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Abstract

This thesis describes a parametric study of vortex induced vibration (VIV) on a marine
riser, subjected to uniform and sheared flow. Raman-Nair and Baddour (2003). has
developed a program that simulates the riser dynamics based on a time domain analysis.
A parametric study was carried out, taking the code as a bench mark. The riser was
simulated using lumped masses, connected by springs that model the riser’s properties.
This study proceeds by validating the code against the analytical proof and the

experimental results.

Force coefficients. drag and lift force primarily. were taken as the important parameters
to study their effect upon the riser structural responses in terms of maximum bending
moment, tension, tensile stress. and displacements. Other factors such as internal fIi 1
flow and movement of riser top-end were also considered for the case where riser was
subject to sheared flow. A certain configuration of riser was chosen with certain material
properties. A steel catenary riser with an un-stretched length of 3000 meters was pinned
at both ends and immersed in 2500 meters water depth with an outer and inner diame r

of 0.5m and 0.4 m respectively.

Design of Experiment (DOE) methodology was adopted for this parametric study. F 1
factorial and half fractional factorial designs were carried out for uniform and sheared
flow respectively. Studies showed the drag force coefficients affecte the in-line
displacement and the lift force coefficient affected the cross-flow displacement. The
maximum tension and maximum tensile stress on riser segments, all we affected by the
internal fluid flow. The change in the position of the top end of riser reduced the bending
moment and increased the tension and tensile stress. After identifying t : significant
parameters, magnitudes of the parameters were changed within the expected ranges. (o
determine if responses of the riser were varied by significant amount which would help in

the riser analysis and design.
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Chapter 1

Introduction and Overview

1.1 Introdu¢ on

A major aim of the o1l and gas industry is to deliver fluids from subterranean sources to
the surface at the lowest costs while remaining compatible with the constraints imposed
by technology and the environment. Despite many continuing developments, the
constraints are somewhat related. which leads to the need of addressing complex ¢ |
poorly understood problems. Those problems have direct and/or indirect effects on 1

design of the structures and the effective cost of the whole operating system.

One of the cha :nges of the offshore industry has been identified in underwater and riser
systems. The most important challenges are to effectively predict the dynamical response
ot offshore marine-risers and under-sea pipelines to fluid dynamic forces. These slender
structures experience both current flow and top-end vessel motion. and the 1ternal fli |
carried by the pipe. The flow-structure relative motion produces oscillatory drag and lift
forces on the structures. When the frequency of vortex shedding approaches the structu |
natural frequency of the risers (this synchronization of frequencies is called “lock-in").
vortex-induced vibration occurs with possible high dangerous amplitudes that may le 1
to the failure of the risers. For a fixed rigid circular cylinder. the vortex shedding
frequency is a function of the Reynolds number only. For a flexible and/or moving
cylinder like a marine riser, the fluid interacts strongly with the riser m on. and the
vortex shedding frequency is controlled by the body frequency over a wider range of flow

speed [Bearman. 1984].

Marine risers are widely used in various offshore activities such as ocean thermal ene
conversion (OTEC), deep-sea exploration. and oil exploration and production. As the
ocean resource develo;  nts are moving toward much deeper seas. the dynamics of a

long slender marine riser is now becoming more important than ever. These slender and



long marine risers for ultra-deep water developments may be highly flexible due to the
increased length to diameter ratio. so their dynamic motions induced by various external
loads become more complex. Thus it is necessary to carry out more exact dynamic

analyses and experiments for understanding the behavior of a long flexible marine riser.

Vortex-induced vibration of marine risers has been receiving increasing interest from
industry and academics. Due to the large demand for crude oil in the world. offshore oil
and gas exploration has been moving into deeper water regions. This requires greater
length of marine risers. As a result. they encounter a complex environment of high
velocity and non-uniform currents, large and non-uniform tension forces and vortex
induced vibration caused by the current forces and high tension. In addition. VIV of a
structure is one of the most important dynamic responses caused by the flow past it, and
results in wide dynamic behaviors [Panton. 1996]. This underlines the importance of
understanding vortex dynamics that give rise to the different body responses. Regular
vortices are formed in the wake, which interact with the cylinder motion 1d form 1

main sources causing cylinders (elastically mounted) to vibrate due to vortex dynami

when shed from the cylinder.
Deepwater risers are especially susceptible to VIV for the following reasons:

1) Currents can be higher in deepwater areas than the shallower areas

2) Natural frequency is lowered with the increase in the length of the riser, which in
turn reduces the magnitude of current required for VIV

3) Deepwater platforms are usually floating. so there are no other structures adjacent

to the riser to which it could be clamped (figure 1.2 a).

Since deepwater currents usually change their magnitude and direction with depth, a
possibility may exist that multiple modes of riser can be excited into VIV. This makes
deepwater riser prediction more complex than that of the short riser spans. typical of

fixed platforms in shallow water.



1.2 Vortex-i luced vibration prediction

An accurate estimation of the fatigue life of a deepwater riser experiencing vortex
induced vibration depends critically upon an accurate estimation of the response
amplitude and frequencies (or mode numbers). Accurate estimations of e response
amplitude and mode numbers are, in turn, dependent upon several "basic’ parameters,

which include;

a) the current profile, both magnitude and shape variation with depth

b) the frequency and magnitude of the lift force imparted to the riser by vortex
shedding

¢) the excitation and correlation length (defined below) of the lift forces and vortex
shedding

d) the hydrodynamic damping and

e) the structur: properties of the riser including damping, mass, tension, bending

stiffness and the cross sectional geometry (including s face roughness)

These parameters. in turn, define other useful parameters including the vortex sheddi

U*S . . .
. where [ is the vortex shedding frequency, U is the

frequency (def :d asf,

local current velocity, D is the riser outside diameter. and S is a proportionality const

called the Strouhal number which is dependent upon other parameters but is ~>nera -

*

about 0.2). Other parameter includes the Reynolds number (defined as Re = whi
v
v is the kinematic viscosity) and the reduced velocity (J, = m where [ is the

Strouhal natural frequency). Basic parameters are in turn. affected by each other. For
example. the lift force is dependent upon parameters such as Re. the free stre
turbulence. the correlation of the vortex shedding. and the surface roughness. Vortex
shedding in the turbulent wake regime (i.e. Re>200) occ  in cells along the length

the cylinder. Shedding does not occur uniformly along the length of the cylinder.



rather in cells as shown in figure 1.1. Consequently. the maximum resultant force (

cells along the length of the cylinder are out of phase) acting on the cylinder over its total
length may be smaller (or larger depending upon location of cell) than the force acting on
the cylinder over the length of a single cell [Fredsoe and Sumer, 1997]. The average
length of the cells may be termed the correlation length. The lift force is highly
dependent upon the cylinder amplitude and mode(s) of response. makii VIV prediction
a non-linear process requiring iteration between the lift force description and f

responsec.

Figure 1.1: Formation of shedding in a cell in turbulent wake

VIV is perhaps more sensitive to the current profile than any other parameter [Allen,
1998]. For short riser spans. the current magnitude determines whether or not VIV will
occur (including other factors such as reduced mass, damping and structu.  frequenc
and determines whether the response is in-line or transverse to the flow direction (or
both). For deepwater risers. a very low current will at least theoretically | >duce soi

VIV due to the low natural frequency of the riser in bending. The variation of the current
along the riser span (i.e. with the depth) then determines which modes will : present in
the response. In general, current profile is varied during the analysis to determine the
sensitivity of the results to current profile shape. It is possible that even if numerous
modes are potentially excited by a current profile (typically of a deepwater riser in a
significant current). a single mode (or a small numb of modes) can dominate the
response due to “lock-in" in which the vortex shedding tends to adjust to the vibrati 1
frequency within certain limits (dependent upon mass ratio and Reynolds number). Al |
(1998) discovered that even in a highly sheared current. it is possible for a sit ‘e mode

(or small number of modes) to dominate the response.

The hydrodynamic dampir~ which is of course dependent upon the current prc...e, can

be very large. relative to the structural damping. for a deepwater riser. This is especia



true when the excitation length is only a fraction of the riser length. Accur. : estimati |
of hydrodynamic damping (and for that matter, added mass) for VIV analysis is qu
difficult. This is partly due to the fact that lift forces are coupled to the amplitude ¢ |

frequency of vibration.

Damping com] tations are also complicated by the difficulty in determining where alc
the riser damping is present. There are regions where it is obvious that either excitation or
damping must be present (e.g.. near the bottom, the current may be ni “igible so that still
water damping ; most probably present). and there are also significant regions where it is

unclear [Allen, 1998].

The riser struc ral properties determine the set of natural frequencies and 10de shapes
of the riser in bending. The natural frequencies are typically proportional to the tension
and bending st ness while inversely proportional to mass and length. The mode shape is
affected by the variation in tension along the riser length. which is due to the submerged
weight, with the node-to-node spacing being larger in high-tension regions. This means
that if a negatively buoyant (heavier than water) riser has a constant VIV amplitude w 1
depth, the highest curvature will be near the bottom of riser (because the node-to-node
spacing is shorter in this area, illustrated by figure 1.2 (b)). For deepwater risers. the
structural damping is usually small relative to the hydrodynamic damping and therefore
does not usually significantly influence the response. Even risers known to have la

structural damping, such as risers made of flexible pipe. can still experience substantial

VIV despite the minimal conseqi ices of VIV on these types of risers.

The riser cross-section is another parameter that affects e lift force. since 1e bound -
layers are affected by even small changes in the cross section, such as the presence [
marine growth. It should be noted that most practical marine risers are rough enough to

cause a significant increase in the drag coefficient.



Vot ——of sSepARED
FLOW

a) b)

Figure 1.2: a) Deepwater riser exposed to sheared current b) Mode shape for a riser

heavier than water

The flow in the wake of a vibrating cylinder is a system that depends strongly on t

frequency and amplitude of the oscillation. This flow has been the subject of many
papers. far too many to cite here [refer to review articles by Si | caya (2004). Bearman
(1984) and Williamson and Govardhan (2004)]. Despite the large volume of such
experimental  ta, a systematic investigation that relates the wvariation of {

hydrodynamic forces to the flow patterns in the wake is missit ~ Numerical investigation
of the flow past an oscillating cylinder at low Reynolds number has been do : by. amc
others. Blackburn and Henderson (1999). Anagnostopoulos (2000). Baek (2001).
Blackburn (2001) and Guilmineau and Queutey (2002). but for a very limited number of
frequencies and amplitudes of oscillation. not sufficient to offer a picture of the

dependence of the forces on these parameters.

