random signals 

and effect on the peak distribution
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Figure 4.8 - Comparison of Epsilon with sde curvature and current profile

Data: 16 June -  12 July 2000 

Channel 1 : X component - sensor location LI 

Channel 2 : Y component - sensor location LI 

Filter: [0.2 -  2 Hz]
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Umbilical

Y sen

-of-plane)

^ Y (in-plane)

X sensor

X (out-of^lane)

Um bilical

Figure 4.9 -  Umbilical and sensor axis system 

Note: CL is the order of magnitude of few degrees
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Figure 4.10a - Comparison of Epsilon with sde curvature 

Data: 26 Jan-2 8  Feb 2001 

Channel 1 : X component - sensor location LI 

Channel 2 : Y component - sensor location LI 

Filter: [0.2 -  2 Hz]
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Figure 4.10b -Comparison of Epsilon with sde curvature, Data: 1 Mar -  31 Mar 2001 

Channel 1 : X component - sensor location LI 

Channel 2 : Y component - sensor location LI 

Filter: [0.2 -  2 Hz]

86



(1- epsilon) [CHI- CURVE_X_L1]

0.0
0.6
0.7
0.6
0.5
0.4
0.3
0.2
0.10 * 4  * i t *

3-A p r 5-A pr 7-A pr « - A p r  21-A pr 2 3 -A p r 2 5 -A pr 27-A pr 28 -A p r1-Apr 9 -A p r 11-Apr 13-Apr « -A p r  17-Apr

Sde [CURYE_X_L1]

4.E -04  ; ^  -

11-Apr 13-Apr « -A p r  17-Apr « - A p r  21-A pr 2 3 -A p r 2 5 -A pr 27-A pr 2 6 -A p rVApr 5-Apr 7-A pr 8 -A pr3 -A pr

(1- epsilon) [CH2:CURVE_Y_L1]

1
0.9

0.6
0.7
0.6
0.5

0.4
0.3

0.2
0.1 I V f * i i i:ï : l
0 — 
1-Apr « - A p r  21-A pr 2 3 -A p r 2 5 -A pr 27-A pr 2 8 -A p r7-Apr 8-A pr 11-Apr 13-Apr « -A p r 17-Apr3 -A p r

Sde [CURVE_Y_L1]

0.0E-K30
7-Apr 8 -A p r 11-Apr 13-Apr « -A p r  17-Apr « - A p r  21-A pr 2 3 -A p r 2 5 -A pr 27-A pr 2 8 -A p r1-Apr 3 -A p r 5-Apr

Figure 4.10c - Comparison of Epsilon with sde curvature, Data; 1 Apr -  19 Apr 2001 

Channel 1 : X component - sensor location LI 

Channel 2 : Y component - sensor location LI 

Filter: [0.2 -  2 Hz]
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Figure 4.1 la - Daily variation, 06-Feb-01 (00h00-07h40), 64 records, XLl component 
a: (1-Epsilon); b: sde curvature; c: frequency peaks
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Figure 4.1 lb - Daily variation, 06-Feb-01, (00h00-07h40), 64 records, YLl component 
a: (1-Epsilon); b: sde curvature; c: frequency peaks
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Figure 4.12 - Variation of amplitude of power spectral density of curvature / 06-Feb-01; 

a: record no. 1; b: record no. 30; c: record no. 40; 

d: record no. 48; e; record no. 60; f: record no. 64
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Figure 4,13 - Filtered curvature signal, 06-Feb-01 
a: record no, 1; b: rec, 30; c: rec, 40; 

d: rec, 48; e: rec, 60; f: rec, 64,
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Figure 4.14 - Daily variation, 20-Feb-01, (00h00-07h40), 64 records, XLl component 
a: (1-Epsilon); b: sde curvature; c: frequency peaks; d: current speed @ 74m
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Figure 4.15 -Variation of amplitude of power spectral density of curvature / 20-Feb-01; 

a: record no. 1; b: record no. 30; c: record no. 40; 

d: record no. 48; e; record no. 60; f: record no. 64.
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A cootrawouDd armours
B inner polymer sbeatb
C external polymer layer
D interlocked steel carcass

Figure 4.21 - Typical un-bonded dynamic riser construction
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Chapter 5 -  Friction forces occurring during the insertion/extraction o f  
monitoring rods

This Chapter describes an issue related to the FUMS technology. This piece of work was 

carried out at the start of the research activity of the author and appeared to be a potential 

substantial research area. The aim of this Chapter is to present some elements of discussion 

on this friction issue.

5.1 Introduction

Monitoring of in-service umbilicals has become more important for operators in order to 

validate theoretical predictions especially for fatigue issues.

For the Foinaven Umbilical Monitoring System a hydraulic hose (Fig 5.1a) has been used to 

insert the instrumentation rod in order to measure the curvature of the umbilical. The helical 

shape of this hose (lay-angle of about 10 deg) induces a contact line between the rod and the 

hose which could lead to substantial friction forces in insertion and extraction. Practically, 

the insertion of a 10 mm diameter rod was achieved over 30 metres length. The main issue is 

that depending on hose diameter, rod diameter, rod axial stiffiiess, hose material and rod 

material the insertion can still be possible whereas the extraction cannot be achieved due to 

the major increase of friction forces occurring during the extraction phase. This has been 

examined by the author through the derivation of an analytical model for this issue as well as 

an experimental validation.

5.2 Analytical model

The following model has been derived from Witz & Tan (1992) who investigated the contact 

pressure between armoured layers of risers and umbilicals. Figs 5.1b and 5.1c present the 

problem geometry.

- Consider a helical element of rod as shown in Fig 5.2 in its unstressed configuration (no 

tension/compression) :

The bending curvature in the normal direction is

(5.1)
R
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where a  is the helical angle of the unstressed rod (rod inserted in the hose) and/? is the 

helical radius of the rod. The twisting in the axial direction of the rod is:

sin(a)cos(or)

- Consider the element in its stressed configuration (i.e. when a tension / compression is 

applied to push in/pull out the rod):

There are changes in both helical angle and radius:

: helical angle of the stressed rod 
SR : constriction in helical radius

The new value of the bending curvature and twisting magnitude is:

sin(g,)cos(Qr,) 
" R - Ô R

Assumptions:

The high pitch value induces negligible bending in the normal and binormal direction.

N  : Shear force in the normal direction

N '  : Shear force in the binormal direction (= 0)

B  : Bending moment in the normal direction

B' : Bending moment in the binormal direction (= 0)

T  : Axial force (Tension / compression)

H  : Twisting couple (= 0)

X  : Distributed lateral force acting towards the central axis z 

Y  : Distributed force in the binormal direction (= 0)

Z : Distributed force in the axial direction 

0  : Distributed twisting couple (= 0)
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Love’s formulae of equilibrium of the strip becomes:

\ T x k [ + X  = 0
- N ^ k [ + Z  = Q (5.5,5.6)

The contact pressure (per unit length), q, on the rod is equal to the lateral force, X, acting 

towards the central axis, z, divided by the width of the area of contact, a .

q -  —  -  — T X AT [ )  
a a
- T  cos  ̂(cr 1 ) 

g =  X ---------—
a R - S R

(5.7)

The Contact Force 7% is defined as:

The Friction Force is defined as:

(5.9)

Where jà is the friction coefficient of the two surfaces in contact.

