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Abstract

In this paper we obtain theoretical predictions of the environmental loading
induced upon an offshore structure. The numerical predictions of base-shear and
overturning moment that are herein presented concern a four-legged jacket
structure scaled-down from a realistic offshore platform. The methodology that
has been used in the determination of the hydrodynamic loading is based on the
generalized Morison formula, which incorporates the contributions arising from
the waves and a uniform current. The water-particle kinematics has been
assessed by means of linear wave theory. The selected inertia and drag
coefficients are the ones commonly utilized in the design practice of jacket
platforms.

1 Introduction

Water waves induce important gradients of velocity and pressure within the fluid
beneath the ocean surface and this is at the origin of significant forces exerted
upon immersed structures. These forces need to be evaluated as accurately as
possible if a marine structure is to be designed. Design and safe operation of
offshore structures require in fact a clear understanding of the fluid-structure
interactions, especially the ones occurring in extreme sea conditions. Efthymiou
& Graham [1] tackle this issue in the context of fixed structures. The common
practice in the design of such offshore platforms includes theoretical studies
conducted by means of either a deterministic or a stochastic approach, whose
predictions need later on to be confirmed with the help of experimental tests. In



gﬁ' Transactions on the Built Environment vol 71, © 2004 WIT Press, www.witpress.com, ISSN 1743-3509

86  Fluid Structure Interaction Il

this task emphasis has been placed on carefully designed field experiments and
equally on the use of large-scale experimental facilities. Significant advances
have been achieved in this domain (see Chaplin [2]), using essentially
experiments conducted at large-scale.

In this paper we focus on the theoretical study of the hydrodynamics of a
jacket platform, subjected to external loading induced by waves and a current.
The model structure is a four-legged tubular structure scaled-down from a
realistic offshore platform. The prototype is 89.6 m high, from which 67.2 m are
underwater. The original physical model, at a scale 1:28, has been subjected to
an extensive experimental investigation earlier reported by Mendes er al. [3].
Numerical predictions of the resultant force and overturning moment are now
presented for that same structure. The wave-current characteristics adopted as
design environmental conditions are the following ones, corresponding to three
extreme sea states: a) significant wave height H = 5.6 m, wave period T = 8 sec;
b) H=14m, T= 14 sec;c) H =14 m, T= 14 sec and uniform current velocity
U =2 m/sec.

The methodology used in the determination of the environmental loading is
based on the generalized Morison formula, which includes the combined
contributions arising from waves and from a uniform current. The water-particle
kinematics has been assessed by means of linear wave theory. Hydrodynamic
coefficients employed to characterize inertia and drag forces are those commonly
utilized in designing this type of structures. The results herein presented concern
the horizontal and vertical components of the resultant hydrodynamic force
acting upon the structure, as well as the moment about its base.

2 Statement of the problem

Let us consider a progressive wave travelling in water of depth 4, as it is
represented in Fig. 1.

Figure 1: Progressive water wave.

The wave crests move in the direction of Ox with celerity ¢; 7 is the free-
surface coordinate. After a time interval At equal to the wave period the water
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surface reaches its initial form, but displaced by one wavelength A . The celerity
is then given by ¢=A/T, T being the wave period.

2.1 Basic assumptions and equations

The physical properties of surface waves may be stated by means of different
mathematical models according to certain approximations. We will assume that
the seawater is an incompressible and homogeneous fluid, with constant specific

mass p . The principle of mass conservation may then be stated as: V-V =0,

where V(u,v,w) is the fluid velocity in a point of coordinates (x,y,z). By
further assuming that the properties are constant along Oy , parallel to the wave

crests, we may consider the flow as two-dimensional. If the viscosity of the
water can also be neglected, the flow is inviscid. Furthermore it will be assumed

that the wave induced motion of the water particles is irrotational: VxV =0.
These assumptions lead to the conclusion that a velocity potential ®&(x, y, z,¢)

exists, from which the flow velocity components may be derived:
Y00 30

JW = (D
ox oz
The continuity equation may then be formulated as follows:
o'd 0’
o ozt @

which is the well-known Laplace equation.
The water-particles motion is unsteady, in which case the principle of energy
conservation may be written as:
L, KZ— +gz+ o® =
p 2 ot 3)
This is the Lagrange equation, from which the water pressure and surface

elevation may be related with the local acceleration of the flow, 0@ /0t .
2.2 Wave-current model