The fluctuating lift is dominated by the actions from the periodic phenomenon cal |
vortex shedding. which is the principal source of cross-stream flow-induced vibration g |

acoustic emissions [Blake. 1986]. The fluctuating lift is mainly due to the fluctuating







1.3 Objectives of the thesis

During the literature review, only a very few papers were found that discuss the force
coefficients for risers. Since VIV leads to alternating lift forces and drag force.
understanding these forces is really important for the design and its analysis. Researchers
have come to different conclusions for the magnitudes of force coefficients, depending
upon their setups in the experiment and the assumptions made during the analysis. So,
this creates a problem for riser designers to make a proper selection of the force
coefficients magnitudes for analysis. Questions may arise, if selection of the magnitudes
of force coefficients affects the structural behavior and design ot the riser. This research
is an effort to answer effectively whether or not force coefficients have a significant
effect on the riser responses d g VIV. It tries to characterize the fluid-structure
phenomenon with the help of force coefficients, and reveal their effect upon the riser
responses duri:  the VIV, without carrying out a computational fluid dynamics (CFD)
analysis. CFD uses numerical methods and algorithms to solve and analyze problems that
involve fluid flows. The fundamental basis of any CFD problem is the Navier-Stokes
equations, whi  define any single-phase fluid flow. The most fundamental considerati
in CFD is how one treats a continuous fluid in a discretized fashion on a computer. G

method is to discretize the spatial domain into small cells to form a volume mesh or grid.
and then apply a suitable algorithm to solve the equations of motion (Euler equations for

inviscid. and N rier-Stokes equations for viscous flow).

It is costly and often not fe ble to perform a full -scale experiment on marine risers.
Therefore. most researchers have put their effort into the numerical simulation »
calculate the vibrational effects. Many programs have been created to simul. : VIV, most
use the modal analysis method where the measured vibration is separated into different
frequency modes. However, there is a considerable error between the predictions of
marine riser VIV fatigue damage by computer models and observed damage. by orders of
magnitude [Trim, 2005]. In this work a simulation was carried out for this parametric
study of VIV on a marine riser of typical configurations, subjected to uniform flow ¢ |

sheared flow. The equations of the three dimensional motion of a marine riser undergo



large elastic deformations were formulated using Kane’s formalism [Raman-Nair and
Baddour. 2003]. The equations were solved using a robust implementation of the Runge-
Kutta method provided in MATLAB. Riser responses were measured from the
simulation, which were further analyzed using the Design of Experiment methodolog

which determines the significant factors to atfect the riser responses. Once the significant
factors were identified in affecting the riser responses. parameters were changed over an
expected range to see if any rotable changes existed in the riser responses. Riser
responses were measured in terms of maximum bending moment, maximum tension and
tensile stress, cross-flow and in-line displacements. Ranges of selected parameters were

described as low level and high level.

1.4 Layout ¢ the thesis

The first chapter gives an introduction to the concepts and terminologies relevant to -

present work. Chapter two describes the physics of vortex-induced vibration and =
forces on a cylinder. Chapter three gives the description of the riser mod used in the
code. It also describes the methods to validate the code. Time domain analysis was
adopted to address the non-linearities (because of the drag forces along the riser length)
of the VIV. Chapter four describes the Design of Experiment methodology. for
identifying the significant parameters affecting the riser responses. Chapter five discusses
the results and discussions from the analysis. and presents the summary of er response
with the variation of the parameters within the expected ranges. Conclusions a |

recommendations are given in chapter six.




Chapter 2
Vortex-Ind ced Vibration
2. 1 Introduction

Vortex-induced vibration (VIV) of structures is of practical interest to many fields
engineering, such as heat exchanger tubes. riser tubes that carry oil from the seabed to the
surface, civil engineering designs (as in bridges. chimney stacks). as well as design

marine and land vehicles.

As the fluid speed past a cylindrical section is increased, the flow chan 5 from u

separated laminar flow to turbulent vortex flow. In a fluid current, alternating vortices
will develop on the circular cylinder. at a certain frequency. called the vortex shedding
frequency, which can excite the structure in one or more of its natural frequencies. When
the vortices are not formed symmetrically around the body (with respect to its midplane),
different lift forces develop on each side of the body. thus leading to a motion which is
transverse to the flow. This motion changes the nature of the vortex formation in such a
way as to lead a limited motion amplitude (differently, then from what would be expected
in a typical case of resonance). Due to the ‘lock-in" effect. the correlation length (may

increase depending on setup) and vortex strength increases.

A non-dimensional quantity describing the flow around a smooth circular cyline
depends on the cylinder Reynolds number. defined as:
D*U

Re = . where D - diameter of the cylinder
v

U -velocity of the fluid

v - kinematic viscosity

10
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Figure 2.1: Vibrations of a cylinder submitted to vortex shedding

The flow undergoes tremendous changes as the Reynolds number increases. The flow
pattern around a stationary cylinder has been investigated by several researchers [Bloor.
1964; Gerrard. 1978 Schewe, 1983; and Williamson. 1988] using flow visualization
techniques. Figure 2.2 shows schematically the flow pattern for some flow regimes for
smooth circular cylinders. Effects. such as the surface roughness. the cross-sectional
shape. the incoming turbulence, and the shear in the incoming flow. influence the flc

For the range of the Reynolds number 40<Re<200. the vortex street is laminar. 1

shedding is essentially two-dimensional, i.¢. it does not vary in a span wise directi

[Williamson, 1989]. With further increase in Re. transition to turbulence occurs in the
wake region (for Re>300). The rc “on of transition to turbulence moves towards the
cylinder as Re is increased in the rar = of 200<300 [Bloor, 1964]. Bloor (1964) repc
that at Re=400. the vortices. once formed. are turbulent. Gerrard (1978) ar  Williams 1
(1988) state that the two-dimensional feature of the vortex shedding becomes distinc

three-dimensional for the regimes of Re>300. However. except for very small Reynolds
numbers (Re<40) there is one feature of the flow which is common to all the flow
regimes, namely the vortex shedding. In the narrow Re band 3x10°<3.5x10° (called the
critical regime) the boundary layer becomes * “ulent at one side of the cylinder and
laminar at the other side. which causes a non-zero mean lift on the cylinder (figur = ~

The side at which the separation is turbulent switches from one side to the ot



occasionally [Schewe., 1983]. Therefore the lift changes direction as f

transition to turbulence changes side, shifting from one si :to the other.

Lift force because af
pressure differences at

t i3 . o
wo faces of cylin Skin friction

1=y /

- AN <J turbulences

— o<
/./\//

—

laminar flow

Dre  force

Figure 2.2: Formation of drag force and lift force on a cylinder

- one-sided

As a consequence of the vortex-sheddii  phenomenon. the pressure distribution arou |

the cylinder undergoes a periodic change as the shedding progresses. resulting in a

periodic variation in the force components on the cylinder. The magnitude and

occurrence of sustained oscillations strongly depend on the lift coefficient of f

stationary body.

Re<$
No separation ar creeping flow

5<Re<40

‘{Lﬁ A fixed pair of symmetric vortices.

40<Re<200
Laminar vortex shedding.

200<Re<300
> /O Transition to turbulence in the wake.
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300<Re<3x10°
Wake completely turbulent.
A: Laminar boundary separation.

3x10°<Re<3.5x10°
B: Turbulent boundary layer separation
A: Laminar boundary layer separation

3.5x10°<Re<1.5<10°
B: Turbulent boundary layer separation: the boundary
Layer partly laminar partly turbulent

1.5x10°<Re<4x10°
C: Boundary layer completely turbulent at one side

4x10°<Re
C: Boundary layer completely turbulent at two sides

Figure 2.3: Regimes of flow around a smooth, circular cylinder in steady
current
[based on Sumer and Fredsoe, 1979]

2.2 Forces on a cylinder in a steady current

If the structure is flexible and lightly damped internally, the resonant oscillations can be
excited normal or parallel to the incident flow direction [Griffin, 1998]. A result
unsteady fluid »rce, which is generated on a cylindrical structure, as a consequence of

vortex shedding, described by Gr  n (1980). can be divided into several components:

a) An exciting component of the lift force. by which energy is transferred to the

structure

13



b) A reaction or damping force, which is exactly out-of-phase with the structure’s
velocity. and is a function of relative velocity between fluid and structure

¢) An ‘added mass' force. which is exactly out-of-phase with the structure’s
acceleration

d) A flow induced inertial force, which is exactly out-of-phase with the structure’s

acceleration.

These various contributions to the total force can be deduced from the total
hydrodynamic force, as reported by Sarpkaya (1979). or the various components can be

deduced indivic ally as reported by Griffin (1980).

Hydrodynamic loads on a small-diameter submerged object such as a riser can be
calculated using Morison’s equation. Basically, if the cylinder (or a riser) is moving
laterally with the velocity ( v) and acceleration (v ), in a fluid stream that itself is moving
with velocity (« ) and acceleration (), then Morison's equation for the hydrodynamic

force per unit I gth acting on the riser (or cylinder) can be written in two ways:

flx)= %p('“qﬁ(u - v)u - v’ +pAu+ (CM - l)pAu (1) - \’)221

or

12
[N
9]

f(x)= %p(‘,ﬁ(u— \')u— v‘ +C, pAu— (CM - l)pA(,\'* e e e 2220

where p is the uid (mass) density. (', is the drag coefficient, ¢ is the cylinder (or ris
diameter, (' is the inertia coefficient. and A is the riser external cross-sectional area.
The first right-hand term of equations (2.2.1) and (2.2.2) represents the di | force. and
the last two make up the inertia force. The term (('M — l)pAU is frequently termed 1t
added mass for convenience. since it has the units of mass and the same acceleration as

the riser itself. In the literature, (CM - 1) is often given the symbol C, and is called the

added-mass coefficient. The value of C, is typically close to 2. Hence.C is typica

closeto 1.