As the rod and the hose are made of different materials with specific coefficient of friction, 

the resulting friction coefficient is set as the arithmetic sum of the two values:

H = ^ r o d  F  hose (5.10)

102



Witz & Tan (1992) give the following formulae to obtain the helical angle of a deformed 

strip:

tan((%i ) = tan(a)
1 + £•-

, SR OZ
1  + -----

R 2n

(5.11)

where is defined as:
sin(ûT,)
sin(or)

1 +  — -1 (5.12)

and 0  is the twisting angle/unit length.

The rod is considered stiff enough to have a negligible twisting angle per unit length then:

(5.12)

(5.10,5.11,5.12)
1 1 (Æ4 + T)R

cos(<%; ) cos(û') {EA){R -  SR)
(5.13)

The expression of the friction force per unit length becomes:

Ff = / ÂxT x { R -  SR) X EA X cos( a  ) 
R{EA + T )

(5.14)

This expression takes into account the coefficient of friction of the materials in contact as 

defined previously, the variation of helical radius, the tension/compression applied at the rod 

end, the helical angle of the rod in its unstressed configuration and the axial stiffness of the 

rod.

Comments on equation (5.14):

• Extraction phase:

Tension: S R < 0 ^ { R  — S R ) / ^  ; the friction forces increase.

• Insertion phase:

Compression: SR  > 0 => (/? — SR)  \ i  ; the friction forces decrease.
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Fig 5.3 shows the theoretical influence of hose helical angle and radius on the level 

of friction forces. The lower the helical angle, the more significant the friction forces are.

Fig 5.4 shows the variation of friction forces in the case where a tension or compression is 

applied. When a tension is applied, which corresponds to the extraction case, the friction 

forces are predominant compared to the insertion forces.

5.3 Cosserat approach

The Cosserat model (from the name of Eugène Cosserat, French mathematician, 

1866-1931, who developed a non-linear theory of elasticity) of Tucker & Wang (1999) for 

the analysis of vibration and friction of drill-strings could provide an accurate modelling of 

the friction forces acting on the rod. Lakes (2004) gives the following definition of the 

Cosserat theory: “The Cosserat theory of elasticity, also known as micropolar elasticity, 

incorporates a local rotation of points as well as the translation assumed in classical elasticity; 

and a couple stress (a torque per unit area) as well as the force stress (force per unit area). 

The force stress is referred to simply as ’stress' in classical elasticity in which there is no other 

kind of stress”. Tucker & Wang (1999) reformulated the drill-string problem as a two- 

dimensional field theory of a “spinning string” (the ratio length/diameter of a drill-string 

being very large). There is an interesting analogy between the friction forces and vibrations 

of a drill-string inside the borehole and the friction forces experienced by the rod inside the 

umbilical hose. According to Tucker (2000), the Cosserat approach could apply to the 

rod/hose system but this would require significant time and resources and would be in itself a 

substantial research subject. It was decided not to carry out further research in this area.

5.4 Experimental validation

In order to get some experimental knowledge of the range of friction forces, which 

occur in the two phases of insertion/extraction, and to validate the analytical model proposed 

in section 5.2, a series of measurements was made. The tests consisted in measuring the 

minimum load, which has to be applied at one end to insert the rod in / extract the rod out of 

the hose. A testing rig was designed by the author and built in the workshops of the 

Department of Mechanical Engineering.

The following figures present different views of the testing arrangements:

General view (Fig 5.5)

Umbilical clamping (lateral and vertical) system in order to keep the umbilical straight 

(Figs 5.6 - 5.7)

104



Conveyor (low friction rollers) to maintain the rod during the insertion/extraction phases

(Fig 5.8)

Testing set-up (Fig 5.9)

The measured load took into account the friction forces that the rod undergoes due to the 

roller contact and the friction force of the pulley on the nylon cable by appropriate 

calibration. The calibration procedures showed those contact forces were negligible 

compared to the friction forces inside the hose. Figure 5.10 shows load vs. inserted length. 

Although there is a linear behaviour, the curve levels off at each inserted length increment. 

This is mainly due to the transition between static and dynamic friction regime. The length of 

the umbilical sample tested was 5.76 metres comprising two-pitch length. It clearly appeared 

that the limitation in length would lead the results not to be as relevant as they would have 

been otherwise with a longer umbilical as the measured friction forces were far too small 

compared to the weight of the rod. It was originally scheduled to undertake experiments on a 

20 metres length umbilical at the manufacturer’s premises but this has not been made 

possible due to the significant amount of time required to set-up the experiments outside the 

Department. It was also intended to carry out a parametric study to investigate the influence 

of hose diameter, rod diameter, rod flexural rigidity, hose material and rod material and to 

develop an empirical-analytical model taking into account the different parameters already 

mentioned.
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Figure 5.1a - Dynamic umbilical cross-section

(H - hydraulic line, Cl - chemical injection)

Hose

RodUmbilical ' 
Outer Sheath

R: helical radius

Figure 5.1b - Rod helical radius definition
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Hose/Rod

rod

R: helical radius

lay-angle

h; pitch value

Figure 5.1c -  Helical hose characteristics
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Helical axis

Figure 5.2 - Helical Rod Element & Axis System
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Figure 5.3 - Friction force vs. hose helical angle and radius
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Influence of Tension/Compression (T)
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Rod under minimum 
tension T to pull it out

Roller Conveyor Helical Hose
Umbilical (5.76 m)

5.00 m

i i

1.15 m 400 mm max
weights 1.00 m

Conveyor Support Beams Umbilical support Beams

1 '

500 mm 9 .00 m

Pulley Platform

12.00 m max

Figure 5.5 - Testing Platform (Extraction) / General View
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Figure 5.6 -Testing rig (aerial view)

Figure 5.7 - Umbilical clamping arrangement
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Figure 5.8 - Rod conveyor detail

Figure 5.9 - Experiment setup
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Chapter 6 -  Comparison o f  VIV theoretical predictions with the 
measured response o f  an in service steel catenary riser and a reduced 
scale laboratory sample.

6.1 Introduction to STRIDE project

The STRIDE (Steel Tube Risers in Deep Water Environments) Joint Industry Project 

included 8 operators and 5 engineering contractors. The work presented in this thesis have 

been closely linked with this industrial project and have greatly benefited from the 

experimental data collected at sea for a real configuration of steel catenary riser and from the 

laboratory test on a reduced scale sample. Also presented is a comparison with other VIV 

prediction codes developed by other researchers for two base cases; a 500 and 1500 metres 

top tensioned riser.

6.2 STRIDE phase III (In-service Steel Catenary Riser)

6.2.1 Introduction

“The STRIDE Phase III Joint Industry Project considered the development of steel 

catenary riser technology for floating production systems. The monitoring programme aimed 

to build upon the knowledge on vortex induced vibration, as gained from the STRIDE Open 

Water Testing in Phase II, and monitoring of in-service risers from Phase III.

The Allegheny field was identified as suitable for such a monitoring programme and 

instrumentation was installed on the gas export line during riser installation in August 1999. 

The accelerometer loggers were removed in March 2000 and replaced by ROV with a new set 

of loggers. The Allegheny field is situated in 992 m (3255 ft) water depth in the north of the 

Gulf of Mexico. The gas export line is a steel catenary and has an outer diameter of 12.75" 

and a wall thickness of 0.688", and is orientated as shown in Fig 6.1

The riser is fitted with strakes along the top 580 ft, which have a height of 0.16 D and a pitch 

of 15 D. The riser characteristics are presented in Table 6.1 thereafter.
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Allegheny Steel Catenary Riser

Hydraulic diameter 0.3239 m

Outer structural diameter 0.3239 m

Wall thickness 0.0175 m

Young’s Modulus 2.07 X 10" N/m

Pipe mass per unit length - bare 132.0 kg

Pipe mass per unit length - straked 174.6 kg

Internal fluid density 140.0 kg/

Internal fluid pressure N.A.

