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ABSTRACT ments. The element is designed for use in non-linear static or

In areas with very uneven ocean bottom topography, the non-linear time domain analyses. It has been implemented in
floating pipeline concept may be used. An example is the Or- the riser and pipeline analysis program RIFLEX and successfully
men Lange gas field west of Norway. The floating pipeline has tested.
positive buoyancy and is moored to the seafloor at regular inter-
vals by tethers. Before the tethers are installed, drag chains will
keep the pipeline in position. INTRODUCTION

To study the effect of the drag chains on the pipe installation,  The concept of a floating pipeline tethered to the seafloor
its static configuration and its dynamic behavior, it would be very s considered for cases where the uneven ocean bottom topogra-
inefficient to model each drag anchor using cable elements. This phy makes it impossible to design a large diameter pipeline using
would require a very high number of elements and small time- standard methods. This concept has received particular attention
steps, while the details of the forces in the chain are not critical j, the Ormen Lange project.
in the pipeline design. At regular intervals, the floating pipeline is tethered to an-

~ Instead, a non-linear element has been developed that pre-cnors that ensure the stability of the pipe. To ensure further
cisely represents the quasi-static behavior of a complete drag siapility, either between the anchors, or during the installation
chain. To determine reaction forces at the top end of the chain phase, the use of drag chains, hanging from the pipeline at inter-
given displacements of the top, the length of dragging chain nec- s of several tens of meters, is considered. The lower end of
essary to balance the forces acting on the top is found by itera- the chain is left free, and comes in contact with the seafloor. The
tion. Proof is provided that the iteration is unconditionally sta- pipe finds its vertical equilibrium when the weight of the chain
ble. This iteration makes use of the classical catenary solution qt in contact with the seafloor becomes equal to the buoyancy
for the hanging part of the chain, combined with a model of the ¢ tpe pipeline.
configuration of the fraction of the chain resting on the seabed. Existing finite element software, like RIFLEX, are capable
This configuration can be arbitrary, so that any combination of ¢ carrying out a detailed analysis of such a system. However, the
straight chain, heaps and coils resulting from the history of the gpn5ysis of a reasonable length of floating pipeline would require
displacement chalq is accounted for. The el_ement _behaves N 8the modeling of a large number of drag chains, using cable ele-
coherent way also if the whole length of chain is being dragged ments; resulting in large finite element models with the dynamics
on the seabed, lifted clear of the seabed, or landed back on theqt he pine and the chains occuring at very different scales in both

seabed. _ o . time and space. This would result in a computationaly demand-
The incremental stiffness matrix is found by numerical ;.4
derivation of the reaction forces with respect to the displace- When studying the stresses in the pipeline, all that is needed

is a reasonable approximation of the forces exerted by the chains
on the pipeline, because the stress in the chain will usually not be
*Corresponding author. Now with the University of Stellenbosch, South
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critical. Further, since the eigen-periods of the chain can be ex- 4. The slope of the seafloor is not accounted for. The depth at

pected to be significantly lower than that of the pipeline, a quasi- e.g. the lower end of the chain is used in all the calcula-
static model of the chain forces will be sufficient for most pur- tions for the element.
poses. 5. The chain has no axial elongation.

The present paper discusses the theoretical basis and the im-
plementation of a semi-analytic non-linear finite element for the The catenary solution
drag chain. This element has only one node at the top of the

Until explicitely stated otherwise, the chain is assumed to be
chain, which can be assembled to the pipe model. P Y

within a vertical plane, and points will be described using their
abscissa and the height above a horizontal seafloor. When
current is disregarded, a static solution of the hanging part of the
chain is (cf. for example Myskis (1975))

z(x)=r (cosh(x_rxt> - 1) (1)

wherer is the radius of curvature at the touch down pdinand

X is the abscissa of the touch down point (cf. Figure 1). Impor-

tantly, it does not seem possible to find a closed form expression

for r, givenzandx — x;, from (1), but we will see when consid-

ering force equilibrium that this difficulty can be circumvented.
The length along the chain from the touch down padint

to a pointX of coordinates abscissaon the catenary is (from

textbooks)

Inactive

Figure 1. Schematic view of the drag chain model

THEORY Ltx = fsinh<xrxt) 2)
Introduction

In the present context, it is useful to think of a non-linear
finite element as something that given the coordinates of its
node(s) returns the reaction forces exerted by the element on the .
node(s). The expression of these forces as a function of the po- X=X =T acosf<f + l) 3)
sition of the node is exposed in the following for the drag chain r
element.

