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Nowadays, major petroleum discoveries in Brazll lxcated in offshore sites and are placed in utteeep water depths. In the
explotation of this petroleum, a tubular elemerpmessible for making the connection between a petirol well at the sea bottom
and a production processing vessel at the sea seirfa used. This tubular element is denominateet.ri; order to make the
explotation economically viable the applicatiorveftical risers with dry completion is done.

In general, a mathematical model of a vertical rifer ultra-deep water applications considers thiger as a long slender
tubular body. At the riser top, actions caused bg motion of a floating production platform undéeteffects of sea waves,
currents and winds are considered, and the diretiba of the sea current and wave loads are alswsmered.

The present assignment is based on the Ferrrari Bedrman’s (1999) numerical solution approach fgdiodynamic 3-D
flow problems around the riser. The fluid-structumgeractions and the fundamental numerical mogwdlied for a vertical riser
are described, and time domain solutions for inlarel transverse riser displacements are preser@adculations for a typical
vertical riser have been carried out and discussidrave been proposefdr riser displacements in several environmental
conditions. In this work, waves are considered waalional and co-linear with current and wind datgons.

Keywords. vertical riser, riser displacements, current Isadea waves.

1. Introduction

In the past few years, great effort has been choig to understand and to predict riser dynangasticularly for
deep-water use, and mathematical methods havefyepnsed in the literature to estimate hydrodynaimices in a
riser (Chakrabarti and Frampton, 1982; Chakraba®87). The most recent methods are based onrnteedependent
Navier-Stokes equations (Meneghini, 2000; Olive801), and most of them are limited to two-dimenai flow
solutions with relatively low Reynolds numbers. dtigh the methods in which Reynolds numbers netret@ritical
flow are considered, the obtained results can eotalien as a practical design tool, yet. In geneisgr sectional
hydrodynamics are calculated, and three-dimensioyatodynamic effects along the entire riser lerayth taken into
account throughout the riser structure behavieifits

In the present assignment, the mathematical magglelifopted considers the vertical riser as a loggdgr tubular
element under the direct action of sea waves amceris (Kubota et al., 2002). The wave action issatered
unidirectional, and it is considered that the wasach the riser structure in a single directiorpadpagation, i.e.,
unidirectional and co-linear with the current anishdvdirection. Floating platform motions at theerigop caused by
waves, currents and wind loads (Nishimoto et &89 Leite et al., 1992) are taken into account.

2. Vertical production riser

The vertical production riser is a long tubularnedmt that connects the petroleum well at the sdtobioto a
floating process platform at the sea surface. Tifeum, usually a mixture of oil, gas and watienys throughout the
production tubing in the well following to the risep to the platform. Many times, the riser camdis used to conduct
injection fluids (water) into the petroleum resdrvd-igure 1 shows a typical configuration of arfsbbre floating
production system using vertical oil and gas prd¢idacriser.

The most relevant factors in a vertical riser béraare the direct actions of current and wave $oaiad the motion
forced by a surface process platform at the rigpr tinder the effects of waves, winds and curréaigthermore, the
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riser mechanical properties, as well as the hydtimspressures of both fluids (internal and extgrhave effects that
cannot be neglected. Although the riser is designesupport high stress levels, the combined aatibthe vortex
induced vibration (VIV), caused by currents alohg tiser, and vessel motions at the riser top nedsk carefully
considered because their effect contribute forcadputhe operational riser life.
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Figure 1. Typical configuration of riser and platfo
In such manner, the riser dynamic behavior in deafer depends on several factors related to opesdtiand
environmental conditions, such as water depth, diam internal pressure, hydrostatic pressure efititernal and

external fluids, ocean waves conditions, currenfilg, maximum offset and motions of the surfacatfolrm. All these
factors have to be considered for estimating tber @lynamic behavior.