Hang-off position 25 m below mean water level

Departure angle 12 deg

Water depth 992 m

riser orientation 15 deg East

Strakes
Height 0.0518 m

Pitch 4.858 m

Pipe straked section 176.784 m

Table 6.1 -  Allegheny SCR characteristics

Current data has become available since November 1999 from an ADCP on the Attwood 

Hunter drill rig working at Allegheny. Between the 26 December 1999 and the 9 January

2000, when Eddy Juggernaut flowed past Allegheny, surface currents of up to 2 knots have

been logged, with up to 1 knot as deep as 180 m. These currents impacted the riser 

predominantly out-of-plane.” (2H Offshore, July 2000).

6.2.2 Monitoring system description

In order to monitor the VIV response, the riser was fitted with twelve data logger units, 

positioned as follows;

- one data logger on a pup joint above the riser hang-off position to monitor vessel motions,

- eight data loggers placed along the top 850 ft of the riser,

- three data loggers placed as close as possible to the TDP position.
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The positions of the loggers along the riser are depicted in Fig 6.2. The data logger units were 

attached to the riser using holders, made from high strength glass laminate, which were 

strapped to the riser through titanium straps during riser installation. The core of each logger 

is a set of three monolithic IC accelerometers, measuring ±5g in three mutually orthogonal 

directions. These sensors were mounted inside the pods in such a way that, when the loggers 

were fitted to the riser, their measuring directions were aligned with the riser local axis 

directions (Fig 6.3). Prior to installation, all the loggers were synchronised with the same PC 

clock, which was constantly updated by radio link to an atomic clock transmission. Sample 

rate was 10 Hz, and data was logged for 20 minutes every 6 hours, at 00:00, 06:00, 12:00 and 

18:00, and stored within the unit built-in memory.

6.2.3 Theoretical Predictions

Different cases corresponding to different current profiles were selected. Current data 

were available between 70 and 694 metres. Fig 6.4 shows the current simulation within the 

prediction programme VIVSCR presented in Chapter 2. The effect of the strakes are assumed 

to disrupt effectively the vortex shedding and then the current is assumed to be nil for the part 

of the structures fitted with strakes. In-plane and normal-to-plane current velocity components 

have been used in separate runs as the programme can only predict the response in the plane 

and out of the plane of the structure. A resultant response can be obtained by computing

) where Aj  ̂ is the amplitude of vibration in the plane of the SCR and Ay is

the amplitude of vibration out- of the plane of the SCR. However this approach should be 

considered as a “simplified” combination of in-plane and out-of-plane mode shapes (this 

prediction scheme is presented in Fig 6.5). The mode shapes were provided by 2H Offshore 

Ltd. It was ensured that the mode shapes were normalised prior to their use within the code 

VIVSCR. A cut-off frequency at 0.1 Hz was applied to the measured and predicted response 

in order to rid off vessel motions components associated generally with periods of the order of 

12 sec (2H, Oct 2000). The last current data available at 694 m was used for the section up to 

the seabed at 992 m. For all cases, the current velocity components corresponding to the 

reference axis system of the riser were calculated in order to predict the VIV response in both 

directions X and Y. Figs 6.6a to 6.6f present the current profile for each case. The in-plane 

and out-of-plane current components are shown as well as the current direction. The riser 

reference axis system is shown on each graph so as to compare the orientation of the current 

with the orientation of the riser.
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6.2.3.1 Test 411 (Fig. 6.6a - 6.7)

The current is very low (mainly distributed around 0.025 m/s) and highly sheared (10 

-  225 deg) as shown on Fig 6.6a. The resultant prediction is entirely due to the X component 

as the Y velocity component is predominant all along the span.

6.2.B.2 Test 496 (Fig. 6.6b - 6.8)

The mean current direction is 150 deg, which does not match any particular principal 

plane. The in-plane and normal current velocity components are low around 0.15 m/s. The 

model does not predict any response in this case but a non-zero measured response can be 

observed. Although the current is stronger than in case 411, the current is flowing in the 

opposite direction.

6.2.3.B Test 522 (Fig. 6.6c - 6.9)

In this case, the current is quasi uni-directional and closely distributed along the riser 

normal component for the upper part of the riser, which leads to a significant in-plane (X 

component) response. For the lower part of the riser, the current is at 45 degrees from the X 

and Y plane. The measured and predicted resultant response match well, apart from the top 

nodes at 90 and 120 metres.

6.2.B.4 Test 531 (Fig. 6.6d - 6.10)

The current profile is similar compared to case 522. However current is stronger at 

the upper section. The predicted resultant is slightly above the measured response.

6.2.3.5 Test 536 (Fig. 6.6e - 6.11)

The current component in the y direction (normal-to-plane) is significantly higher 

compared to the previous cases so a higher level of response in the X direction (in-plane) can 

be observed both experimentally and theoretically.

6.2.B.6 Test 539 (Fig. 6.6f - 6.12)

Current is mainly in the Y direction so the normal current component is predominant. 

A greater response can be observed in the plane of the riser (X component) compared to the Y 

component.
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6.2.3.7 Discussion

The decomposition of the response in the plane and out of the plane of the structure enables 

generally good predictions compared to the measured response. The combination of the X 

and Y components (resultant response amplitude) does not allow accurate predictions, as the 

combination between in-plane and out-of plane modes is not taken into account. The 

knowledge of the interaction between in-plane and out-of plane modes is still in its infancy 

and a substantial amount of efforts and time would be required to further investigate this area.

A potential method would be to split the structure in different sections where the current 

direction does not vary significantly and to compute the transverse direction where the VIV 

response occurs. Having computed locally the response at different sub-sections, it would be 

then possible to have a VIV response in different planes of the structure and not just in the 

plane or out-of-the plane of the structure. The main issue lies in the combination of modes 

that are excited by different regions. This is a very complex problem as a simple summation 

of the amplitudes due to each mode is not a valid answer as it has been shown in the previous 

section. A probabilistic approach based on the knowledge of the current profile for a given 

region would certainly be of great benefit.

Table 6.1a & b below present a summary of the modes being excited, the maximum 

simulation displacement and the maximum bending stress predicted by the theoretical model. 

Table 6.1a refers to the case where the mode priority has been set as active and Table 6.1b for 

the “inactive” case.