14



The force on an element of a riser. as given by Morison’s equation. can be considered to
be the resultant of three dynamic pressure fields, which have to be superimposed on the
static pressure ld. The four pressure fields stated by Sparks (2007) can be summarized

as follows:
a) The static pressure field (as has been described by Archimedes)

b) The dynamic pressure field in the fluid in the absence of a riser (represented by

the mid e term in equation = 2.1)

¢) The pressure field resulting from the presence of the riser and rhe relutive

acceleration of the flow with respect to it (the last term of equation (2.2.1)

d) The pressure field resulting from the disturbed flow relative to the riser. treated as

if it was of constant velocity (the first term of equation (2.2.1).

However, Morison’s equation may not be practical in use because the drag force is non-
linear. When the flow is not perpendicular to the structure (riser) axis. which is the case
in general, then the drag force can be evaluated in the direction of the flow and then
resolved into components perpendicular and parallel to the riser axis. Also, the flow
velocity can be resolved into components perpendicular and parallel to the riser axis. as

an alternative solution for the evaluation of the force components.

Forces acting on the cylinder, mainly, the in-line direction (the drag forc¢ and a non-
zero force component in the transverse direction (the lift force). vary periodically w
time. The drag force chai p dically over time, oscillatir~ around the mean dr

The lift force occt  at the Strouhal frequency f; while the fluctuatii  drag force has a
frequency of 2f; In the case of a forced oscillation. synchronization of the two sets of
forces occur when the forcing frequency. 1. of the cylinder approaches the Strouhal
frequency f; i.e. the system of cylinder and wake. oscillates at the imposed :quency; f
the cylinder only, the natural Strouhal frequency is lost. This synchronization persists
over a range of frequencies which may be termed the ‘range of synchronization’. within
which the lift and drag forces suffer changes in phase and amplitude as the | ised

frequency is v  ed [Bishop and Hassan. 1963].

15



2.2.1 Mean drag force

The flow aroun a static cylinder will exert a resultant force. There are two contributions
to this force, one from the pressure and the other from the friction. For the range of Re >
10%, the contribution of the friction drag to the total drag force is less than 2-3% [Sum

and Fredsoe, 1997]. So. the friction drag can be omitted in most of the cases. and to

mean drag can be assumed to be composed of only one component. namely from the
pressure drag. Therefore the mean drag force can be described as the force :ting on the
cylinder due to e difference in pressure between the up and the downstream sides. The
inline fluid forces are considered to be the sum of an inertial force and drag force. The
inertial force is due to fluid acceleration and the drag force is associated with the relative
velocity. The mean drag force is a function of the Reynolds number. Figure 2.3 presents

experimental data, illustrating the variation of ', for a static cylinder with respect to the

Re number.

As seen, (', decreases monotonously until Re reaches the value of about 300. Howev.

from this Re number onwards, (', assumes a practically constant value. namely 1.2
throughout the sub critical Re range (300< Re<3x105). When Re attains the value of
3x10°. a dramatic change occurs in C,, and the drag coefficient decreases abruptly and
assumes a much lower value, about 0.25. in the neighbor 2 Re range. the sub critical Re

range. This phenomenon, namely the drastic fall in C,,is called the drag crisis [Sumer.

and Fredsoe, 1997].

100
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2.2.2 Fluctuati rdrag force

The fluctuating drag force is an oscillatory change in the drag which occurs at a
frequency of 2f; The amplitude of oscillation is not a constant set of values; it varies from

one period to the next.

These two forces mean and oscillating, together account for the total drag torce. and

can be mathematically represented in the form of:

F,= %pU:A (C/) +C, sin (2(0\1 + ¢)) ................... 2.2.2.1, where

U = flow velocity
A= cross-sectional area of cylinder

(',,= mean drag coefficient
C,)” = fluctuating drag coefficient
=27 [,

¢ 1is the phase angle between force coefficient and the displacement of i

structure.

2.2.3 Lift force

As stated before, the transverse force, (the lift force) osc ates at the Strouhal frequency.

/s and can be expressed as:

F = 12pUZA(‘,_ ___________________________________________ 223.1.v ere,

¢, = lift force coefficient. expressed as C, =(, .sin((o\t). where (', is the

oscillating lift force coefficient.

Figure 2.4 shows that the amplitude of the oscillations is not constant. It varies from one

period to the other.
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Figure 2.5: Drag and Lift forces on u cylinder
[based on Drescher, 1956]

Resulting forces (and force coefficients) during VIV are influenced by factors like 1

cross-section of the structure. incoming turbulence, and effect of angle of attack of flo

A non-circular cross-section may be subject to steady lift at a certain angle « attack. This
is due to the ymmetry of the flow with respect to the principle axis of the cross
sectional area. Schewe (1983) observed a similar kind of steady lift, even for circular
cylinders in the critical flow regime, where the asymmetry occurred due to the one-sided
transition to turbulence. For rectangular sections. no change in force coefficients
depending on Reynolds number should be expected since the separation point is fixec |
the sharp corners of the cross section. The increased level of turbulence will direc -
influence the boundary layer and hence its separation [Kwok, 1986]. This will obviou -

lead to changes in the force and therefore force coefficients.



Chapter 3
Parametric studies of VIV on a Marine riser

3.1 Marine riser

Over the last two decades, the quest for exploration and production of oftshore oil |
extended to deeper and more hostile water. Prime examples of such activity can be seen
in the Northern North Sea and Gulf of Mexico fields [Sparks. 2007]. Floating Production
Systems (FPS) offer exciting possibilities both for deep water and for marginal fiel

particularly because such systems are amenable to relocation after depletion of the field.

A marine riser is a long and slender pipeline extending from a sub-sea system at {
seabed to a floating vessel at the surface. It is a conductor pipe, which connects 1
wellhead at the seabed to a fixed (or a floating) platform, or a vessel. It may
categorized mainly as either a production riser or a drilling riser. A riser that is used to
transport the crude oil from floating platforms is termed a production riser. They were
first used in the 1970s with architecture inspired by that of top-tensioned drilling risers.
Since then, they have taken many other forms, including bundled risers. flexible risers.
top-tensioned risers (TTRs), steel catenary risers (SCRs) and hybrid risers, which are a
combination of steel and flexible risers. The drilling riser of today is a low-pressure riser,
open to atmospheric pressure at the top end. Drilling risers are made up of a number of
riser joints, for the circulation of drill 2 fluids [Guesnc and Laval. 2000]. The top end
of the riser is connected to the floating vessel through guides and tensic r¢ ilators.
allow some fr lom in axial and rotational movements, but it is constrained in late
directions. This will restrict the top end of the riser to follow the lateral motions of the
vessel. At the bottom end. the production/sales riser is connected to the blow: t
preventer (BOP) or to a pipeline through a flexible joint, which has mechanical design
constraints/operational limits on the permissible angular motions. Drill z mud and

cuttings from the borehole are returned to the surface through the riser. A BC. placed at
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the seafloor between the wellhead and the riser provides protection against over pressur

formations and sudden release of gas.

The primary design considerations of risers are governed by such factors as the
operational limits of the riser at the surface and seabed. bending stresses and axial
tension. Since the bending stiffness of the riser is small, large displacements are possible
due to the wave and current loads. ..is gives rise to geometric nonlinearities associat

with large displacements and those due to displacement dependent loadings such as drag
loading arising from relative velocity effects. A non-linear time domain analysis is
therefore considered necessary for a more accurate assessment of the dynamic behavi

of the risers [Huse, 1996].

The initial tension in the riser has a significant influence on the dynamics of the riser and
its performance. The top tension is typically 20% greater than that required to support the
weight of the riser. In many cases. wall thickness and mass distribution of the riser varies
along its length. In some cases, additional buoyancy is also provided at various locatic

along the length of the riser to maintain positive tension at the bottom flex-joint and to
reduce instability (buckling) of the riser. Constant axial force is applied to the top of the
riser system by means of hydraulic cylinders at the platform. If buoyancy elements are
not used. the axial tension will decrease with the depth, resulting in significs  bending of
the riser near the bottom. The st ¢ bending moment will be developed by the steady

drag on the riser itself, and by platform offsets typically caused by winds and currents.

A variety of problems are encountered in riser designs that arise mainly from structu
dynamics, non-linear effects, and mechanical constraints. These may be listed as follows

[Allen, 1998]:

a) Imposed motion at the top end
b) Top end boundary conditions

¢) Variations in the top end tension
d) Wave loading considerations

e) Effect of current profile
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contribution to overall riser fatigue damage [Kozicz and Newman, 2005]. Wave and
vessel motion-related damage may remain at roughly the same level or even diminish as
water depth increases, but currents can act over the full depth of the water column. which

tends to make VIV more important in deeper water.

3.2 Method of analysis

Riser analysis has become a major interest and has drawn considerable attention. partly
due to the fact that the riser is and will continue to be an important link between the
floating platform and the sub-sea bore hole, and partly because the analysis itself

challenging. The analysis requires the consideration of the wave, and current forces, due
to most severe as well as nominal sea states, water depth. the rig motion. and suitably

defined boundary conditions [Sarpkaya. 1981].

The riser analysis may be static or dynamic. The static analysis is more concerned with
the maximum riser response in a vertical plane and does not take into consideration 1
time-varying effects of waves. vessel motion and the inertia of the system. Various static
methods adopted are: finite difference formulations [Bathe, 1974 and NESC, 1966]. fin
element formulations [Gosse, 1969]. direct integration using a fourth order unge-Ku
method [Burke, 1973]. and asst :d deflection shapes of an elastic catenary [Jon

1975] or power series [Fischer and Ludwig, 1966].

The dynamic analysis considers the relative velocity and acceleration between the fluid
and the riser, i d yields a time history of the responses. Sarpkaya (1995) has outlined
three methods for dynamic response analysis: deterministic time-history analysis, a

steady state or a frequency-domain analysis. and a non-deterministic random vibrati 1

analysis.