2.1. Riser mechanics
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Figure 2. Scheme of equilibrium for a riser element

If the equilibrium of the elementary riser segmarg considered, the equation of riser behavior kGiiarti et al.,
1982) can be derived, as shown in Fig. (2). Thavadgent load resulted from the riser weight, insdrand external

pressures of fluids, is considered to act in theereof the riser element. Considering linear amgutar displacements
in the horizontal and vertical directions, the diquium of forces and moment in the riser elemesnt be obtained as

follows:



Vertical equilibrium:

-2V sen%cose - stenGcos% - 2TsenGsen% + chochos% +F,g-Fy =0 (1)
Horizontal equilibrium:

-2V sen?sert%chochos? +2T cosGsen? +deerﬁcos% +Fyg - mxds=0 2)

Momentum equilibrium:

dMm

ds

where, m is the mass per unit of lend#y is the vertical forcefs,, is the weight of riserFys is the horizontal force;

M is the bending moment; V is the shear force @iglthe deflection angle.
Applying the small riser deflections assumptions in theaggns (1) to (3), finally following equation is obtained
for the riser displacements:

+V =0 3
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where, X, X,X are: riser displacement, velocity and acceleration in inline directespectively; El represents the
bending stiffness; T the axial tension in the riser wallaid P the external and internal pressungsy, andys are the
specific weight of the external and internal fluids, arerier material, respectively. Furtheg, i8 the cross sectional
area of the riser including thickness andsihe cross sectional area of the riser without the thickness

The second term of Eq. (4) corresponds to the effectiveoteisthe riser and it is related to the actual tension T as
follows:

Te@=(T@+A, @Po(@) +A, (2P (2) (5)

The effective tension g(z)) in each riser segment is obtained from riser static elook and it is assumed
constant for riser dynamic calculations. Equation (5) reptesha mathematical relationship between the actual riser
wall tension (T(z)) and the loading caused by the interrdieaternal pressure fields perpendicularly to the riser wall.

2.2. Riser hydrodynamics

Morison’s equation is adopted to describe the current and Wwal@dynamic forces acting on the vertical riser.
The riser is considered a cylindrical slender element. Theotlydamic force caused by waves acting on the riser is
composed by two terms, inertial and drag ones.

The inertial force is proportional to the water particle accelerdtiat passes perpendicularly through the riser
surface. The drag force is proportional to the water particlegland it can be calculated if the drag coefficierg)(C
is known. In the steady state flow pattern, the drag coefficiedependent of the Reynolds number. Besides, the
increase of the roughness contributes to the increasg of C

When both terms — inertial and drag — are taken into accout#doribe the force per length unity (f) in a riser
element (Ferrari, 1999), it yields the following equation:

au
f:CMA,E+CDAD|u|u (6)

2
where, G is the inertial coefficient, u is the water particle veloditym the Stokes fifth order waveg, = m,
4

A, =%poDo ,where Qand O are the external and internal riser diametespeaetively.

Equation (6) can be integrated at the entire eidardaf the riser, resulting the total force actomit.



Inline_hydrodynamics. The Morison’s equation for the current and waydrbdynamic forces (Eq. (6)), acting
perpendicularly on the vertical riser, is considefer inline hydrodynamic forces estimation. Anahg the inline
hydrodynamics, the external force acting on therrisin be written as:

where, k is the inline force, gis the added mass coefficient andidthe external fluid flow velocity.
The termVyis the relative velocity, which can be can be taritas:

VR:\/(U+UC_).()2+(y)2 (8)

The (u+ U, -x) term s the inline velocity an@y)? term by the transverse velocity.

The accuracy of the results obtained from the ateygation is directly dependent on the correct ahaif the
hydrodynamic coefficients ¢ Gy, Ca), which can normally be determined from experireg®arpkaya and Isaacson,
1981). In general, hydrodynamic forces are fundtiohthe Reynolds number (Re), the riser surfaoghness and the
Keulegan-Carpenter number (KC).

From dimensional analysis of the riser problem taf force per length unit of the riser caused byesasnd
currents acting on the riser in function of difiergparameters on a non-dimensional form can beiraata This
equation is expressed as follows:

fo_ [t k uT uD u, D ch )

“ToD v v, Ly,

where, D is the riser diameter, T is the incidemtvey period, L is the wave length, k is the rougbnes is the
maximum water particle horizontal velocity, i8 the maximum water particle vertical velocityis the water density,

is the cinematic viscosity, t / T is the dimensesd time parameter, k /D is the roughness paramegtesis the water
particle velocity parameter,dliy, is the relative current number and D/L is therdiffion parameter.

Therefore, KC (yT/D) and Re (tD/v) are related to the importance of the viscous doage, whereas the
diffraction parameter (D/L) determines the impoc@rof the wave diffraction effect. It can be notedt KC is a
relatively high number, whereas the diffraction graeter is low Even so, it can be concluded thatbilyger the
diffraction effects are, the smaller the drag effewill be. Otherwise, if the drag component weig, kthe diffraction
component could be neglected. In particular case oiser, the drag component is the predominamh ter the
hydrodynamic force.