119



Test ref Current Modes
excited

Max
simulation

displacement
(m)

Max 
bending 

stress (MPa)

411 O A In-plane - X out-of-plane - Y: 1-2 0.115 4.36
496 0  A In-plane - X out-of plane - Y: 1,2,4,5-8 0.026 3.55
522 0  A In-plane - X out-of-plane - Y: 1,2,4 0.216 18.5
531 0  A In-plane - X out-of-plane - Y: 1,2,4 0.085 7.30
536 0  A In-plane - X out-of-plane - Y: 1,2,4 -20 0.010 0.67
539 0  A In-plane - X out-of plane - Y : 1,2,4-13,17-20 0.006 0.63

411 I A Normal - Y in-plane - X: 1-3 0.087 6.36
496 I A Normal - Y in-plane - X: 1,2,5 0.015 1.77
522 I A Normal - Y in-plane - X: 1-9,11,12,14-19 0.005 1.18
531 I A Normal - Y in-plane - X: 1-13,15-17 0.002 0.80
536 I A Normal - Y in-plane - X: 1-10,12-19 0.002 0.48
539 I A Normal - Y in-plane - X: 1-11,14-19 0.002 0.53

Table 6.2a - Outline results (Mode priority active)

Test ref Current Modes
excited

Max
simulation

displacement
(m)

Max
bending

stress
(MPa)

411 0  I In-plane - X out-of-plane - Y: 1-2 0.168 5.67
496 0  I In-plane - X out-of-plane - Y: 1-8 0.458 53.6
522 0  I In-plane - X out-of-plane - Y : 1-5 0.415 32.9
531 0  I In-plane - X out-of-plane - Y: 1-5 0.231 18.3
536 0  I In-plane - X out-of-plane - Y: 1 -20 0.423 158.0
539 0  I In-plane - X out-of-plane - Y: 1 -20 0.457 166.3

411 I I Normal - Y in-plane - X: 1-3 0.193 13.5
496 I I Normal - Y in-plane - X: 1-10 0.095 18.5
522 I I Normal - Y in-plane - X: 1-19 0.477 136.7
531 I I Normal - Y in-plane - X: 1-17 0.680 164.6
536 I I Normal - Y in-plane - X: 1-19 0.589 171.4
539 I I Normal - Y in-plane - X: 1-19 0.564 143.8

Table 6.2b - Outline results (Mode priority inactive)

It has to be pointed out that the mode priority has been set to “inactive” in Fig 6a-f, which 

lead to a better match with the measured response. In this configuration, each mode of 

vibration being excited contributes to the displacement amplitude whereas in the “active” 

case, only the highest mode is taken into account.

The max bending stress calculation is based on the time history bending stress:

c r ( n , / )  =  £ ' ,  y / £ • ( « , ; • ) (5.1)

: bending stress for mode n at time step i
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: Young’s modulus of the riser 

D  : Diameter of the riser

(«, i) = ----- Y • Curvature for mode n at time step i

The maximum simulation displacement is based on the time history displacement:

= x (5.2)

Where is the maximum amplitude over diameter using Iwan’s derivation (see Chapter 2, 

equation 2.11):

1 +  9.6X
^Iw an -  ^  ^1.8

fC c

It is interesting to note the range of modes being excited depending on the current velocity 

and orientation. As the current velocity increases from Test 411 to Test 531, higher modes are 

predicted which is similar to that seen otherwise in Chapter 3 by the spectral analysis of the 

measured curvature of the Foinaven umbilical. A comparison between Test 531 and 522 

reveals an interesting feature of the model. When the current is at approximately 45 deg from 

each principal plane like in Test 522 (Fig 6.6c), this leads to better predictions in terms of 

amplitude (Fig 6.9) than when the current is closer to one principal plane like in Test 531 (Fig 

6.6d - 6.10). One could argue that the case where the current is in-plane with one of the 

principal plane is a reference case and that level of structural damping should be modified 

accordingly. A value of logarithmic decrement of 0.1 corresponds to a value of 1.5 % of 

critical damping. The comparison between those theoretical predictions and the measured 

response of the Allegheny SCR was based on experimental data available at few locations at 

the top and bottom of the structure. If the level of predicted amplitude seems reasonable, it is 

not possible to confirm if the modes of vibrations being predicted are realistic or not as the 

location and spacing of the loggers (especially when they are limited to very few as it was the 

case in the Allegueny SCR) can mismatch with the locations of the max and min of 

amplitude. Kaasen (2001) presented a method to optimise accelerometers locations based on 

the minimum mean square estimation error. Kaasen showed that the average variance of 

mode estimation error is frequency dependent.

The STRIDE laboratory test carried out by Marintek presented in the following 

section will enable us to draw further conclusions in terms of accuracy of modal prediction.
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6.3 Model test program of a reduced scale catenary riser

6.3.1 Introduction

A series of test, which aimed at providing data on the VIV response of a catenary 

riser, was carried out by Marintek in Autumn 2001 at Trondheim, Norway.

The motivation for those experiments was to consider different flow orientations; in the plane 

of the structure, at 30, 60 and 90 degrees flow angle. A comparison between the measured 

and the predicted response is presented.

6.3.2 Experimental Set-up

Fig 6.13 and 6.14 show the general test arrangement, which enables the model to be 

towed in two directions as shown on Fig 6.15. The model was subject to uniform flow in 

each case (same flow direction all along the span). The flow velocity covered the range [0.12, 

0.14...0.34 m/s]. The model characteristics are shown in Table 6.3 below. The model was 

fitted with 10 accelerometers at regular locations along the span. Table 6.4 presents the exact 

locations of the accelerometers.

Total length between pinned ends 12.5 m
Mass pr unit length including content 0.357 kg/m I)
Outer diameter 14 mm
Wall thickness o f  riser 0.45 mm
Density o f  brass 8980 kg/m" *)

Young modulus for brass 1.05 10 "N/m^ *)
Axial stiffness, EA 2.01 10 ’̂N *)
Bending stiiTness, El 46.2 Nm" *)
Percent relative damping in air.  ̂(measured) 0.2-0.6

Horizontal distance between riser ends 9.253 m
Vertical distance between riser ends 7.130 m
Vertical height o f  upper end fixture (rotating 
point) above water surface

0.050 m

fension. upper end 22.55 N **)
tension, lower end 8.44 N **)

Angle from vertical, upper end 26 degrees **)
Angle from vertical, lower end 88 degrees **)
I ) This corresponds to an equivalent density o f  pipe content o f  1373 kg/m’ and a density o f  the 

pipe with content o f 2320 kg/m".
*) Nominal value
**) Calculated by tlie program RIFLBX (FB model with beam elements)

Table 6.3 - Marintek Riser Main Data
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Accelerometer Distance (m) Number of black strips *)
1 1.137 -
2 2.272 1
3 3.408 -
4 4.544 2
5 5.682 -
6 6.817 3
7 7.953 -
8 9.090 4
9 10.224 -
10 11.364 5

Upper joint 12.500 -
*) The marking is for visualization on video and photo. The upper strip is located 3 cm below the 

centre of the actual accelerometer.

Table 6.4 - Location of accelerometers and marking strips

6.3.3 Theoretical predictions

The mode shapes (containing both in-plane and out-of-plane modes) and natural 

frequencies of the model were determined using the finite element package REFLEX (see 

Chapter 2 section 2.2.6). In-plane and out-of plane mode shapes were identified by a Fortran 

program developed by the author, which analyses the X, Y, Z, components of the mode shape 

and determines if the mode is in the OYZ plane or OXZ plane. It has to be pointed out that 

the nodes defined by REFLEX to produce mode shapes don’t match with the loggers 

locations. REFLEX does not have the capability of importing user-defined node locations. 

Table 6.5 presents the way the analysis has been conducted:

Series
Flow -  structure 
orientation Angle

e
Current velocity component 

used Mode Shapes used

1000 0 in-plane out-of-plane
2000 30 in-plane out-of-plane
3000 60 in-plane out-of-plane
4000 90 Normal in-plane

Table 6.5- Marintek model test, Summary of cases considered 

Transverse VIV Response Prediction
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Apart from series 4000 where the model was perpendieular to the flow and for which the 

normal flow velocity component and in-plane mode shapes have been used, for all other 

cases only the out-of-plane mode shapes have been selected. The analysis using in-plane 

mode shapes was partially carried out for series 2000 and 3000 but did not provide more 

information compared to the 4000 series. It was then decided to present only the analysis 

using the out-of-plane mode shapes only for series 2000 and 3000. Table 6.6 below presents 

the natural frequencies predicted by REFLEX for the modes in the plane and out of the plane 

of the structure. Note that REFLEX predicted only 8 modes in the plane of the structure.