A majority of the published work is based on simplified frequency domain analysis
methods and some literature ad esses time domain analysis methods with varyi

degree of sop stication. In eva 1iting the dynamic response of marine risers. it is
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Navier—Stokes equations [Hong et al. 2002]. In the latter approach. VIV is solved using

experimental hydrodynamic coefficients [Vandiver, and Li 1997; Grant et al. 2000].

Raman-Nair and Baddour (2003) had developed a program that simulates riser dynamics.
based on a time domain analysis. The riser is simulated using lumped masses connected
by springs that model the riser’s properties such as bending and extensional stiffness. A
lumped-mass formulation allows the flexibility of dealing with varying material
properties and fluid loading along the riser’s length. The number of the lumped mass

can be changed. depending on the accuracy of the results required. The description of the

riser model is given in the following section.

3.3 Descript n of the model

The riser is mc :led as a hollow circular section divided into n segments S; (k=/...n.) by
points Py P;...Pn. (Figure 3.2). In addition to gravity and other applied loads, the riser
subjected to hydrodynamic forces due to the ambient fluid as well as forces due to an
internal flow [Raman-Nair and Baddour, 2003]. Surface waves are described by Stoke’s
second order wave theory. The effect of internal flow is included in the model. 1
detailed algorithm is presented in the paper by Raman-Nair and Baddour (2003) and 1
equations are solved using a robust implementation of the Runge-Kutta method provided
in MATLAB. Fluid structure coupling is achieved by the applicc on of f{
hydrodynamic loads via Morison’s equation and added-mass cc “icients are set using the
instantaneous relative velociti  and acceleration between the fluid field and the riser
segments. The deformations are necessarily large. but still elastic (i.e. non-plastic) a
the lumped mass model has been applied, using the methods of multi body dynamics &
Kane's formalism to determine the motions and resulting internal forces. As reported -
Banerjee (1997). this approach is computationally more efficient than usi : non-linear

finite element codes.

The following assumptions have been made:



1) Primary deformations are due to the longitudinal and flexural vibrations
2) No model has been introduced r shear or torsional deformations.

The mass of each segment is lumped into halves at the ends, except for the segment S
the entire mass of which is lumpe at P,. Segment Sy has unstretched length / material

area of cross section Ay (not including the internal flow area). second moment of area

about the neutral axis /, . and mass per unit length p, . Beam extension and compression

is modeled by linear springs as shown in the figure below.

T ./ i’
. -
Lo e
/O//V ;o
- e
ALt V/« .
o =TT\
. ’/,\N\;} Pty g
. -
‘o> N,
.
ol Ne
T
Figure 3.2: Moc ' used in the simulation

[Raman-Nair and Baddour, 2003

The damping coefficient (' may be determined experimentally or estimate asC’ = (X

2 x,/(k, x segment mass; . where { is the damping ratio which lies between 0 and 1. The

spring stiffness a; (j = 2. . . n) is chosen as described by [Huston. 1990]. ing a lin

beam theory. For identical segments of length / and flexural rigidity E/ these values

El :
found as o :TQ (G =2 ...n). The stiffness o depends on the | icribed supp t
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condition at point Py For a pinned support, o ;= 0. If the beam is cantilever¢ at Py, o is

determined as described by Banerjee (1997). as defined below for the case of identic

segments.

The validity of this use of linear beam theory for modeling the large deflec »n behavi
of beams has been demonstrated by Banerjee (1997). The origin of inertial coordinates is
an arbitrary point O on the seabed and the inertial frame is denoted by N with unit vectors

n; no, n3. The t e dependent location of point Py is specified as:

OPy=c, g (On, + cz”’(t)nz + c]':’(t)n3 ................. 3.3.2. where

c,"" (1) (i=1. 2. 3) are known functions of time t. The system has 3n degrees of freedom.

Figure 3.3: Unit vectors for beam segments

The following parameters have been included in the code.
1) Kinematics of the different points on the riser
2) Inertial forces
3) Gravity, buoyancy and touchdown of the riser portion
4) Internal forces due to extension and bending
S) Viscous drag on the riser
6) Hydrodynamic pressure forces (added mass effects)
7) Vortex-induced lift forces
8) Structural damping

9) Forces due to internal fluid flow inside the ris



10) Possible external loads

11) Touchdown

The algorithms used to get the outcomes were applied for this work to measure t

different responses of a riser. modeled by the code.

o O tascaga))

o
( (u),a’.,u;)

Figure 3.4: Evaluation of angle between two segments of length L; and L

If internal fluid is flowing uniformly inside the riser, then the rate of momentum enteri
and leaving the riser should be incorporated. The code accounts for the internal fli |
flow. which in turn, addressed the intc 1l pressure  ide the riser. Only a linear pressure
variation was considered during this study. Figure 3.5 shows the riser model with the

internal flow.

Although full-scale data provide completely comprehensive phenomena of marine
structures, it is very exf  ive to quire such data and usually the result is aftected -
many kinds of external turbulence such as currents. vortex, waves and wind. and it is

therefore difficult to interpret it.
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Figure 3.5: Internal flow configuration and control volume

The code by Raman-Nair and Baddour (2003) was used to make a parametric study
on VIV on a typical configuration of marine riser. There was a necessity for 1
validation of the code to use this code as a benchmark for the further study. So. this
work started in two stages: 1) Validation of the code and

2) A Parametric Study
3.4 Validation of the code

Two sources were chosen for the validation of the code, 1) analytical proof and

experimental proof. Known results were more difficult to locate as tests which could be
simulated as the code was unable in accounting all the parameters and setups in the
experiments and analysis. However, the code was able to develop a certain neters of
the proofs like 1) Elastic Catenary and 2) MARINTEK experiment. Details of these

proofs are described in the following sections.

3.4.1 Elastic catenary mooring proof

This proof calculates the deformed shape of a uniform elastic cable supported by

horizontal and vertical forces, when it is suspended at the two points as shown in the



figure 3.6. The two ends of the cable are pinned, and supported by two forces H and I".
Total deformed length of a cable is L. and the arc length from A to a general point P (x.

is p (deformed shape). When the cable is un-stretched, the arc length is*s* from A to P.

This catenary proof states that with the given values of /1 and V', a catenary profile can

determined. which in turn, calculates the value of "« "and *b°. For the known values of "¢’
and "4, the horizontal and vertical forces / and V" can be determined for the given elastic
catenary profile. So. a profile can be developed either for the known values of supporting

forces H and V, for which *a” and *b". can be evaluated, or vice-versa.

Seabed H

V-mglo

Figure 3.6. Deformed elastic catenary profile

The relationships between the supporting forces and cable dimensions, ¢ and  can be

expressed byt followir equations [Irvine, 1981].

Hs A {sinh"(V—mgL“ergS\ (V= mol. } .................. 3.4.1.1

x(s)= E + E L m J —sinh™ L 4 i}
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s [ 1Y H
z2(s)=—— V —mgl +—mgs |+
(5) EA“k gl + o mes ) g

| , 2 11
1+ {V— mglL +n1gsj }— 1+[%J [

where, H is the horizontal force, }'is the vertical force, m is the mass of the cable, g is

the acceleration due to gravity. L, is the unstretched length of the cable, £ is e elastic

modulus of ela city . and 4, is the cross sectional area.

In the same way. *a¢” and *A" can be expressed in terms of the forces  and V.

gt M sinh"(z\—sinh"(%\ ................................... 3.4.13
E4, mg LHJ k H J
1
| 242
b:i{V—lmng}+i [1+ V_,Jz—{nw} 3414
EA, 2 ' mg H- H

A code was developed in MATL/ . to develop a catenary profile. using the above stated
equations. The code was used in the preliminary steps of setting up the riser parameters.
The results show that the present formulation converges from non-equil rium inif
conditions to known analytic solutions at steady state. The damping mechanisms for the
riser are fluid drag. and structural damping in both extensional and flexural modes. W 1|
the values of *a” and *b’ (values are arbitrary). a catenary profile (with ar ~ withe

bending stiffness i.e. o, =0 for k =/....n) was set up with the two ends defined by Py 3

P,. and the reaction forces measured by H and }” were calculated. For the vice-versa case
of the forces and dimensions (¢ and b). the code was able to produce the same catenary
profile. After, the code was used in developing a riser profile with the followi

properties. (The line properties are not intended to be realistic).
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Catenarypr  # after  1wlation > Onginal catenary ptofile

v

(Obtamned from analvtical solution)

(b) Magnified portion to show the catenary profile before und afier the
animaltion

Hence. there was a considerable agreement between the code with the developed elastic

catenary proot .

3.4.2 Experimental proof

The Norwegian Deepwater Programme (NDP). a group of oilfield licenses in Norw: |
commissioned experiments on riser models over a range of scales and curr t conditions
in order to improve the ability to predict VIV. An experiment was conducted

Marintek's Ocean Basin in Trondheim. on a riser model, with length to diameter ratio of
1400. The riser was set up in a horizontal position in a flow tank and the current veloc

was set to be 0.5 m/s. The experiments were performed in a tow tank that provided well-
controlled flow conditions. In all cases. a model riser made of 27 mm fiber; 1ss pipe was
towed in a tank. Testing was also done with various straked contigurations by add
sleeves to the riser. The riser was pinned at the ends,  d either towed by the two ends to

s alate unifo 1 current or towed in a circle from one end to simulate sheared current

33






The material properties used in the experiment are listed below:

Material of the riser: Reinforced Fiberglass
Length of the riser: 38 m

Outer diameter of the riser: (.027m

Inner diameter of the riser: 0.02-4m

Current velocity: 0.5 m/s

Current profile: Linear and shear

Mass ratio: /.6

Young's Modulus of elasticity: 36.2x10° N/m”

The experimental results show that for a bare riser. cross-flow displacement is higher
than in-line displacement for all the set of velocities. There were less parameters listed 1
the experiment vy Trim (2005) which this code can account for such as the riser positic
current velocity, dimensions of the riser. The code was able to produce the riser proi
with most of the listed properties  the experiment. However, there was no indication of
the force coef! ients in the experiment for which the measured displacements could be

measured for different force magnitudes.