Transverse hydrodynamics.Analogous to inline hydrodynamic, transverse hggramic problem solution is here,
also based on the Morison’s formulation.
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Figure 3. Scheme of a cross section of the risgvarnex formation

As the flow separation happens in the flow arountser cylinder, an alternate vortex appears o éansverse
side of the riser cross section, as illustratedig (3). This alternate vortex generation (Sapkayd Isaacson, 1981)
provokes pressure differences on each side ofiske and asymmetric dynamic forces occur, indutivegvibration of
the riser. This phenomenon is known as vortex iadudbration (VIV) and it usually increases theestr levels in the
riser structure and contributes for reducing itsrational life (Kubota et al., 2002).

In the present calculations, the following equatiBerrari, 1999) is used to estimate the force edy the VIV:

Foy = %p((u — %)+ Ug)2DC, cos@rfs t +6) (10)
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where, fg = U] and U =2 - C, is the mean amplitude of the transverse fofgés the mean frequency of the

vortex shedding$ is the phase difference between the transverse nésponse and force, St is the Strouhal number,

U is the mean oscillatory flow velocity, U is thestantaneous oscillatory flow velocity ang\Fis the force caused by
the VIV.

The mean frequency of the vortex sheddirh_g)(can be understood as the memory effect of tow fivhereas

cumulative relative mean velocity is considerethim calculation.
Considering the Morison’s equation (Eqg. (6)) foe thansverse direction of the riser and Eq. (1, following
equation can be obtained:

K =FRw —CpAp |V, |y_CAAI'y (11)

where, Fis the transverse force caused by the waves aljrd jy,are the riser displacements, velocity and accibera
in the transverse direction, respectively.

2.3 Riser top oscillation

Riser top oscillation with action of the current. Three non-dimensional parameters characterizdirsedey under

the effect of a current: Reynolds number (Re), ceduvelocity {, :U—[;B ) and amplitude parameters. The reduced
velocity is given in terms of the current veloc{ty). Thus, for riser inline oscillations under thetion of a uniform

current flow field, the modified Morison equatioielgs:

[u -x) (12)

Riser top oscillation with action of the wavesRiser inline reaction force oscillating under gt waves is given
by:

f =—C,A, x+CpA,|U-x

f =C,A, (U-X)+C,A, x+C,A, |u-x

' (u-x'j (13)

Riser top oscillation with the combined action of arrent and waves.The Morison’s equation applied for a free
structure, oscillating under waves and currentifietan be obtained from Eq. (14) and Eq. (18). i\idn be written
as:

f =C,, A, u-C,A, x+C,A,

uxU-x

(u +U-x ) (14)
2.4 Solution

In the present assignment, the solution is obtaindgone domain. The direct numerical integratidrttee Eq. (5),
including all existing non-linearities, is calcuddt Basically, the analysis in time domain considtshe solution of
static equilibrium equations of the riser includipgrcels of damping and applied loads in each pafirits structure.
The Newmark£3 Method is applied on the numerical solution, wiF1/4.

The general equation of the riser dynamic behawitin top forced oscillation, in matrix representati can be
represented by:

M x +[gx +[K]x =F £5)

where, [M] is the structural mass matrix, [B] i®thtructural damping matrix, [K] is the global Btéss matrix (elastic
and geometric) and F is the external oscillatiopased on the system.

Finally, if Eq. (14) and Eqg. (15) are added, theiaupn for the riser displacements under actiorwa¥e and
current with the riser top oscillation will be olited. It is expressed as follows:

(uiU—XDL (16)

(IM] +C,A L) x+[B] x+[K] x =(CMAI u+CyA, |uxU-x




3. Results

In previous assignment, extensive comparative atitid efforts were carried out to study the risgnaimic
among simulations, experimental results and datdlabte from the literature (Kubota et al., 200R).the present
work, time domain simulations have been achievedi$er dynamics, and calculations have been pmddrfor wave
load added to riser top oscillations. Results i fttrm of time series were obtained for three déife¢ locations along
the riser (90m, 60m and 30m from the sea bottomjhése calculations, the horizontal floating plati top motion of
2 meters amplitude and the wave height of 4 meter® taken into account. The incident wave periofd§ and 8
seconds, were also considered in the simulatianghé figures of time series, data for the ini&l seconds of
simulations were eliminated in order to avoid aitiransients of the riser dynamic simulation. Théd seconds of
simulation of the riser, is presented showing ikerrsteady state oscillation. Both ends of therrése adopted as pin
connected.