In-plane modes Out-of-plane modes Out-of-plane modes
Mode Frequency (Hz) Mode Frequency (Hz) Mode Frequency (Hz)

5 0.954 1 0.241 26 6.583
9 1.546 2 0.474 27 7.052
23 5.204 3 0.529 28 8.163
29 9.773 4 0.712 29 9.773
34 16.485 5 0.954 30 9.989
40 25.487 6 0.956 31 11.647
41 26.448 7 1.205 32 12.922

8 1.455 33 14.026
9 1.546 34 16.485
10 1.701 35 17.694
11 1.956 36 19.002
12 2.213 37 20.405
13 2.237 38 22.239
14 2.553 39 23.053
15 2.903 40 25.487
16 3.058 41 26.448
17 3.286 42 27.962
18 3.703 43 28.728
19 4.02 44 29.795
20 4.156 45 34.436
21 4.648 46 34.501
22 5.181 47 39.463
23 5.204 48 40.216
24 5.755 49 45.708
25 6.36 50 50.843

Table 6.6 - Marintek model test, natural frequencies for In-plane and Out-of-plane modes
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Table 6.7 presents the flow velocity components used for each series of tests:

Series
Flow -  structure 

orientation Angle 6
Normal velocity component 

Fsin((9)
In-nlane velocity component

V cos{0)

1000 0 0 V
V V32000 30 — —  V
2 2

3000 60
V

2 2
4000 90 V 0

Table 6.7 - Marintek model test, Current velocity components calculations

It can be seen from Table 6.7 that only an in-plane velocity component exists for series 1000 

where the model is in the plane of the flow and a normal velocity component for series 4000 

where the model is perpendicular to the flow. The model was towed in both directions in 

order to simulate the flow impact on the model in two different ways as shown on Fig 6.16. 

The theoretical model does not have the capability to consider a negative flow so the 

direction in which the flow impacts the model cannot be taken into account by the model. 

However, the experimental data show that there is no significant difference of amplitude of 

response when the flow is negative as shown on Fig 6.17.

6.3.3.1 Series 1000 - Current in-the-plane of SCR - Inclination angle = 0 deg

Fig 6.18 presents the comparison between the transverse VIV prediction and the measured 

response for the X and Y components. The level of amplitude (Yc predicted) which is 

predicted match well the measured response (Yc measured) for the low and medium flow 

velocity cases (a) (b) but is rather conservative for the high velocity case (c).

6.3.3.2 Series 2000 -  Inclination angle = 30 deg

Fig 6.19. The level of amplitude (Yc predicted), which is predicted, is greater than the 

measured response (Yc measured)
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6.3.3.3 Series 3000 -  Inclination angle = 60 deg

Fig 6.20. Again, The level of amplitude (Ye predicted), which is predicted, is greater than the 

measured response (Yc measured)

6.3.3.4 Series 4000 -  Current out-of-the plane of SCR - Inclination angle = 90

Fig 6.21. The level of amplitude (Xe predicted), which is predicted, matches well the 

measured response (Xe measured) for the low flow velocity case (a). For the medium and 

low flow velocity case, the predicted response is underestimated.
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6.3.4 D iscussion

Table 6.8 below presents the results of the transverse VIV analysis for all the different cases:

Test Number

Flow angle of 

Incidence*

(Deg)

Flow velocity 

(m/s)

max 

rms dpi.

[A/D]

Modes

excited

displacement dominant mode

mode

#
amplit.

[A/D]
freq.

[Hz]
1000 /1001 0 0.12 0.484 4-10 7 0.422 1.205
1002 /1003 0 0.16 0.538 3-12 7 0.415 1.205
1004 /1005 0 0.18 0.594 4-12 10 0.473 1.701
1006 /1007 0 0.18 0.670 5-12 11 0.526 1.956
1008 /1009 0 0.20 0.750 5-12 13 0.523 2.237
1010/1011 0 0.22 0.674 6-16 13 0.539 2.237
1012/1013 0 0.24 0.675 7-16 14 0.557 2.553
1014/1015 0 0.26 0.760 7-16 15 0.582 2.903
1016/1017 0 0.28 0.842 7-16 15 0.601 2.903
1018/1019 0 0.30 1.000 8-20 18 0.716 3.703
1020 /1021 0 0.32 1.302 8 -16 18 0.834 3.703
1022 /1023 0 0.34 1.465 9-20 18 0.873 3.703
2004 /  2005 30 0.104 1.270 5-10 7 1.034 1.205
2000 /  2001 30 0.121 1.493 5-12 8 1.089 1.455
2002 / 2003 30 0.139 1.310 5-9 7 1.002 1.205
2006 / 2007 30 0.156 1.824 5 -12 10 1.089 1.701
2008 / 2009 30 0.173 1.829 5-12 11 1.147 1.956
2010/2011 30 0.191 1.541 5-12 11 1.171 1.956
2012 /  2013 30 0.208 1.618 5-16 12 1.213 2.213
2014/2015 30 0.225 1.651 7-16 14 1.218 2.553
2016/2017 30 0.242 1.638 7-16 14 1.244 2.553
2018 / 2019 30 0.260 1.970 7-16 15 1.293 2.903
2020/2021 30 0.277 2.109 7-16 17 1.441 3.286
2022 / 2023 30 0.294 2.306 8-20 17 1.556 3.286
3000 / 3001 60 0.060 0.952 2-5 4 1.222 0.712
3002 / 3003 60 0.070 0.910 2-6 4 1.056 0.712
3004 / 3005 60 0.080 1.031 2-6 5 0.928 0.954
3006 / 3007 60 0.090 1.254 2-8 5 1.029 0.954
3008 / 3009 60 0.100 1.313 2-9 5 0.989 0.954
3010/3011 60 0.110 1.290 5-10 7 1.054 1.205
3012/3013 60 0.120 1.269 5 - 10 7 1.039 1.205
3014/3015 60 0.130 1.504 5-12 8 1.071 1.455
3016/3017 60 0.140 1.495 5-12 8 1.089 1.455
3018/3019 60 0.150 1.813 5-12 9 1.097 1.546
3020/3021 60 0.160 1.820 5-12 10 1.094 1.701
3022/3023 60 0.170 1.833 5-12 11 1.130 1.956
4000/4001 90 0.12 0.691 5 5 1.000 0.954

4005 90 0.16 0.604 5 5 0.875 0.954
4006 / 4007 90 0.18 0.463 5 5 0.671 0.954
4006 / 4007 90 0.18 0.162 5 5 0.234 0.954

4008 90 0.20 0.02 5 5 0.029 0.954
4011 90 0.22 0.006 5 5 0.009 0.954

4012/4013 90 0.24 No response
4014 90 0.26 No response
4017 90 0.28 No response

4018/4019 90 0.30 No response
4020/4021 90 0.32 0.029 9 9 0.040 1.546
4022 / 4023 90 0.34 0.017 9 9 0.025 1.546

*  6  =  90 deg; flow normal to riser plane
** Transverse response at 90 deg from the current direction

Table 6.8 - Marintek model Transverse** VIV Predictions
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From this table, it can be concluded that as the velocity increases, the amplitude of vibration 

increases and the modes being excited are higher. As the orientation angle increases from 0 to 

60 deg, the in-line velocity component decreases and the range of mode being excited 

becomes narrower from mode 3 to 20 for the 1000 series to mode 2 and 12 for the 3000 

series. When the flow at 90 deg, the response reduces to a single mode between mode 5 or 9. 