The forces depend not only of the position of the node, but
also, on the current configuration of the chain on the seafloor,
which itself depends on the history of the nodal displacement.
The drag chain element will hence need to have some form of
internal memory, in form of a storage of the shape of the chain
on the floor. This will be discussed later on in this paper.

In order to facilitate the development of analytical expres-
sions to describe the chain, the following assumptions are used: & Lix=VZ&+2z

Inverting (1) gives

Replacing (3) in (2) yields

Lx=r (;—#1)2—1 (4)

(5)

1. Movements of the node are slow enough for a static solution
to be valid for the chain(catenary solution). 122

2. Current does not affect the configuration of the chain (al- or= X" (6)
though a drag force at the top noAecould be added sepa- 2z
rately). ] ] ]

3. The friction force of the chain on the seafloor is only longi- N particular, forX = A at the top of the chain, this becomes
tudinal to the chain. This ensures that the “active” part of the
chain (the part of the chain with non-zero tension) remains L2,—2

in a plane. r 22, )
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which will be usefull in the following.

The vertical component of the force exerted by the chain on
the node is equal to the submerged weight of the hanging chain

F,=wlta (8

wherew is the submerged weight per unit length of chain and

Lta is the length of hanging chain.

The horizontal component of the same force is such that the

direction of the force is tangent to the téyof the chain:

I:x = (9)

F, is developped using (8) and (2) with = A, while the term
under the fraction bar is the derivative of (1):

£ or sinh (%) (10)
X sinh(%a2)
s K=o (112)

< o = WU(Lea—Lta) (14)

where p is the Coulomb coefficient for the chaihgy is the
length of dragging or active chain, ahga the length of hanging
chain. r is eliminated using (7), and both sides of the equation
are divided byw, yielding:

Lt -2

e (15)

=W(Lea—LtA)

This is a second-degree polynomiallifa, with only one posi-

tive root:
2ul
LM—%<M+MM+L2M+Q

The variabler (which had been eliminated from the system) is
then found using (7).

(16)

r(Lea) =

2
Zy / 2ULea 17)

The above expressions form the base of the present element N
formulation. However, there is one important question they do Note thatr (L) has positive values fdr < z, only.

not give the answer to: Given the position of the top néde
what isr, and where is the touch down poifii? To answer that

question, the friction of the chain against the seafloor must be

taken into consideration.

Friction equilibrium
Consider a chain of known lengtlg 4 which upper end\ is

dragged along a straight horizontal line until the whole chain is

set in uniform translation. Where is the lower éhdf the active
chain (here identical to the lower e@lof the chain)?

At equilibrium, the horizontal forc& exerted by the chain
on the top nodé is equal to the frictiorr. exerted by the seafloor
on the chain:

FX = FC (12)

This can be used to determine the radius of curvatuae the
touch down poinfl. Using (11) for the left hand side, (12) is
rewritten as

wr = WLeT (13)

The position of the touch down point is found by invert-
ing (1):

Xa—% =r(Lea) acosk(m_zeém+1> (18)
To find the lower endE of the active chain we write
% —Xe=LgT (19)
and using (13) we get
&—&—NTM (20)

Finally, putting (18) and (20) together, we get the abscis¢a of

Xa—Xe =

r(Lea) +r(Lga) 51005"<r(|f61 )+1>
EA

Tl
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Note that the linear submerged weight of the chajrdoes
not appear in (21), since all forces are proportional to it.
Equations (21) and (17) express the relation between the
height of the top of the chain above the ocean floor, and the hori-

To simplify the problem, it is assumed that the friction force
of the chain on the seafloor is longitudinal to the chain. As a
consequence of this, the length of chain betwAeandE is in
tension with no forces normal to the vertical plane contairfing

zontal distance between the top of the chain and the lower end of andE. The chain betweeA andE is hence within the vertical

the chain. This is illustrated in Figure 2.