A number of important simplifications may result from neglecting the kinetic
energy term in eqn (3). Airy developed in 1845 a linearised wave theory based in
this assumption. The theory was limited to waves of small relative amplitude:
AJA <<1. Actually, the maximal heights of the waves generated by the wind in
the open sea rarely go above H = 20 to 30m, and its wavelength is normally less
than A = 400 m. Even for the bigger waves, the wave steepness stays very small
(H [A << 1). A limiting value for the validity of Linear Theory in restricted

waters has been established by Stokes in 1950: the value of A2 H/h® must
remain small.
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Laplace equation (2) has a well-known progressive wave solution. If we take
into account the effect of a uniform current over depth, flowing with constant
velocity U in the same direction as the waves, the global velocity potential
under linearised boundary conditions is, following Dean & Dalrymple [4]:

&= Uk — gA cosh k(h+z) cos(kx—a)t) %)

w(l U j cosh(kh)

c

where A is the amplitude of the waves and T = A/c =2z/kc is the period. For a
given water depth /4, current velocity U and time period 7', the wave number
k may be obtained from the dispersion relation:
(@ -U k)* = gk tanh(kh) ©)
where the wave angular frequency is @ =27z/T .
On the other hand the coordinate of the free-surface 7 is readily found from

eqn (3), stating that a constant atmospheric pressure acts on the fluid surface.
n = Asin(ke - wt) (6)

2.3 Water-particle kinematics

The properties of the fluid flow can now be determined from the expression of
@ . Let us analyse next the water-particle motion. The velocity components u
and w of the water particles can be obtained, at any point in the fluid domain,
directly from eqn (1). For a wave-current field whose potential has been defined
in eqn (4), the two velocity components in horizontal and vertical directions are:

gkd  coshk(h+z) . .
[ U) cosh{ih) sin(kc - ot ) )
o 1-—
[
gkd  sinhk(h +z)
w(l_ _q] cosh(kh)

4

u=U+

cos(kox - arx) (®)

w=-

The local acceleration of the flow may equally be obtained by simple
differentiation of these equations with respect to time. Hence, the flow
acceleration components in horizontal and vertical directions have the form:

. —__8kA cosh k(h+z) cos(fx - ) ©

¥ -U h {kh
1 4 cos ( )
__gkd sinhk(h+z)
U
1 4 cosh(kh)
Velocity and acceleration components will be used later on to determine the
hydrodynamic loading.

There is also a periodic variation of pressure beneath the waves which may be
determined from Lagrange equation (3). It could be shown that the maximum

a, = sin(kx - a)t) (10)
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pressure variation occurs at the free surface, and then decays exponentially with
depth.

3 Hydrodynamic loading

The design of offshore platforms consists of a certain number of procedures that
constitute the common practice in this field. In spite the theoretical determination
of the wave-current loading being a difficult task, due primarily to the
complexity of the fluid-structure interactions, the hydrodynamic forces acting on
offshore jacket platforms are well predicted nowadays.

3.1 The Morison formula

A jacket type offshore structure is an assemblage of slender tubular members
interconnected to form a three-dimensional tower (see Fig. 3). Let us consider
herein the m —th bar connecting nodes 5 and e, as shown in Fig. 2. The length
of the bar is given by:

L:\/(xe_xb)z +(ye_)’b)2+(ze“zb)2 (11)
where (x,,, yb,z,,) and (xe, ye,ze) are the co-ordinates of the beginning and end
of the bar, respectively. The components of a unit-vector parallel to the bar are:
x=xebe’ SyzyeLyb> sz=ZeLZb (12)
Each bar may furthermore be divided into » equal sized elements. We will
address our attention to one small element of the bar with length 6L = L/n .

N

(Xe>Yesr2,)

(X5:Y452p)

A 4

i X

Figure 2: Discretization of the structural element.
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The size of the structural members in jacket type platforms is small, when
compared to the wavelength A4 of the dominant waves. Consequently, drag
forces become significant in this case and, hence, the Morison model may be
applied to get accurate predictions of the external forces. The Morison formula
has been initially proposed by Morison et al. [5], in order to determine the
horizontal force that is exerted on a vertical pile under waves. According to
Rahman [6], the elemental hydrodynamic force acting on a rod element is given
by the equation:

5F=% pPAV,

vn

oL +%CM prda,dL (13)

where p is the specific mass of water, d is the diameter of the rod, C, is the
drag coefficient and C,, is the mass coefficient. The moment of the force

OF about the origin of the co-ordinates system is simply &M =rxdSF , r being
the radius-vector about O.
In this eqn (13) the normal velocity v, and acceleration a, of the flow are to

be expressed in terms of the wave-current characteristics and time. In agreement
with the basic assumptions of the problem, the vector of fluid velocity at the
centroid of the structural finite-element in Fig. 2 is equal to:

v=ulx,, yoz )i+ wlx,, v,z )k (14)
where i, j,k are unit-vectors parallel to the x,y,z axes, respectively. If
s=s,d+s,j+s.k is the unit-vector in the direction of the rod axis, then the
projection of the velocity vector in the direction of s is: v, = s u+s,w.
Moreover, this velocity vector as expressed on its x, y,z components is equal to:

Vv, =(sxu+szw)(sxi+syj+szk) (15)
The velocity vector perpendicular to the axis of the element is consequently:
v, =v-—v,_, thatis

v, = [u - (sxu + szw)sx]i - (sxu + szw)syj + [w - (sxu + szw)sz]k (16)
Similarly, the acceleration vector at the centroid of the rod element is equal to:

a=ax,y,2)i+a,x.y,.2)k a”n
while the projection of this vector in the direction of s is: @, =s.a, +,a, .

This acceleration vector, as expressed on its x,y,z components, values

a, =(sxa,r +szaz)(sxi+syj+szk) (18)
The acceleration perpendicular to the axis of the element is now equal to:
a,=a-a,,

a,=[a ~(s,a,+s.a)sJi-(s.a, +s.a)s,j+ [0, ~ (5,0, +5.a)s.]k (19)
The velocity components » and w, as well as acceleration components a_
and a,, have been previously determined from the wave kinematics as described

by Airy's theory - eqns (7, 8, 9, 10). It is worth to mention that they need to be
expressed in the structure reference frame, usually based on the sea floor.
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3.2 Equivalent forces and moment

To analyse the hydrodynamic forces acting on the structure, the platform may be
idealised as a rigid truss or frame system that consists of a number of nodal
points interconnected by bars. The general system of external forces is herein
reduced to an equivalent set of forces and moment. The forces are here of a
distributed type, whose intensity varies in space and time. This distributed
system of forces can be replaced by an equivalent system of forces consisting of
the resultant force and a resultant moment (see Ross [7]).

It is well known from the mechanics of a rigid body that, by choosing the
point of reduction for any system of applied forces, this system of forces can be
replaced by a total force and a total moment. The resultant force is the vector
sum of forces acting on the body and does not depend on the particular choice of
the reduction point, while the resultant moment, being the sum of moments of all
forces with respect to the reduction point, depends on the selection of such point
of reduction. In the case of the discrete structure loaded by waves and current,
the resultant force and moment acting on the structure are respectively:

PS5 w-FSom, e

i=l j=1 il j=l
where SF, is the force exerted on the j* finite-element belonging to the i"

rod; this elemental force is to be calculated by means of eqn (13). M ; is the
moment of this force with respect to the origin of the co-ordinates system.

3.3 Inertia and drag coefficients

A pioneer work on the experimental determination of the drag and inertia
coefficients has been conducted by Keulegan & Carpenter [8], for a cylinder
immersed in a stationary-wave field. The proposed coefficients have been quite
often used to calculate the hydrodynamic forces defined above. Ever since
different experimental approaches have been utilized in order to determine with
less uncertainty the values of the hydrodynamic coefficients. Sarpkaya et al. [9]
reported experiments with a fixed cylinder placed in an oscillating water-column,
originated in a U-tube. A valuable contribution to this has also been given by
Chakrabarti [10], who tested a fixed structure in waves and determined its
hydrodynamic coefficients as a function of the Keulegan-Carpenter number. The
value of the inertia coefficient for uniformly accelerated flow conditions is
C,, =2.0. In steady flow conditions C, is dependent on Reynolds number and

on the roughness of the cylinder's surface.
When the structure operates in waves and a current, the relevant non-
dimensional parameters Kc and Re are defined in the following manner:

Ko (o ;)U)T . Re= (u,+U)D @n

v
where u, is the amplitude of the wave-induced velocity, U is the velocity of the

current and D a characteristic dimension of the structure.
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More recently experimental decay measurements with an oscillating cylinder
have been conducted at large scale, in still water and in current - Chaplin [11].
Experimental tests in waves and current carried out in laboratory are not
common. Iwagaki et al. [12] equally tested two vertical cylinders of different
size in waves and reverse current. Coefficients C,, and C, were then

determined for Kc = 0to45. The values that were found are not much different
from those measured in waves only.

4 A case-study

This section discusses the estimates of horizontal and vertical force components
and of the overturning moment that are exerted upon an offshore jacket platform,
as a result of the hydrodynamic interaction with regular waves and a uniform
current.