For some cases (4012/ 4014/ 4017/ 4019), the model did not predict any response.

The model suffers from not having the capability of setting the upper reduced velocity 

boundary depending on the value of the value of the mass ratio as suggested by Govardhan & 

Williamson (2002). They proposed the following formulae for the upper boundary for 

reduced velocity:

m*+l 
m* -0 .5 4

9.25,1 . (5.4)

Where m is the mass ratio defined as:

In the case of the Marintek SCR, m* = 2.32 and =10.08

The model sets the upper boundary to 10 according to the triangular function derived by 

Griffin and Ramberg (see Chapter 1) but the calculation of the range of reduced velocity for 

the range of flow velocities and natural frequencies of those test clearly show that the 

reduced velocity can be far greater than 10 as shown in Table 6.9. The first natural frequency 

at 0.95 Hz corresponds to a reduced velocity of 25.64 for the case 4022. The restriction in 

terms of reduced velocity being considered by the code leads to a prediction with fewer 

modes than if a higher upper reduced velocity were taken into account by the model.
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’'- 'f .D .
/5  = 0.9548 Hz / 4 , = 26.448 Hz

[/, (case 4000) = 0.12 m/s 9.0 0.33

(case 4022) = 0.34 m/s 25.64 0.91

Table 6.9 - Lower and upper reduced velocities for model in-plane response

The 4000 series present interesting features as the response is based on in-plane mode shapes. 

Let us consider case 4000 and 4022:

The difference between those cases is the current speed (0.12 m/s for 4000 and 0.34 m/s for 

4022). When the current velocity is the strongest (0.34 m/s), rms displacement predictions are 

very low compared to the lower current case. This is due to the shape of the triangular 

function (Fig 2.) where the upper bound for the reduced velocity is set to 10. The reduced 

velocity in case 4022 is far above the upper bound of the triangular function and then the 

predicted amplitude of vibration is very low. Another factor is that there are only 8 potential 

in-plane modes compared to 50 out-of-plane modes. The limited number of in-plane modes 

reduces the possibilities of vibration in the plane of the specimen.
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6.4 STRIDE Phase IV (500 & 1500 m Top tensioned Risers)

6.4.1 Introduction

Phase IV consisted in a comparison between VIV theoretical models produced by 

various research groups for two base cases; a 500 m and 1500 m top tensioned riser. The 

motivation for this phase IV on tensioned riser came from the difficulties encountered by the 

research groups in phase III to have similar levels of prediction for a catenary configuration. 

It was then decided to carry out a comparative work on two vertical risers of different lengths. 

The characteristics of those base cases are presented in Table 6.10.

BASE CASE

Riser configuration Slick top tensioned riser

Boundary conditions Pinned-pinned

Length <L1> 500 m

Length <L2> 1500 m

Hydraulic diameter 0.3239 m

Outer structural diameter 0.3239 m

inner diameter 0.2889 m

Steel density 7850 kg/m 3

Internal fluid density 800 kg/m 3

Water density 1025 kg/m 3

Mass per unit length 184.68 kg/m

Submerged weight per unit length 982.82 N/m

Young's modulus 2.07X 10 11 N/m 2

Structural damping coefficient 0.3 %

Added mass coefficient 1.0

Kinematics viscosity of water 1.14lx 10 -6m 2/s-l

Strouhal number 0.20

Stress concentration factor 1.0

Table 6.10 - Base Case characteristics

The results are presented by current profile as this enables a comparison between 

different lengths and current velocities. All current profiles are presented in Fig 6.22. Four 

current velocities have been selected and are noted VI, V2, V3, and V4. The Current profiles 

were all uniform in terms of direction. As we are dealing with vertical risers, the mode shapes
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(provided by 2H Offshore Ltd) do not refer to any principal plane (in-plane, out-of-plane) in 

particular. The theoretical model has the capability of predicting the in-line response (plane 

of vibration in line with the flow direction) and the transverse response (plane of vibration at 

90 deg from the flow direction). The in-line response has been shown to be negligible (see 

Chapter 2) compared to the transverse response and only the last one is presented here. The 

analysis performed by VIVER was carried out for mode priority active and inactive. 

However, only the results for mode priority set as “inactive” are presented here as a modal 

priority approach has been shown unsuitable in the previous section (STRIDE phase III). The 

results of VIVER appear under the label (BPP-UCL) in all the following figures.

6.4.2 Current Profile #1

The current profile is linear and is maximum at the surface.

6.3.2.1 Cases L1_V1_P1 & L1_V2_P1 (Fig. 6.23a-b)

For the low flow velocity case VI, the theoretical model does not predict any response 

whereas other models predict the first mode. For the higher velocity V2, the level of 

amplitude predicted by VIVER is in the mid-range of the predictions.

6.3.2.1 Cases L2_V3_P1 & L2_V4_P1

Only the first mode is excited for the lower velocity V3. For the higher velocity V4, many 

modes are being excited. VIVER seems to be more conservative for this longer structure as it 

predicts the highest level of amplitude.
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6.4.3 Current Profile #2

Like for the current profile #1, the current profile is linear and is maximum at the 

surface. However, the maximum value is two times the value of current profile #1.

6.3.3.1 Cases LI VI P2&L1 V2 P2

Only the first mode is excited for the lower velocity VI. For the higher velocity V2, many 

modes are being excited.

Ô.3.3.2 Cases L2_V3_P2 & L2_V4_P2

Only the first mode is excited for the lower velocity V3. For the higher velocity V4, many 

modes are being excited. The same comment as previously made for current profile PI and 

case L2 applies here; VIVER shows the highest level of amplitude.

6.4.4 Current Profile #3

The current profile is linear from riser mid-section to the top but is set to zero from the 

bottom to mid-section.

6.3.4.1 Cases L1_V1_P3 & L1_V2_P3

Only the first mode is predicted for the lower velocity VI but other models predict 

the second mode. For the higher velocity V2, many modes are being excited.

6.3.4.2 Cases L2_V3_P3 & L2 V4 P3 

Same comment as above.
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6.4.5 Current Profile #4

The current profile is uniform from the bottom to the top.

6.3.5.1 Cases L1_V1_P4 & L1_V2_P4

Only the first mode is excited for the lower velocity V I. For the higher velocity V2, 

many modes are being excited.

6.3.5.2 Cases L2_V3_P4 & L2_V4_P4

Only the first mode is excited for the lower velocity V3. For the higher velocity V4, 

many modes are being excited.

6.4.6 Current Profile #5

The current profile is uniform from bottom to % riser and linear up to the top.

6.3.6.1 Cases L1_V1_P5 & L1_V2_P5

Only the first mode is excited for the lower velocity VI. For the higher velocity V2, 

many modes are being excited.

Ô.3.6.2 Cases L2_V3_P5 & L2_V4_P5

Only the first mode is excited for the lower velocity V3. For the higher velocity V4, 

many modes are being excited.
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6.3.7 Discussion

Table 6.11 and 6.12 below summarize the results for all cases:

case# max 

rms dpi.

max 

rms acc.

displacement
dominant
mode

damage
rate

dominant
mode

max 

dmg rate
[Am] [m/s2J mode # amplit.