The code acco its for the drag (both the mean and the oscillating) and lift coefficients.
which is based on the ranges of Reynolds number. So. magnitude of 1.2 and 0.2, for
Re>3x10" were used for mean and oscillating drag force coefficients in addition to the
value of 0.2 for lift coefficient. Then the cross flow oscillations were measured. W

these values of force coefficients, the cross flow oscillations ranged from around 4 to Ya

of the diameter. While in the experiment. the range was from about )4 to 1 diameter of
the riser. So. to see if the range could be made closer. the lift coefficient was increasec )
0.4 with the hope that cross flow oscillation would increase. Also, there was no indication
of the material density in the experiment. The riser was made of reinforced fiberglass.
and density of 1800 kg/m3 was adopted after the series of trials to mimic the report’s
findings of displac  nts. Later. it was found that the measurements were close to thar f

the experiment.
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3.5 Parametric studies of VIV on Marine Risers

The overall goal of a VIV analysis effort is to develop a general VIV analysis procedure
capable of representing the wide range of vibration behavior associated with long flexil

cylinders in a current. No single test can provide measurements and data for all -

parameters involved in VIV. Most of the tests provide data for a few paramet

(Strouhal number and lift coefficient are the most common) disregarding 1e effect of
others. Selection. integration and interpretation of test data are critical to model VIV of
marine risers. Vandiver (1992), carried out parametric studies to explain t ' reason for
varying of flow-induced vibration of long cylinders from single mode lock-in to broad-
band random vibration. He found the parameters such as mass ratio, reduced dampii

and also fractional variation in the flow velocity affect the responses of the riser subjected
to the sheared flow. As suggested by Vandiver. (1992). “lock-in". usually results t

largest amplitu s of vibration and the largest mean drag coefficients, and, are thereft

considered in most riser designs, to be the worst case. Also. he found out that when *lock-
in” is likely to occur, mass ratio has a strong effect on determining the range of reduced
velocity over which lock-in can occur. If this range is narrow, then lock-in may occur for
narrow bands of flow velocity. This work by Vandiver (1977 was able to reveal the
parameters which have greatest influence over the occurrence of the lock-in for flexible
cylinders with rge L/D and provided case studies. Another study was carried out by
Willden. and C itham. (2003). on a flexible pipe with the length to diameter ratio of 1£

and Re= 2.84x10°, for the case study of effect of mass ratio upon the responses of the
vibrational behavior of a pipe. The mass ratio was varied between 1.0 and 3.0. Despite
the inflow current being uniform. the pipe was observed to vibrate multi-modally and |
excited modes vibrated at the same Strouhal frequency. The fluid, viaitsad :d massv s
found to be able to excite modes whose natural frequencies differed from the excitation

frequency. This ability was observed to decrease with increasing mass ratio.

Despite the large volume of experimental data. a systematic investigation that relates the
variation of the hydrodynamic forces to the flow patterns in the wake is missing.

Numerical investigation of the flow past an oscillating cylinder at low Reynolds number
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has been done y, among others. Blackburn and Henderson (1999), An: 1ostopoul
(2000). Baek (2001). Blackburn (2001) and Guilmineau and Queutey (2002). but for a
very limited number of frequencies and amplitudes of oscillation. not sufficient to offer a

picture of the dependence of the forces on these parameters.

Researchers have put effort in to finding the force coefficients of a circular cylinder.
However, there has been no close agreement among the values of force coetticients found
by different researchers, which in turn, causes confusions for riser designers in selecting
the proper force coefficient magnitudes for analysis. This creates the need for a
parametric study of force coefficients on riser responses in determining, if a wide

selection of force coefficients affects the riser responses.

The code was ed in this work for a parametric study of force coefficients (primarily)
and other factors such as internal fluid flow, on a long and flexible riser. The study
proceeded first, by identifying the important parameters that affect the riser respons

and then by studying the variation of riser responses with the expected ranges of

significant parameters.

As stated in the previous chapter. drag and lift force can be written as:

Fy= Vo pURAC, +C,, sinQeost + ) oovevvee 3.5.1
Fyo= VPURAC, o 352
And the dimensionless coefficients can be stated as:
c,=¢, +C, sin(2a)v\ + r) ............... 353

C =C, sin(a)‘\ + r) ........................... 354

The following responses of a riser were considered.

1) Maximum Bending Moment
2) Maximum Tension
3) Maximum Tensile Stress

4) Cross flow Displacement
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Anchorage H

Figure 3.14: Catenary riser

The basic diff :ntial equation governing curvature and deflection of a tensioned be 1
(with uniform bending stiffness) subject to large deflections as has been described by

Sparks (2007) is as follows:

d'6

E1= -
ds

d0
T—+wcosO+ f{sFO0 ................. 35.1.1
— 10 3

where wcosé and f(s‘)are the respective components of the self weight an the in-plane

current load, acting perpendicular to the catenary axis. T is the tension. The abc

. 0
equation can be expressed in terms of the curvature, which can be expressed as 1/R=d7 .
ds
A do
SO Fi T —4+wcosO+ fS horeennianii.. 3.5.1.2
o0 1)
(1) (1)
El —| —|-T +wecosf+ fs)=0.........3.5.1.3
(R T L) et /)

For a cable catenary in zero current. since the bending stiffness and current load will be

zero [Sparks, 2007]. the following equation results.

l_wH

................................................ 3514
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At the TDP, due to the presence of the sea floor, the displacement of the riser is reduced
during VIV as the relative thickness of the incoming boundary layer profile along the
seafloor bottom can also have significant effect on the response of the riser. As explained
by Schulz and Kallinderis (1998), the boundary layer profile alone can change whether a

riser experiences “lock-in" or not.

Owing to the importance of steel catenary riser in the industry. for this work a steel
catenary riser was chosen, with the two ends pinned. and with the material properties as

listed below.

3.5.2 Properties of a Typical Riser used for the simulation

1) Length of riser: 3000m (un-stretched)

2) Outer diameter: 0.5m

3) Inner diameter: 0.4m

4) Number of lumped masses: 100

5) Material density: 7995 kg/m3 (Steel)

6) Density of sea water: 1( "~ kg/m’

7) Modulus of Elasticity: 2x10"" N/m’

8) Earth stiffness coefficient: 10000 N/m

9) Internal fluid flow: 0.02m’/sec. {at the typical production rate of approximately
10,000 barr: : per day}.

10) Density of the internal fluid: 800 kg/m’

11) Internal pressure in the riser sc nent: 10000psi. where 1psi=6897 N/m’

12) Strouhal Number: 0.2

13) Damping ratio: 0.4

The analysis involved two cases:

1) Parametric study of force ¢« Ticients. The force c«  Tic its chosen were:
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i. 1 ‘andrag coefficient
il.  Oscillating drag coefficient

iii. Lift coefficient (oscillating)

2) Parametric study of force coefficients along with internal fluid flow and riser top-end

movement. Parameters varied were:

1. Mean drag coefficient

ii.  Oscillating drag coefficient

ili.  Lift coefficient

iv. Internal fluid carried by the riser (this gives riser to internal pressure)

v.  Position of the top end of the riser.

For a parametric study with the force coefficients only, the riser was subjected to a
uniform flow. whereas for the later case. the riser was subjected to a sheared flow. For
both cases, the current was set to be in an oblique direction to the riser segments as

shown.

o4

Flow velocity
relative to segn i
of a riser

19&\

p=un . v

=y

-

7 defined in plane af  pment and flow vector
Figure 3.15: Schematic representation of the current on a segment of u riser

Figure 3.15 shows a schematic representation of the current acting on a riser. The current
velocity was resolved into the tangential and normal components (}; and F,). Ev
though the code accounts for three-dimensional vibrational effects. only two-dimensional

effects were considered for this analysis. Current velocity was resolved into thr
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components along x.). and z coordinate axes. This study takes current velocity in the x-
direction, so the displacement occurring in the x-direction refers to the in-line
displacement, whereas the oscillations along the y-coordinate reflect the cross-flow
displacement. For this case. the drag forces act in two directions. namely the tangent

and normal drag forces. They can be expressed as:

Fo i :% p, A Cpp [FI(FI]) 7o, 3.5.2.1

1
drag N ;

B[ B, 3.5.2.3

lifr

1 A
£y = Epr 4.C,

Generally. the tangential drag force is small compared to the normal drag force. The
tangential drag force was not studied in this study. A constant value of 0.2 was used; and

no variation was carried out in the tangential drag.

After the riser properties and boundary conditions were set up. simulations were carried
out to measure the riser responses. For responses like tension. tensile stress and bendi

moment. their peak values were considered during the analysis. The maximum bending
moment. maximum tension, and maximum tensile stress reflects to their peak positive
values. The riser displacements were measured in terms of cross-flow and in-line

amplitude.

The following figure 3.16 shows the time series of bending moment measured at lumped
mass 99. This lumped mass represents the top portion of the riser. Even though the
magnitude of bending moment is higher at the beginning. the peak value around 900-
1000 seconds was measured as the maximum (positive) bending moment. 1 this case.

maximum bending moment is 4.2¢ 10" Nm.
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(b) In-line amplitude frequency at lumped mass 99
Figure 3.18: Frequencies comparison of displacement amplitudes at lumped
mass 99
F_ re3.18 (a) (b) show fied portion for 900-1000 secs trom figure 3.17)
cross-flow and  -line displaceme’ with same scale factor for x axis at lumped mass 99
showing the frequencies at which they occur. Amplitu s of the displacements were
measured by taking the difference between two antinodes and dividing by two as shown
in figure 3.18. As seen. cross flow displacement occurs . a frequency of 0.67 while in-
line displacement occurs at a frequency of 0.047. In general. cross-flow displacement
occurs at a frequency of around 1.5 times that of in-line displacement (figure 3.17. refer

frequency ranges). So, the frequency relationship between the cross-flow and in-li

displacement is also valid for a long riser.
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3.5.3 Current profile

VIV is more sensitive to the current profile then to any other parameter [All: | 1998]. so,
modeling the current velocity was an important part of this study. For risers of short
spans. the current magnitude determines whether or not VIV will occur, and determines
whether the response is in-line or transverse or both. While for the deepwater risers. a
very low current will produce some VIV due to the low natural frequency of the risers in
bending. The variation of the current along the riser span determines which modes will be

present in the response [Allen. 1998].