141
—— Limit curve
— chain
127 o top force

Figure 2. Chains of unit length witle = G at origo, with the top
A placed so that the chain is just on the edge of chaging.0.3

The above relations remain valid also whEnis not the
lower end of the chain, but the lower end of thetive chain.
This means that there is some inactive (slack) chain b&phut
the tension in the chain & is by definition zero, so that (12)
and hence (21) remain valid. In that case however, the position
Lea of E is no longer known. In order to determine that position,
the configuration of the inactive part of the chain on the seafloor
must be considered.

Chain with memory

Until now it has been convenient to assume the whole chain
to be within a vertical plane. To develop a finite element problem
for 3-dimensional problems, it is now time to describe all points
by their coordinateg, y andz in a reference system attached to
the seafloor, where is as before the height above the seafloor.
Because the top of the chain can have followed any arbitrary
trajectory, the length of chain from its lower e@lto its upper
endA is generally not inside a vertical plane.

AE plane. The length of chain betwe&andE, the inactive
chain, is generaly not inside the vertidsE plane, and can have
any arbitrary combination of loops and heaps.

The horizontal coordinates andy of a pointX along the
chain are stored by the software as a function of the curvilinear
abscissd.xa. Using (21) and (17), the curvilinear abscitsa
of E is the value ol_x 5 that verifies

0= S(LXA) =
V0 = X(Lxa) 2+ (Ya — Y(Lxa) 2

r(Lxa) Z
_ [“ +r(Lxa) acosl-(r(LXA)

(22)

)]

In the previous sections where the chain was considered to be
confined to a vertical place, the tem— xe expressed the hori-
zontal distance betweehandE. In three dimensions, this term

in (21) must be replaced witly (xa — X(Lea))2 + (Ya— Y(Lea))?

s(Lxa) is a decreasing function over the interyal, Lga)
whereG is the lower end of the chain, so that four situations can
arise when seeking a solution$@_x) = 0:

1. z, is higher than the total length of the chain: The whole
chain is hanging vertically above the seafloor without touch-
ing it.

. Any value ofLxa givess(Lxa) > 0: The whole chain is drag-
ging, and the new position of the lower end of the chain is
found using (21) withL.ga = Lga.

. Any value ofLxa givess(Lxa) < 0: The hanging part of
the chain is vertical, and the lendtkt of dragging chain is
zero. This situation occurs K follows a vertical descending
trajectory.

4. There is a valuéga such thas(Lga) = 0: Part of the chain

is lying inactive on the seafloor while a lendtl A is mo-
bilised. The chain is acting as a stable anchor.

When Equation (21) is solved numericall(L) andy(L)
are found by linear interpolation between points along the chain
where the position is stored. How many points are needed to give
a good description of the chain’s configuration on the seabed?
Figure 3 shows the error on the force for a chain which top point
is given cyclic displacements with increasing amplitudes. The
highest amplitude is around 9m. The position of the chain is
stored every 3 m. As can be seen, the error is significant when
small (compared to 3m) movements of the chain are involved.
Numerical studies indicate that the error decreases linearly with
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the number of points used. One point every 0.3m (small a dis- eration. Accordingly, the damping matr& = [ Fa and mass
tance compared to the lowest movement amplitude involved) matrixM = O;Fa are both zero.
gives a good precision.

Testing
The element was developed in MATLAB before being trans-
8000 ‘ ‘ ‘ ‘ lated to Fortran 77. This made it easy to test the behavior of the
7000 [ T S - i drag chain element alone when its node was submitted to com-
6000 - — Fx-comectalie |-+ plex and challenging trajectories. Figure 4 shows the configu-
5000 X Fx-chainelement ..., ration of the chain at the end of one of ten test trajectories that
4000 ~ 1 where used in the present work.
3000 -~
2000 -
1000 -
oh
o000l Reaction vector
2000, 20 20 60 80 100 A
Active chain
Figure 3. Error in force prediction caused by the simplified de-
scription of the chain
T eoE
In addition to the regularly spaced points used to store the Inactive chain

chain configuration, it is necessary to st&rand use it in the in-
terpolation, to ensure that under all circumstances, repeated COM—igure 4. Chain coiled on the seafloor, when its tdphas fol-

putations of the top force with the same valuéiafive the same  |owed a downward spiral (the number of steps and chain points

top forceFa. . _ _ _ used here was very large to generate a figure with a smooth con-
The stored configuration of the chain on the seafloor is up- figuration of inactive chain)

dated when equilibrium has been reached for a given load incre-
ment. Several schemes can be considered for this. For example
the stored points on the chain can be projected on the seafloor
(the vertical coordinate is discarded, the horizontal coordinates