[Am]
freq.
[Hz]

mode# amplit.
[Am]

freq.
[Hz]

[1/year]

VlPl
V1P2

NO
RESPONSE
8.11E-01 6.88E-00 10 0.37999 0.6211 13 0.3187 0.8507 4.82E-00

V1_P3 4.I9E-02 l.OlE-01 2 0.05934 0.1141 2 0.05934 0.1141 1.45E-08
V1_P4
V1_P5

NO 
RESPONSE 
1.8 IE-03 4.37E-03 2 0.00256 0.1141 2 0.00256 0.1141 1.17E-12

V2_P1 4.26E-03 1.70E-02 4 0.00481 0.2309 11 0.00185 0.6946 9.94E-08
V2_P2 8.11E-01 6.88E-00 10 0.37999 0.6211 13 0.3187 0.8507 4.82E-00
V2_P3 4.I9E-02 l.OlE-01 2 0.05934 0.1141 2 0.05934 0.1141 1.45E-08
V2_P4 1.03E-00 6.07E-00 8 0.99258 0.4822 9 0.91879 0.5504 4.50E-00
V2_P5 8.45E-01 7.03E-00 9 0.68728 0.5504 12 0.35777 0.7711 3.69E-00

Table 6.11 - 500m Response Summary (Mode priority inactive)

case# max 

rms dpi.
[Am]

max

rms acc. 
[m/s2]

displacement
dominant
mode

damage
rate

dominant
mode

max

dmg rate 
[1/year]mode # amplit.

[Am]
freq.
[Hz]

mode# amplit.
[Am]

freq.
[Hz]

V3_P1 8.97E-03 1.15E-02 1 0.01269 0.0328 1 0.01269 0.0328 1.19E-15
V3_P2 3.04E-0I 3.92E-01 1 0.43062 0.0328 1 0.43062 0.0328 6.60E-11
V3_P3 2.38E-01 3.07E-01 1 0.33673 0.0328 2 0.08682 0.0656 6.06E-11
V3_P4 6.46E-01 8.30E-01 1 0.91422 0.0328 1 0.91422 0.0328 4.44E-10
V3_P5 6.35E-01 8.16E-01 1 0.89879 0.0328 1 0.89879 0.0328 4.22E-10

V4 PI 6.20E-01 1.59E-00 11 0.37627 0.3627 16 0.24945 0.5301 1.12E-02
V4_P2 8.64E-01 8.43E-00 21 0.39043 0.7004 31 0.2452 1.0527 2.2 IE-00
V4_P3 1.06E-00 1.08E+01 26 0.44049 0.8743 31 0.30684 1.0527 4.30E-00
V4_P4 1.91E-00 9.66E-00 17 1.04846 0.5639 18 0.98347 0.5978 1.42E-00
V4_P5 1.48E-00 9.77E-00 17 0.79493 0.5639 19 0.71246 0.6319 1.25E-00

Table 6.12 -1500m Response Summary (Mode priority inactive)
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The regime of vibration is mainly limited to the first two modes for the low velocity cases 

(VI and V3). The response involves more modes for the higher current velocity cases (V2 

and V4). The current velocity is the governing factor which influences the amplitude of 

vibration and the number of modes being excited.

The current profile has some interesting effects that can be summarized as follows:

- The uniform profile P4 excites the first mode whereas a sheared profile excite higher modes

- The uniform profile P4 leads to the largest amplitude of vibration (about one diameter)

- The length of the riser has also an effect on the global response; longer risers tend to enable 

more modes being excited and higher modes become predominant.

The predictions made by the different research groups exhibit some differences as there is a 

scatter of predictions in terms of amplitude and modes being excited. For the low current 

cases (VI & V3), some groups predict up to two modes whereas BPP-UCL model always 

predicts only the first mode. BPP-UCL model is among the most conservative models 

especially for the high current velocities (V2 & V4). This can be attributed to the mode 

priority set off resulting in all excited modes being included in the global response.
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Figure 6.1 - Orientation of the Allegheny Gas Export Line 

(2H, 2000)
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Figure 6.2 - Data Logger Positions along the SCR 
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Sea level : 0 m

Strakes region: zero current definedData no.l; 70 m

Data no.5: 160 m

20 current regions (every 50 metres);
In plane or Normal velocity components are used

Data no.20: 694 m

The last data (@ 694 m) was 
used for the last 298 metres

Seabed : 992 m
Figure 6.4 - Current Extrapolation in VIVSCR code

Note: Current Data were provided from 70 m to 694 m
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VIV Transverse response is at 90 deg from the flow direction

Flow in the plane of the structure —̂ Out-of-plane mode shapes are excited 

Flow out-of-the plane of the structure In-plane mode shapes are excited 

Flow in a random direction combination of In-plane and out-of-plane mode shapes are excited

diieclion

-►  X

Figure 6.5 -VIV Transverse response scheme
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Figure 6.6a -Test 411 planar current velocities & direction
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Test 496
Planar com ponents of current velocities
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Figure 6.6b -Test 496 planar current velocities & direction
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Test 522
Planar com ponents of current velocities
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Figure 6.6c -Test 522 planar current velocities & direction

143



Test 531
Planar com ponents of current velocities
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Figure 6.6d -Test 531 planar current velocities & direction
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Test 536
Planar com ponents of current velocities
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Figure 6.6e -Test 536 planar current velocities & direction
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Test 539
Planar com ponents of current velocities
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Figure 6.6f -Test 539 planar current velocities & direction
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TEST No. 411 (29 Nov 1999 -18:00)
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Figure 6.7 - Test 411 - Comparison of measured and predicted response

TEST No. 496 (21 Dec 99 @ 00:00)

!♦ iTwaguwd reaulfnt raspona» a VIVSCR r»suH«nt p » » d l c H o n »  — X  p r e d i c t i o n  X Y p f e d t e U o i T I

I Log D acp 0.10

0.8 -

-f -♦---N 0.4 -

♦ ♦

0.2 -

■m,Mm-M-OK-
0 100 200 300 400 500 1100 1200600 700 800 900 1000

longitudinal co-ordlnata (m)

Figure 6.8 -  Test 496 - Comparison of measured and predicted response
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TEST No. 522 (27 Dec 1999 -12:00)
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Figure 6.9 -  Test 522 - Comparison of measured and predicted response
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Figure 6.10 -  Test 531 - Comparison o f measured and predicted response
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TEST No. 536 (31 Dec 1999 - 00:00)
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Figure 6.11 -  Test 536 - Comparison of measured and predicted response
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Figure 6.12 -  Test 539 - Comparison o f measured and predicted response
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Figure 6.13 - Marintek Test set-up, vertical view 

(Marintek, 2002)
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Figure 6.16 -  Current orientation and riser layout
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Figure 6.18 - Comparison of predicted and measured rms displacement -  series 1000

a: test 1000/1001; b: test 1008/1009; c: test 1022/1023
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Figure 6.19 - Comparison of predicted and measured rms displacement -  series 2000

a: test 2000/2001; b: test 2008/2009; c: test 2022/2023
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Figure 6.20 - Comparison of predicted and measured rms displacement -  series 3000

a: test 3000/3001; b: test 3008/3009; c: test 3022/3023
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Figure 6.21 - Comparison of predicted and measured rms displacement -  series 4000 

a: test 4000/4001; b: test 4006/3007; c: test 4022/4023
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Chapter 7 -  Conclusions.