If strength or direction of current, or both, vary along the riser length, the current is called
a sheared current. Shear currents can be separated into two-dimensional and three-
dimensional shear currents: and two-dimensional sheared currents also have various
patterns. These patterns include positive shear currents. negative shear currents and blo
currents as illustrated in figure 3.19. In this work. a block shear current was modele
Only current in the x-direction was considered for the analysis in this study. >wever. tl
code can account for a three-dimensional current. The current magnitude was defined ¢
vfluid (r.X). where ¢ denotes time. 1d X denotes the positions (x-y-and z). The current
the x-direction can be expressed as V =az+b, where a and b are arbitrary depending «

water depth z, measured from seabed.

I
]
Positive shear current Negative shear current Block shear current

Figure 3.19: Shear current category
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The current magnitude was varied with water depth as shown in the figure 3.20.

2500

1500 Frrmennresessseenianaanes

104000 [N

<00 o 3

Water Depth from seabed (meters)

Current Velocity (meterisec)

Figure 3.20: Current profile for sheared flow

After the identification of the parameters to be analyzed, and the responses of the riser
be looked upon, a parametric study was carried out which involved the measurement of
the riser responses for the changes in the magnitudes of the parameters. Each response
had to be measured for changes in the magnitude of each parameter. For example.
keepir the dr: force coefficients at a constant value, the lift force coefficient was
changed and the responses were measured to find the parametric relationship f responses
with the lift force coefficient. This can be a good way to understand the behavior of riser
responses with changes of certain parameters keeping other parameters unchange
However, there 1ay be cases where increasing/decreasing a certain parameter causes t
riser responses to change to a certain extent with the changes in other parameters. This
means that there may be a better approach to understand the riser responses variations
with changes in different combinations of variations in the parameters concerned. T
Design of Experiment (DOE) is a statistical method where a parametric study can
done by varying the selected parameters at two levels (three levels are for Respon
Surface methodology). This gi*  the combinations of variations of parar ters in t
form of main parameter variations and interaction of parameters variations. T

parameters for this study therefore. were chosen at two levels. levels being named as hi;
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and low level. Force coefficients were chosen as low level and high level. consideri
average low and high ranges for a circular cylinder based on Reynolds numt
dependency. Effects of internal fluid flow were studied by varying the discl ge from

flow to a certain flow within the pipe. which in turn. gives pressure variation. Only lin¢
variations were considered. Riser top-end. P, was moved to a certain position away frc

its original position to study the riser top end movement on riser responses.
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Chapter 4
Design of Experiment

4.1 Introduction

Design of Experiment (DOE) is a systematic approach to the investigation of a system or
process. A series of structured tests are designed, in which planned changes are made to
the input varial s of a process or system. The effects of these changes on a pre-defined
output are then assessed. DOE is important as a formal way of maximizing information
gained through an experiment or analysis [Montgomery. 2005]. It has more ) offer than
'one change at a time' experimental methods. because it allows a judgment on the
significance to the output of input variables acting alone. as well input variables acting in

combination with one another.

*One change at a time' testing always carries the risk that the experimenter may find one
input variable to have a significant effect on the response (output) wh : failing to
discover that changing another variable may alter the effect of the first (i.e. some kind of
dependency or teraction). This is because the temptation is to stop the test when this
first significant effect has been found. In order to reveal an interaction or dependenc

'one change at a time' testing relies on the experimenter in the appropriate ¢ ection. The
OFAT (one factor at a time) method was once considered as the standard, systematic, and
accepted method of scientific experimentation. Both of these methods have been shown
to be inefficient and in fact. can be disastrous " re. ~)02. and Montgc ery. 20(_ .
However. DOE plans for all possible dependencies in the first place. and then prescribes
exactly what data are needed to assess them i.e. whether input variables change t

response on their own, when combined. or not at all.

DOE is a methodology for systematically applying statistics to the experimentation. DOE
aids in developing a mathematical model that predicts how input variables interact 1o
create« _ tr¢  nsesin a process or system. It can be used to find situations

such as "what is the main contributing factor to a problem?", "how well does 1
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Force coefficients were chosen for the Re > 3x10°. i.e. the sub critical Re r¢ e as shown
in the figure 2.3.A 2" simulation means there were altogether 8 treatments of the facto
which included the main factors and their interactions. A. B. and C are ca :d the main
factors and are represented by a capital letter, while ab. ac, bc and abe are the interactic

of the factors. represented by the lower case.

Hence. the simulation was run 8 times with the combination of the fa »rs and t
responses were 1easured for each treatment. This is called *Full Factorial Design’. where

all the possible combinations of the factors were run.

Designs with the factors set at two levels implicitly assume that the effect of the factors
on the dependent variable of interest is linear. It is impossible to test whether or not there
is a non-linear (e.g. quadratic) component in the relationship between factors and a
dependent vari. le. if the factor is evaluated only at high and low levels. So. to check the
linearity. all of the factors were run at their mid point with the regular treatment. So. there
were 9 combinations of factors (this includes main factors and the interar on of main
factors). for w ch the simulation was run. The responses were measured for all the

simulations.

Design of Experiment, version 7.1 (v~ ~tatcase.com). was used to carry out the
parametric studies. Since the riser was modeled by 100 lumped masses. each mass may
respond in a different way to the responses. so analyzing all the masses was not feasible.
Hence. the bottom most and the top most and the middle masses were chosen for most of
the responses of a riser. The bottom most portion of the riser. represented by mass 1 (and
also mass 10). refer to the portion of the riser that touches the seabed. and lumped mas:

such as 99 and 50 represent the riser portion which is almost vertical and above the

seabed.
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99th mass

*  Hanging portion of riser

. 50th
1%t and 10tk mass mass

00 '{a-bed

Figure 4.1: Position of lumped masses on the riser

4.4 Analysis of main factors and their interactions

4.4.1 Maximu; bending moment at lumped mass 1

Table 4.2: Contribution of factors on maximum bending moment at mass |

n : ed Effects |Sum of Squares |% Contribution

¥ A-Mean Drag Ci -18932.50 7. 169E+0038 99.32
[#/B-Amplt. of Drag f. -1382.50 3.823E+006 0.53
& C-Ampl. of Lift Coeff. 367.50 2 701E+005 0.037
e AB -467 50 4 371E+005 0.061
e AC -317.50 2.016E+005 0.028
e BC -67.50 9112.50 1.2¢ :-003
e ABC -82.50 13612.50 1.886E-003
< Curvatu -1.271 05 1.731E+005 0.024

Lenth's ME 1 73

Lenth's SME 4290.35

Table 4.2 lists :  the estimable effects for the coded levels of the factors. As can be seen.
factor A (i.e mean drag coefficient) contributes around 99.32% of the effect on the
bending moment at the lowest end of the riser. Followit A, factor B. holds the next
significance. This table gives a glimpse of the factors to be considered s  1ifica

However. all the factors should be *:cided significant or not. depending on their p-value.

which can be obtained from ANOVA (analysis of variance). Factors that are consider
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As shown in the plot 4.4.1. factor A is the furthest point from the straight line indicating a
highly significant factor. Next to A is B, which is far away from the straight line showi

its significance in affecting the bending moment at lowest point ot the riser. Other main
factors and the interaction of the factors along the straight line are used as an error in
ANOVA. The Half Normal plot and % contribution table give the approximate figures of
the significant ctors. which further. will be proved from ANOVA. depending on p-
value. Generally. curvature is marked as significant in the % contribution t le. which is

further analyze in ANOVA to check if it is significant or not based on its p-value.

After identifying the significant factors. analysis of variance (ANOVA) was carried out
to check whether the model was significant with the factors included. The analysis of
variance can generally be used to confirm the magnitude and direction of the factor

effects to determine which variables are likely to be important.

4.4.1.1 Analysis of variance (ANOVA)

In ANOVA., focus should be given to the p-values of the factors included in the mo: |
and the p-value of the model itself to decide if the model with the factors included based
on a Halt Normal plot. are statistically significant or not. The p-value of the curvat

here will determine if responses are linearly or non-linearly varied with the paramet

concerned.

ANOVA (figure 4.4.2) shows the model with factors A and B is s™ 1ificant as the p-value
is less than 0.05, and also each factors. A and B are significant as their p-values are less
than 0.05. The p-value of the curvature in this case in not significant. which shows the
bending moment at lumped mass  varies linearly with the factors A and B. Other terms
in ANOVA such as sum of squares, and degrees of freedom are the statistical
terminologics  determining the p-values manually. In the 2% design with » replicates.

the sum ot squares for any effect is given as:

(Contract Y

SS = " . where Contrast gives the total eftect of factors.
n
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For example. contrast of factor A can be defined as: Contrust,; = ab+a-b-(1)

where, a, b denotes the main factor effects (a- a is at high level and b at low level) and
denotes the effect of interaction of factors a and b (both at high levels). (1) denotes both

factors at low levels.

Now. it is necessary to check the residual analysis to check the validity of the

assumptions of ANOVA.,

I | | | |

Lot mo e t0ongbt chobeonede wdaal Cells tor denrteon
] Response 1 Bending Moment at point 1
| ANOVA for selected factorial model
Analysis of variance table [Partial sum of squares - Type lll}
Sum of Mean F p-value
Source Squares df Square Value Prob>F
___|Model 7.207€E+008 2 P enas.nee 193412 = 0.0001 significant
1 A-Mean Drag 7 169E+008 1 w 3847.72 < 0.0001
B-Ampit. of D 3.823E+006 ? 3.823F+006 20.52 0.0062
Curvature 1.731E+005 1 1.731E+005 0.93 03794 not significant
Residuat 9.316E+005 S 1.863E+005
Cor Total 7.218E+008 8
Thie el Foval et 14 0 Campike = thee mioudels sigmaticand Tz ool
] I R e T U (TR U TR (TR Tt S BRI PUNE I S NI
_I alaes o "Brobe FUe oo than w0500 ndic 32 el e h ate it ant
] IFthis case & B oare Suanahe ant nockel teems
Sl o ogreater thar O 00 Dredi gte thee mockelterms ars rud ngnite and

Figure 4.4.2: ANOVA for the bending moment at 1| d mass 1

4.4.1.2 Resid 1l Analysis

1) Ne-—al Plot of Residuals: A check of the normality assumption can be made by

constructing a normal probability plot of the residuals. This is a plot of studentized
residuals, number of standard deviations of the actual values from their respective
predicted values. It is simply a graph of the cumulative distribution of the residuals.