. o . e Tested chain behavior include:
are stored without modification). An argument against this sim-

ple scheme is that in reality, K is lowered along a vertical line, 1. Chain loosing contact with the seafloor and landing.
the chain will be laid in a straight, taut line unfilis underA and 2. Stable chain (there is untensionned chain on the seabed).
the line is further laid in a heap at So in the implementation, 3. Chain dragged over the seafloor.
the chain is stored as a straight, taut line betweemd the pro- 4. Chain laid down in a heap, then pulled aside.
jection of A on the seafloor. The remaining chain is set as a heap 5. 3-D trajectories of the top of the chain (Figure 4 is an exam-
at the projection of\ on the seafloor. ple).

A drawback of the implemented scheme is tha fbllows 6. 2-D trajectories with “turn back”, with infinite curvature oc-
a downwards and sideways motion such thaemains undeA, curing at touch down point.

that in reality results in the chain being laid slack, then, if used 7. Node under the level of the seafloor (treated as node on the

with coarse steps, the update algorithm results in heaps between  seafloor).

segments of taut chain instead of a uniformly slack chain. 8. Stationary node - updating does not lead to change in force,
thanks to the storage & in for the interpolation scheme.

Stiffness matrix In all cases the chain configuration, the nodal force and the stiff-
The incremental stiffness matrix is found numerically as ness were monitored and found to behave satisfactorily.
K = OaFa (with a constant configuration of the chain on the Parallel to the work carried out by MARINTEK, Norsk Hy-

seafloor). The forces returned in the present quasi-static algo- dro (Finn-Gunnar Nielsen) has also investigated catenary models
rithm depend on the coordinatesAfnot on its speed or accel-  for drag chains. Norsk Hydro’s formulation gives the position of
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the node as a function of the nodal forces (which is the reverse of CONCLUSION

what is required for a finite element program). One test carried
out by Norsk Hydro consisted in submitting the top of the chain
to a force history representative of that of a pipeline submitted
to drag from a series of waves. The resulting history of nodal
displacements was communicated to MARINTEK, where it was
used as input to MARINTEK's drag chain element. The result-
ing force history was identical to the original force history used
by Norsk Hydro, provided the chain memory is refined enough.
The result of the comparison for a chain memory with few points
is shown in Figure 3.

After the Fortran 77 version of the algorithm was integrated
into RIFLEX, several RIFLEX analyses where run successfully:

1. 200 m of floating pipeline with 11 drag chain elements at-
tached. The pipeline is dragged sideways by prescribing dis-

placements at its two ends. Then, current is set that pushes

the pipe back in the opposite direction, resulting into a turn
back situation for the drag chain elements.

. Floating pipeline laid on uneven seabed.

. Comparison of 80 m of floating pipeline with 1 drag chain
in the middle, without seafloor contact. Displacements and
force are identical to what is obtained when the chain is re-
placed with a vertical downward force equal to the chain’s
submerged weight.

Figure 5 shows the configuration of a 200m long segment of

pipeline with 20 drag chains attached, floating above an uneven

seabed. The finite element model of the pipeline including the

Upon testing, the drag chain element proves to be very effi-
cient and robust. As in any numerical scheme, it is important to
bear in mind the assumptions discussed in this paper, which limit
the element’s domain of validity.

Possible future developments of the drag chain element in-
clude:

1. Accounting for current induced forces. This is of interest for
computing pipe tow operations.
Compute a mass matrix consistent with the shape of the
chain in the catenary model. The catenary solution is the
solution to the static problem. In a dynamic analysis where
the excitation frequencies are low compared to the eigen-
frequencies of the chain, it is justifiable to use the same so-
lution (shape function) for the chain (quasi static chain anal-
ysis).

3. Compute a damping matrix consistent with the shape of the
chain in the catenary model. Compared to the mass matrix,
the non-linearity of drag forces comes in as an additional
difficulty.

2.
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drag chain has only 246 degrees of freedom. The configuration REFERENCES _ .
shown was reached after 25 steps, each step having converged MYSKIS, A. D. (1975).Advanced mathematics for engineers,

in less than 6 Newton-Raphson iterations. This illustrates high
numerical efficiency of the drag chain element.

Figure 5. Floating pipeline on uneven seabed
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