4.1 Model structure

The model structure has been scaled down from a realistic offshore jacket
design. The platform is composed of 158 structural members welded at 48
junction nodes. The total height of the structure is 89.6 m, of which 67.2 m is
underwater. The base square is 33.6 x 33.6 m and the square at the top is 16.8 x
16.8 m. The four legs have an external diameter D = 1.596 m and 112 mm wall
thickness, and the bracing members have an external diameter d = 0.896 m and
70 mm wall thickness. A group of 11 vertical risers of diameter 0.896 m extend
from top to bottom. Fig. 3 represents the model structure at a scale 1:28.

4.2 Predictions of the theory

A theoretical prediction of the hydrodynamic loading on the platform has been
obtained considering three different environmental conditions. These conditions
correspond to extreme sea states and are characterized by the following
parameters in full scale: a) wave height H = 5.6 m, period T = 8.0 s (no current);
b)H=140m, T=14.0 s (no current); c) H=14.0m, T=14.0s, U =2 m/s
(uniform current velocity).

The wave force has been calculated by using the Morison model in deep
water. We have adopted characteristic values for the hydrodynamic coefficients
which are basically the ones used in common design practice for this type of
platforms: C,, =2.0 and C, =0.6+0.7 . The water-particle kinematics used in

the numerical calculations corresponds to Linear Wave Theory. However, the
computational model comprises the possibility of calculating velocity and
acceleration by means of a 2™-order Stokes approximation. This enables to
evaluate the limitations of Airy’s theory when determining the hydrodynamic
forces (not reported here).
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Figure 3: Sketch of the model structure.

The resultant horizontal force at the base of the structure F, and the vertical
force F,, as well as the overturning moment (about Oy ) were normalized with

respect to p g ¢’ and p g £*, respectively, ¢ being the width of the structure at
the waterline. The numerical results obtained for the structure without risers are
presented in Figs. 4 to 6, as a function of non-dimensional time (t/ T ) , taking the

period as a reference parameter.

These results put in evidence the non-linear character of the hydrodynamic
loading, as it was anticipated by the Morison equation. In Linear Theory the
inertia contribution to the wave loading is linear, whereas the drag term is
intrinsically non-linear. As expected, the wave-induced horizontal force is of a
higher order of magnitude than the force in the vertical direction. For the bigger
wave heights the non-linear behaviour of the hydrodynamic forces becomes
more evident. The presence of the current induces a uniform velocity field which
is dominant for relevant current speeds. This circumstances indicate that the
hydrodynamic loading on the structure is ultimately determined by the drag
forces in presence.
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5 Conclusions

This paper deals with a numerical model for prediction of hydrodynamic loading
on jacket platforms under incident regular waves, in the presence of a uniform
current. A number of important simplifications may result from neglecting the
kinetic energy term in the free-surface condition. A classical linearized wave
theory has been developed by Airy based in this assumption. This theory has
been used here to calculate the fluid velocities and accelerations. Horizontal and
vertical force components, as well as overturning moment acting on the structure
were then assessed with the help of Morison equation, for three different sea
conditions.

The hydrodynamic forces increase with wave height and with coupled
influence of waves and current. A substantial contribution is added to the wave
force in the presence of a uniform current. At significant current velocities the
overall loading is essentially dominated by drag, which may represent as much
as 60% increase in maximum horizontal force depending upon the wave period.
The maximum horizontal force in waves and current (case c¢) is about
2.419x107 N, for the prototype structure considered. Similar conclusions may be
drawn for the hydrodynamic moment.

The uncertainty of theoretical predictions of hydrodynamic forces based on
Morison model may be easily determined. If inertia and damping coefficients are
correctly selected, the wave forces over small structural elements can be
accurately estimated. The model predicts well the hydrodynamic loading, except
in an intermediate region where the Keulegan-Carpenter number is between 8
and 25. This region corresponds to the situation in which both hydrodynamic
coefficients are similar and strongly dependent from flow turbulence and surface
roughness. The correlation between our theoretical predictions and experimental
measurements earlier obtained in wavetank (see Mendes et al. [3]) reflects,
inevitably, important scale effects.

From the above considerations it appears convenient to conduct a deeper
theoretical analysis of the fluid-structure interaction, based on higher-order wave
theories, aiming to put in evidence the real non-linearities in extreme sea
conditions. We must equally keep in mind that there is an important variation of
the immersed parts of the structure at free-surface level, which implies a
variation of water-particle kinematics at each structural element position. The
computational model must also enable the possibility of including different
hydrodynamic coefficients associated with each structural element, as a function
of depth and age of the platform. The effect of marine fouling over the structure,
consolidated by time, is in fact very important. There are very complete
databases of C,, and C,,, based on laboratory experiments. However, some care

must be taken on the extrapolation of these coefficients to the case of a real
structure operating at sea. Useful hydrodynamic coefficients for such a situation
can be selected from data collected in situ through the years, as a function of Kc
and Re.
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