Ideally. this will be a straight line indicating no abnormalities. In this case. the
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2)

valid.
Design-Expert® Software Normal Plot of Residuals Design-Expert® Software Residuals vs. Predicted
Bending Moment at point 1 Bending Moment at point
300
Color paints by value of Color points by f
Bending Morment at point 1 99 B_endlng Mormer,. w. .0t
o . ; ’ - 5 150 -
E e - 3 .
g 70 - E’ " ¢
; 50 e ® é 000
™ 20 » =2 [
z 10 ud
5 - 5 150
c
1
300
-1 67 082 oo as7 171 344E405 J49E+05 IS4E+05 358E+06 IEAES0S
Internally Studentized Residuals Predicted
. . . . ) N I . .
Figure 4.4.3: Normal Plot of Residuals Figure 4.4.4: Residual Vs. Predicted

3)

residuals are along the straight line (figure 4.4.3) showing that the residuals follow

the normal distribution.

Residuals vs. Predicted: If the model is correct and if the assumptions are satisfi

the residuals should be structureless. in particular, they should be unrelated to ¢
other variable including the responses. A simple check is to plot the re luals versus
the predicted values. A defect that occasionally shows up on this plot is non-const t
variance. Sometimes the variance of the observations increases as the magnitude of
the observation increases. If this were the case, the residuals would get larger and the
plot of residuals would be like an outward-opening funnel or megaphone. The size of
the studentized residual should be independent of its predicted value. In other words.
the spread of the studentized residuals should be approximately the same across |
levels of the predicted values. In this case (figure 4.4.4). points are scattered betwe

the upper and lower margin, which shows the assumption of constant variance is

This diagnostic plot is to calculate the best power law transformation

analytically. The text on the left side gives the recc mended transformation. in this
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4)

case it is *None'. The vertical line on 1 in figure 4.4.5 shows the curr t
transformation, which is the power applied to the response values. Since there is
transformation of data done in this case, a value of 1 is identified. If the designer or
the experimenter knows the relationship between the variance of the observations.
and the mean. they can use this information to guide them in selecting the form of
transformation. In some cases, all the observed values should be transformed to the

recommended form. for better ANOVA and statistical checks.

Residuals vs Run: Plotting the residuals in time order of the data collection is

helpful in detecting correlation between the residuals. A tendency to have runs of
positive and negative residuals indicates positive correlation. This would imply that
the independence assumption on the errors has been violated. This plot 4.4.6 sho
all the points inside the margin line. If there were any outliers. then it shows soi

measured 1 ignitudes of the responses far away from the others for the different

combinations. In this case, there is no such response value. figure 4.4.6

After the residual checks and confirmation of all statistical assumptions, the relationship

between the significant factors and bending moment at lumped mass 1 was investigated.

As

found, only the drag coefficie s affect the maximum bending moment whereas t

lift force coefficient. statistically does not affect the bending moment.

Design-Expert® Software
Bending Moment at point 1

Lambda

Recommend transform

None
{Lambda = 1}

Design-Expert® Software
Bending Moment at paint 1

Box-Cox Piot for Power Transforms Residuals vs. Run

Color points by vaiue of
Bending Morment at point

Ln{ResidualSs)
Internally Studentized Residuals

3 N N C ‘ N 1 : < H 4 & § - v

Run Number

Figure 4.4.6: Residuals vs. Run

Lambda

Figure 4.4.5: Box-Cox plot
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Movement of 50m to richt

_’Pn

e

/ Sea bed

Figure 4.5.1: Movement of top-end of riser towards the right from its

original position

Therefore. this analysis involves two levels. and can be represented as 2° (32 treatments
for the simulation). Running 32 simulations was time consuming as one simulation takes
about 10-11 hours depending on the computer processor. However. the statistical
information ca even be derived without running 32 sin lations. which can be achieved
through the process called blockii  and confounding. where only certain and appropriate
treatments are run at the expense of losing other interaction effects. The treatment
factors and their interactions are divided into blocks aft  the contrast is defined. Only a
certain block is selected for the analysis through which statistical information can be

determined. In this case. 2%

fractional factorial design was adopted. where one
interaction of factors of higher order would be neglected. This means. out of 32
simulations. only half simulations would be run. In 2™ design. 1 represents the num

of confounded effects. and is as med to confound the higher order interaction of the

factors. In this case, interaction ABCDE was confounded.

So. I=ABCDE. is a defining contrast. Running half of the full factorial desi; s lead to the
development of two blocks. the first block is called the *Primary block™ v ich incluc

all the factors at low levels. denoted by “1".
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4.5.1 Maximum bending n-~—~-* at lumped mass 1

Table 4.5 lists the percentage contribution of factors in affecting the maxim  bendi

moment at the touchdown zone. In this case. the maximum bending moment is highly
affected by the lateral drift of the riser top-end. It contributes about 99.13% in affecti
the maximum bending moment. followed by the mean drag and internal { id pressu

Among the force coefficients. the mean drag force coefficient has the highest influence
on bending moment. Since, the riser top-end movement has 99.13% influence. the fo

coefficients contribution in this case seems to be negligible. However. among the force
coefficients, the same relationship exists for the case of maximum bending 1 »ment at 1

touchdown zone irrespective of the flow type (uniform or shear). Factors holding a higher
percentage of the total contribution were included in the model. and they are represented
by M. Other terms like C, AB. AC, which are represented by "¢” are the residual terms
or the error terms. The terms such as ABC. ABD. represented by "~ are the alia: |
terms. as defined earlier. So. it should not be necessarily assumed that a contribution by
factor “A" is just a sole contribution, as its structure exists in the form of [A] = BCDE.
the contribution could be from BCDE. But in this case. terms B and C are almost
negligible, and 1eir combined effects are negligible. So, it is reasonable to conclude t/

this highest significance is due to factor A primarily. The same results were derived frv |
the Half-Normal plot (figure 4.5.2). Factors such as E lie furthest from the straight Ii

showing its highest significance for the response of bending moment. followed by other
factors such as A and D. The rest of the blocks along the straight lit  are the errors.

which were not included in the model for ANOVA.,
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Tuble 4.5: Contribution of factors on bending moment at mass 1 for shear flow

] N I Stdi E @. raras log r*-r..-m;h. .n.m
e IMmercept
[*1  A-Mean Drag Coeff. -4875.00 9 506E+007 059
3-Amplt. od Drag Coeff. -550.00 1.210E+006 7 525E-003
C-Amplt. of Lift Coeff. -200.00 1.600E+005 9.951E-004
I+l D-Inside Fluid 3000.00 3.600E+007 022
[*i  E-Swvay at the top -63125.00 1.594E+010 99.13
AB -425.00 7.225E+005 4 493E-003
AC -475.00 9.025E+005 5.613E-003
AD -275.00 3.025E+005 1.881E-003
AE 400.00 6 .400E+005 3.980E-003
BC -350.00 4 900E+005 3.047E-003
BD -300.00 3.600E+005 2.239E-003
BE 27500 3.025E+005 1.881E-003
CcD -350.00 4 900E+0 3.047E-003
CE 225.00 2.025E+005 1.259E-003
DE 775.00 2 402E+006 0.015
~ ABC Aliased
Ay ABD Aliased
ABE Aliased
a2 ACD Aliased
Ay ACE Aliased
Ay ADE Aliased
Ay BCD Alia |
Ay BCE Aliased
Ay BDE Aliased
v CDE Aliased
~ D Aliased
~ ABCE Aliased
A~y ABDE Aliased
Ay ACDE Aliased
v BCDE Aliased
Ay ABCI Aliased
[, Curvature 4 106E+005 9.888E+005 6.150E-003
Lenth's ME 134956
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Chapter 5

Results and Discussion

5.1 Analysis for the force coefficients

Full factorial simulation was carried out for the parametric study of force coeffic s
upon the riser responses, where the riser was subjected to a uniform current velocity of
0.5m/s at a Reynolds number>3x10°. Different lumped masses were chosen alor the
riser length to check the variation of effects on the riser responses on different segments.
After running e simulation for the described treatment of the parameters for the same
time period, responses like Maximum Bending Moment. Maximum Tension, Maximum
Tensile Stress. Cross Flow, and In-line Amplitude were mecasured. Then statistical
analysis was carried out using the Design Expert 7.1 software. The followi : parametric

relationships were obtained after the proper statistical checks.

5.1.1 Maximum bendin

At the lowest point of the riser (touchdown zone). represented by the lumped mass 1.
maximum bending moment is affected significantly only by the drag force
coefficients, the mean and the oscillating drag. The mean drag force coefficient
affects the maximum bending moment at a higher rate than the oscillating drag
(figure 5.1.1). With a positive increment of the mean and oscillat g drag. the

maximum bending moment decreases.

At the top-most point of the riser, represented by the lumped mass 99. the mean drag
and the oscillating drag coefficient affect the bending moment. With the increment
drag force coefticient. the bending moment increases sharply. an modcrately
increases with the increment of oscillating drag force coefficient. Figure 5.1.2 shows
the variation of bending moment at the lumped mass 99 where drag force coefficient

affects the bending moment highly than the oscillating drag coefficient.










whereas the drag forces increase the bending moment on the riser above the seabed
(lumped mass 50 and 99). This is because of the geometry of the riser. Riser segments.
represented by lumped masses 1 and 10. lie on a seabed. where the riser geometry is
curved. and the increased drag forces reduce the bending moment. Whereas, the 1 r
portions. above the seabed, are straight and hanging (because of weight ¢ the lumped

masses). and the increased drag forces (with time) increase the bending moment.