Perhaps the most significant novel item of this thesis is the work carried out on the bandwidth 

parameter Epsilon originally proposed by Cartwright and Longuet-Higgins. The Epsilon 

parameter based on a peak counting approach has been successfully applied to the curvature 

response of a subsea umbilical with particular application for VIV. Epsilon gives an 

indication of the spectral width of a signal and then can be used to help identify the extent of 

narrow-bandness within processes such as VIV. Low values of Epsilon close to zero indicate 

a narrow band process whereas values near one indicate a broad-band process. This method 

has been applied extensively for a data set covering a few months in the winter and spring of 

2001 (25-Jan-Ol to 18-April-Ol) and for a more limited period in the summer of 2000 (15- 

Jun-00 to 12-Jul-OO). Current profile and wave heights for the 2001 data set have confirmed 

the major influence of current on the VIV response to be assessed and to highlight the more 

limited effect of the wave excitation and wave motions.

Epsilon exhibits a scatter of values between 0 and 1 depending on the frequency content of 

the signal and enables rapid assessment of the VIV regime with time (usefully over periods 

of hours as well as days). The use of the Epsilon method indicates that vortex induced 

vibrations may build up gradually (in terms of amplitude) with associated narrowing of 

bandwidth as a consequence of varying current. We can relate the trends of Epsilon with the 

level of curvature and current. Strong currents lead to substantial amount of dynamic 

curvature. If the flow speed reaches a sufficient level to initiate vortex shedding, then the 

curvature response is becoming narrow-banded and Epsilon can reveal this regime. This 

work with Epsilon was about identifying VIV regime and the conditions of occurrence like 

the current and wave level. Making sensible use of the data was an important part of the 

work.

The current profile is the governing parameter for the VIV response. Although the data set 

was covering a three month period, the daily coverage did not exceed 7 hours which made 

the analysis difficult considering a full tide cycle could not be examined every day. The 

model does not predict significant variation of the VIV response due to wave excitation and 

vessel motions.

170



Other contributions of this thesis have been to investigate the occurrence of VIV for a wide 

range of cases of current and structure configuration. The model used has proven to give a 

good agreement with experimental data for vertical risers when the current profile is uniform 

in terms of velocity and directions (STRIDE phase IV). For sheared flows, the model 

compares well with other models and has been found rather conservative in terms of 

amplitude being predicted. As the structural shapes becomes more complex (catenary shapes) 

the model still provides a good level of accuracy as shown by STRIDE phase III although the 

interaction with the soil at the bottom part of the SCR is not yet taken into account in the 

model which leads to higher level of amplitudes compared to measured data. The influence 

of the shape of the structure has a clear influence when the flow is in the plane of the 

structure; Lazy-wave configurations with buoyancy modules are likely to disrupt the 

formation of vortex and one could represent a lazy-wave configuration by only selecting the 

catenary part before the buoyancy modules section. The theoretical model used in this thesis 

has the capability of considering the amplitude response as a combination of all the modes 

likely to be excited for a given current profile or to select only the higher modes. Comparison 

with experimental data has shown that the mode priority set as active for cases with many 

modes which may be excited underestimates the level of response and it can be concluded 

that the VIV response does not involve only the highest modes likely to be excited but a 

combination of all the modes. However, the works carried out with Epsilon indicate that the 

response seem to be narrow-banded for increasing currents although secondary frequencies 

can be present in the signal but with a very low amplitude.

Future work would consist in gaining a better understanding of the combination of in-plane 

and out-of plane mode shapes using the experimental data presented in this thesis. An 

alternative approach would be for the model to consider local VIV behavior along the length 

of the structure resulting in a “3D” vibration profile. A lot still has to be done in this area but 

this would certainly be a research subject on its own given the complexity of processing 

experimental data and implementing a new prediction scheme in the model.

A major issue which was encountered with the Foinaven Umbilical Monitoring System is the 

substantial amount of friction which occurs between the rod and the hose leading to serious 

rod retrieval issues when the inserted length becomes significant. An analytical model is 

proposed to represent the magnitude of the fiction forces and the influence of the rod helical 

angle and rod helical radius. Both cases (extraction and insertion) are considered. The model 

shows clearly the increase of friction during the rod retrieval phase when a tension is applied 

to the rod.
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Appendix A l -  Transfer Function o f band-pass filter/F U M S data
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Appendix A2  -  Probability distribution o f  the maxima o f  curvature fo r  

different values o f  the width (Epsilon) o f  the energy spectrum

The random function was defined as the sum of an infinite number of sine-waves:

n

with:

f  : Frequency in the interval [0,oo] 

ç)„ : Random phase in the interval [0,2;r].

^ 1
The amplitude is such that in any small interval of frequency = E ( f ) d f

where E ( f )  is a continuous function of /  called the energy spectrum of f ( t )

The distribution of peaks for this random function can be expressed as:

P { a ) =  ^
V 2Æ

6 e

With:

curvature amplitude 

------------

Wq = I ” E{(T)dcT
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Figure A.2 below shows the transition from a Gaussian distribution to a Rayleigh distribution 

for different values of the width (Epsilon) of the energy spectrum:
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Figure A.2

Transition from Gaussian to Rayleigh distribution
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Appendix A3  -  Beating effect and consequence on Kurtosis

A signal containing two close frequencies presents a “beating” effect as shown on Fig A3 

below. Although the signal cannot be considered as broad-band (as only two frequencies are 

present in the signal), Kurtosis exhibits a value of 2.24 which is away from 1.5 being 

obtained for a single frequency signal.

f  = 0.5 Hz 
/j  = 0.7 Hz 
Kurtosis = 2.25

X = + Xj = sin(2^/^) + sin(2;r f^t)
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Figure A3.

Beating effect and influence of Kurtosis value
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Appendix A4  -  Effect o f  increasing number offrequencies on shape o f  
Power Spectral Density

Figure A4 below shows the shape of the power spectral density (psd) for sinusoidal signals. 

As the amplitude of the signal increases, the amplitude of the psd increases as well as shown 

on Fig A4b. As the number of frequencies increases, the amplitude and bandwidth of the psd 

also increases (Fig A4c). If we consider a normalized signal containing respectively a single 

or 5 frequencies (Fig A4a and A4d), the psd exhibits a lower peak when more frequencies are 

present in the signal. This can lead to some confusion when estimating the bandwidth of the 

psd as the bandwidth in Fig A4c is wider than in Fig A4a,

4 5  -

]  0 .5  1 1.5 2
frequency  (Hz)

2 .5

2*x1

 i

1....

“ ■ 10 ....1

0- HtllllllllllllltHIIIII(i|tllllllllllllllllllf 
0  0.5

ti lllHHIIIHIim ilHlrtllltHIHItHlltHWHWlmttWWtWtmHttilH
2.5

frequency (Hz)

50
45

I *
1 30
I 25
i

20 

15 

10 

5

-ÿ-
-i---

S=x1 +x2+x3+x4+x5

....................................r -

o l l l l l l l H I I I I I I I I I I H W I t l l l l H H t t i t W t m i i r  l | l l l l l t l l l l l l l l l l l l l l l l l l l l l l l l H I I I I I I I I I I I I I I I I | l | I I I I I I I I I I I H I I I I I I I I I I I  •  
0 0.5 1 1.5 2 2.5

frequency (Hz)

SJ5

immtAin

frequency (Hz)

Figure A4. Power Spectral Density of sinusoidal signals 

a: single frequency; b: single frequency, double amplitude; c: 5 frequencies; d: 5frequencies, normalised amplitude
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