In Table 1 the riser main dimensions applied indhleulations are shown.

Table 1: Riser main dimensions (real scale)

Riser Dimensions
Material Steel
Outer Diameter (m) 0,25
Inner Diameter (m) 0,21106
Modulus of Elasticity (N/m?) | 2,1x10"
Density of Material (kg/m”) 7860
Water Depth (m) 100
Riser Length (m) 120
Top Tension (kN) 196
Mass / Length (kg/m) 197,01
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Figure 4. Riser inline and transverse displaceménota simulations for three different locations radothe riser for
combined top displacement and wave excitations @/gkconds wave period.
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Figure 5. Riser inline and transverse displaceménota simulations for three different locations radothe riser for

combined top displacement and wave excitations 8/gkconds wave period.
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Figure 6. Riser inline and transverse displaceménota simulations for three different locations radothe riser for

wave excitation with 8 seconds wave period.




Figure 4 shows simulated time series of riser eland transverse displacements for an incident wdtle 6
seconds wave period. The wave height of 2 metatgt@nhorizontal riser top oscillation 2 metersassidered. Riser
displacements for 90, 60 and 30 meters from théoetam along the riser are shown.

In an analogous way, Fig. (5) pointed out the ridisplacements for the same wave and the risepsoplation
conditions, however, the incident wave period is tfase is 8 seconds.

Figure 6 reproduces the calculation conditionsigf (), without the presence of the riser top kesttdns. Finally,
Fig. (7) shows the riser planar displacements &wheindicated location around the riser length, dach condition
previously presented.

In general, when a riser top oscillation is preséager inline displacements can be noted aloregriber if
compared to the condition without the riser top iomatBesides, larger displacements are usuallyrgbdeinline and
transverse directions, around the middle lengtthefiser.

In the inline direction, riser displacements follagy a wave oscillation period can be noted. Nedess, in the
transverse direction, the riser displacements laticg under the effects of the vortex sheddingjdency can be
observed from the results.
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Figure 7. Riser planar displacements from simutetifor the three different locations along therrise




4. Conclusions

The observations of the results from the presesgtareh follow a previous one with good agreemeandgally, the
riser displacements at the inline direction areagre than in the transverse direction. From theaultgs riser
displacements are not deeply affected by changicigeént wave period. In addition to that, it canno¢éed that the riser
top oscillation has a great impact on the risepldisements. In general, such effect is more reletrean the effect of
the direct wave action on the riser behavior.
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6. Nomenclature

M = bending moment

V = shear force

0 =deflection angle

Do = external diameter of the riser
D, =internal diameter of the riser
El = bending stiffness

T = axial tension in the riser wall
F,s = vertical component of force

Ry = weigh riser component
Fys = horizontal component of force

F, = transverse force caused by waves

Fvv = vibration induced by vortex forces

Trop = toOp tension

P, = external pressure

P, = internal pressure

Ao = cross sectional area (including thickness)
A; = cross sectional area (excluding thickness)
Yo = specific weight of external fluid

Y, = specific weight of internal fluid

Ys = specific weight of riser material

x  =inline displacement

X =riser velocity in inline direction

X =riser acceleration in inline direction

y = transverse displacement

y

= riser velocity in transverse direction

y = riser acceleration in transverse direction.

Cy = inertial coefficient

Co = drag coefficient

C. = additional mass coefficient
Vg = relative velocity

t =time

T = wave period

D =riser diameter

L =wave length

k = characteristic dimension of roughness

V, = reduced velocity

Vo = maximum vertical velocity of water particle
p = water density

vV = cinematic viscosity

U. =flow velocity

C, = mean amplitude of transverse force

fs = mean frequency of vortex shedding



U = mean velocity of oscillatory flow

¢ = phase difference between transverse riser respanmd force
u = water particle velocity

Up = horizontal water particle velocity

T = oscillation period of water particle (sttuie)
t/ T = dimensionless time

k /D= roughness parameter

Ug/Vo = water particle velocity parameter

D/L = diffraction parameter

Ud/up= relative current number

KC = Keulegan-Carpenter number

Re = Reynolds number

St = Strouhal number

[M] = structural mass matrix

[B] = structural damping matrix

[K] = global stiffness matrix (elastic and geomelri
F = external oscillation imposed to the system
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