99" mass

> positive drag force

50" mass

OO0
1 &10" mass

Sea bed

Figure 5.1.3: Position of lumped masses on a riser

Maximum bending moment at the riser portions on the seabed initially is higher than t

of the portions above the seabed. The increment of the drag force tends to straighten the
riser portions in touchdown zone, and decreases the maximum bending moment. While
for the portions above the seabed, the drag force increases the maxit mm bend
moment. However. maximum bending moment at touchdown zone is  mparativi /
higher than thi of hanging portion. The following figures show the iximum bending
moment developed at lumped masses 1and 99. which show the comparative magnitude of
bending moments. Bending moment at the transient state (which is high . is reduced
with the increased drag force. For example. as shown in figure 5.1.4 and 5.1.5. bending

moment at lun ed mass 1 is reduced to 3.636x10° N 3.98x10™ . However. the
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From the above analysis. 1t can be concluded that, bending moment is a :cted by the
drag force coefficients. while the lift force coefficient has almost negligible effect. The
maximum tensions and tensile stresses are highly affected by the drag force among the
three force coefficients. Cross-flow displacement is affected by the lift force coefficient
mostly. and at some lumped masses it was found lift force affecting the in-line
displacement. The same relationships were found for the influence of the force
coefficients irrespective of the type of current loading on the riser. After identifying the
significant parameters, it was of interest to see whether there existed any significant
changes in the riser responses with the changes of parameters within the expected rang

For example, for the mean drag coetticient of 0.2, final maximum bending moment at
lumped mass 1 was 3.63x10? Nm. while for the value of 1. BM decreased to a value
3.44x10° Nm. So. with the increment of drag force coefficient from 0.2 to 1 (increment  f
mean drag coefficient by 400%). the bending moment magnitude decreased by 5.20 %.
Also. oscillatii  drag force coefficient decreased the bending moment at the touchdo 1
zone. For its value of 0.2, the bending moment at lumped mass 1 was 3.54x10" Nm, and
for the value of 0.5 (increment of scillating drag by 150%). maximum bending moment

decreases to 3.531072 Nm, showing a 0.38% fall in the m: iitude.

Similarly, for other masses, change in the parameters within the expected range. showed
the variation in the riser responses. The following tables (5.1 and 5.2) show the variation

in bending moment at the top-end of the riser with the drag force coetficients.
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A. Variation of maximum bending moment with drag force coefficients

Tuble 5.1 Variation of maximum BM with the mean drag force coefficient
at lumped mass 1 for uniform flow

Mean-drag
coefficient
0.2

0.6
1

Bending Moment (Nm) Increment in M
1.11x10° -
1.13x10° 1.76%
1 14v10° 0.87% i

Table 5.1 shows the variation of maximum bending moment (after the transient st

)

with the mean drag force coefficient. It shows that with the change of mean drag force

coefficient from 0.2 to 0.6 to 1 (changes by 200% and 67%). the bending moment

changes just by the order of 1-1.5%. This variation of bending moment with mean drag

force is for the case when oscillating drag is set at 0.35 and the lift force coefticient at

0.17. Similarly, for the case of mean drag force coefticient set at 0.6 and the lifl force

coefficient at 0.17. maximum ber ng moment at lumped mass 1 varies with the chan;

of oscillating drag force coefficient as shown in table 5.2

Tuble 3.2: Variation of maximum BM with the oscillating drag coefficient
at lumped mass 1 for uniform flow

Oscillating drag
coefficient

0.2

0.35
0.5

It can be seen from above table that changes in the oscillating drag coefti

Bending Moment (INm)

1.12x10°
1.13x10°
1.135x10°

% Increment in BM

0.89%
0.45%

‘nt (chan;

by 75% and 42%) leads to the variation of bending moment by order of only 0.5-1%.

99
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B. Variation of maximum tension low with drag force coefficients

1)

3)

Tension on a riser segment is increased with the increment of mean drag coetficie
For example, tension measured at the top-end of the riser (at mass 100) at unifc 1
flow for the mean drag coefficient of 0.2 was 1.203x10" N. while for t : mean drag
of 1. the measured tension was 1.230x10" N. showing 2 ~ 5% increment in the
magnitude of tension as shown in table 5.3.

Tuble 5.3: Variation of maximum tension with mean drag force coefficient
at lumped mass 100 for uniform flow

Mean-drag 1enston (Iv) Yo INCrement
coefficient
0.2 1.203x10 -
0.6 1.218x10’ 1.23%
1 1.230x10’ 0.98%

Similarly, oscillating drag coefficient increases the tension on a riser segme
Tension magnitude increases by 0.37% when the oscillating drag increases from 0.2
to 0.5 (increment of 15%) as ¢« wn in table 5.4.

Table 5.4: Variation of maximum tension with the oscillating drag coefficient
at lumped mass 100 for uniform flow

Oscillating drag

coefficient
0.2 1.215x10’ -
0.35 1.218x10’ 0.24%
0.5 1.219x10’ 0.12%
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Table 5.7: Variation of cross flow displacement with oscillating lifl force
coefficient at lumped mass 99 for uniform flow

Oscillating lift Cross-flow displacement | % increment
coefficient
(m)
0.05 0.000911 -
0.17 0.00283 210%
0.3 0.003305 16.78%

Changing the ft force coefficient from 0.05 to 0.17 (by 240%) causes cross flow
displacement to increase by 210%, which is significant variation with respect to the
changes in the lift force coefficient (table 5.7). Also, changing the lift from 0.17 to 0.3
(changes by 77%) causes the cross-tflow displacement changes by 16.78%. It shows the

lift force coefticient changes the cross flow displacement of a riser by signif ant order.

E. Variation ¢ in-line displacement with mean drag force coefficient

In-line displacement is affected by factors like mean drag coefficient and also the
interaction of 1 :an drag and lift force coefficient (for lumped mass 99). Different lumped
masses respon differently for the in-line displacement. For the lumped ass 50. the
combined effect of oscillating drag and lift force exists. However, me.  drag force
coefficient decreases the in-line displacement at the top-end of the riser. Table 5.8 shows
variation in the in-line displacement at the lumped mass 50. for the lift force coetficient

of 0.17 and ost lating drag of 0.35.



Tuable 5.8: Variation of in-line displucement with mean drag force coefficient
at lumped mass 50 for uniform flow

Mean- drag coefficient | In-line displacement % decrement n
(m)
0.2 0.0654 -
0.6 0.032 51.04%
1 0.0192 40%

For the case of in-line displacement. the main factors along with the interaction of the
factors exist in affecting the magnitude of the response. However. over some portions
the riser. the drag force coefficient decreases the in-line displacement. F1 1 the above
table, it shows there is a significant change in the in-line displacement with the higher

levels of change in the mean drag coefficient.
F. Variation of maximum bending moment with position of top-end of riser

Besides the force coefficients, factors like internal fluid flow and change in > top-end f
riser position : ect the structural responses of a riser. Moreover. these factors dominate

force coefficients in affecting responses like tension and tensile stress on riser segments.

For example. bending moment at lumped mass 50 was varied when the riser top-end was
moved from its or’ ~*nal position. rifting the riser position from 0 to 50m decreases the
maximum bending moment by 12.29%. Table 5.9 shows the variation in ber ing moment

when the riser is moved to 50 meter away from its original position.

The riser top-end position also changes the maximum tension and tensile stress on a riser

segment.
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Table 5.11:

ariation of maximum tensile stress with internal fluid flow
at lumped mass 50 for sheared flow

Internal fluid flow
(m’/s)
0
0.02

1ensiie stress

(N/m?)
1.580 X10®

2.796 X10®

% increment

76.96%
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the drag force coefficient increases or decreases the bending oment. F

expected ranges of the mean drag force coefficient (0.2-1). the bending
moment changes by order of 1-1.5%. Similarly. changing oscillating drag
force coefficient from 0.2 to 0.5 causes the bending moment ini :ase just by
0.5-1%. Mean drag force coefficient causes a larger influence on bending

moment compared to oscillating drag and lift force.

il.  Maximum tension and tensile stress on a riser is highly affected by the mean
drag force coefficient followed by the oscillating drag. Lift force coefticient
doesn’t have significant effect. Within the expected ranges of ¢ inges in t
force coefticients (mean drag from 0.2 to 1 and oscillating drag from 0.2
t00.5). maximum tension and tensile stress 1 riser segments change only

by the order of 0.5-2%.

. Variations of force coefficients, mainly mean drag and lift force, within 1
expected ranges. affect widely the in-line and cross-flow displacement of a
riser. Changing the lift force coefficient from 0.05 to 0.3 increases the cross-
flow displacement by the order of 50-200%. I ce. attention should be given

intl selection of the proper force coefticients for the case of displacements.

The behavior of riser responses with the force coefficients remains the same irrespective
of the current loading (uniform or shear). Mean drag force affects riser responses such as
bending moment. maximum tension and tensile stress highly in comparison to other
coefticients. Lift force coefficient increases the cross-tlow displacement more highly th

other coefticients and affects in-line displacement depending on riser positions.
B. Riser top-end movement and internal fluid flow

i. A change in the riser top-end position with respect to its original position
highly affects the bending moment. For example. movii risi top-end by

25m to right direction (away from anchor) from its original position increa
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the bending moment by order of 6.7%. Movement of riser top- d increases
the bending moment more highly than the internal fluid flow, while, it has

little effect in variations of maximum tension and tensile stresses.

il. Increasing the internal fluid flow causes a significant increase in maximu
tension and tensile stress. However. it doesn’t influence the bending moment

highly as by the riser top-end movement.

6.2 Recommendations

This study was made for a param ic study on a long. elastic and flexible catenary riser
configuration. The riser considered in this study was long and flexible and was divided
into 100 lumpe masses for which analyzing responses of all the lumped masses were not
possible. The study was for a certain configuration of a riser and with cerr 1 boundary
conditions. It is recommended to carry out parametric study on other riser configuratic
such as vertical riser with different boundary conditions.

Durii  the vali ition of the code. proper experimental data were not available, for which
there were problems in setting up parameters for the simulation to match the set »
parameters in the experiments. The ability for the program to simulate a real experiment
and produce comparable results was a very encouraging finding, but it is difficult to fi |
tests that clearly state their setup par. I/ sults clearly. It is recommended to
set up own tests to compare the riser program against. This way the testing parameters are
known and specific properties can be changed.

Riser-sea bed i eraction is a challenging aspect in the riser design and analysis. The cc
can be modified to account for riser-sea bed interaction to study the paramet

relationships of riser responses in detail.
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