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finite element solution for the analysis of the
ron-linear dynamic axial and lateral notions of a
flextble riser s presentec. The governing euations
a-e ert'.'ed including non-linear stiffness, exCitatIon
lue to surface vessel surge, pitch and neave notions.

tre effects of -'aves and currents. The technique
accounts for non-lineanities such as hydrodynamic
damlrg and large angle deflections in the flexible
rter. esults from the simulation model are obtained
In the time domain and make use of a general purpose
f.nt te element cOmputer rcgrem and software de'ieloped
ty the authors. The statIc analysis under current
1cadng only as well as normal mode analyses are
resented and results are included for risers having
relatIvely ow cending stiffness.

The results from the dynamic simulation of the
flexible riser, using the fintte element approach, are
CmOared with those obtained in scale model
extertnents wnere riser motions are monitored using
Jrpose-cesigned underwater TV viewing system. The
rrglstIons Obtained are used to mprove the computer

SI:ula:lon model particularly througn a better
defInition of tne relevant boundary conditions. These

reiatIons also provide a check on the relativecuCy of esu1ts cdtained by the mathematical and
Y3tcal models.

fluid drag coeffIcient
added mass coefficient
outer diameter cf the rIser pape
axial rigidity of the riser pape
bendar.g rIgidity of the riser pipe
external force along the riser element
external torsion along the rIser element
external forces in t'do Y, w orthogonal
direction to axis of raser element
respectively
polynomial functions defined sraape
external loading function on te riser
element)

torsional r:tdity of' tr.e raser otce
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staffness value art a,J row and column o
elemental stiffness matrix
stiffness value an 1,J row and column c
elemental geometrIc stiffness matrix
kinetic energy of differentIal element
mass per 'unit length, includes r:se
nass, mass of internal fluid and aO-de
mass term

effectave mass per unit leng:n along tn
riser element
effect:ve ment of the riser element
mass value In i,j row and column o

elemental mass matrix
potential s train energy of dlfferen
element
ith amplitude function
length cf rIser
snape function
effecta'ie tension

constant effective tension In element
varying effective t5nsjon, defined
the text
time

deformations cf differential denen
along and orthogonal to axis cf riser
relative velocity and acceleratic
orthogonal to axis of riser
relative velocity and aoceleratic
orthogonal to axis of riser
components of riser apparent weigh

orthogonal to axa raser

ynamic 'atrix Equation

sass matrIx
damping matrix
stIffness matrIx
force matrix -

elemental flexural staffneas matrax
elemental geometric stiffness matrIx
elemental stiffness matrix defIned a

equation ()
displacement. veLocatY and accelerata:
nodal amplitude matrices



SuerscriOt5 in Matrix Eouatcn

) ,( ) fIrst and second derivatives with
respect to time

),( )" first and second derivatives With
respect to axial length
first and second partial derivatives of
u With respect to s

a-u/ &q1 aq second cross partial derivatives of u

with respect to q1 and qj
summation sign
integral sign

INTODLJCTION

The dynamic behaviour of an offshore structure can
be of considerable importance in relation to its design
since motions and loads under the prevailing
envi ronznental condi tior.s may be domi nated by dynamu o
components. This can apply to both normal operating
conditIons, which have a bearing on fatigue assessment,
and also maximum design sea conditions when peai values
are of :rimarv interest, In recent years. the flexible
riser has received considerable attention as it has
been regarded as a viable alternative to rigid marine
risers in offshore floating production systems. A

number cf theoretical Investigations for flexible
risers have been carried out. The catenary solution
and stiffened catens.ry solution were adopted in Static
analysis (1.2). These approaches have a particular
value in providing initial conditIons for dynamic
analysis with a simple form. The fInite element method
can be conveniently applied in both static and dynamIc
analysis (2,3.1,5,6). This approach allows ene to
handle the numerous problems related to the non-linear'
geometry, excitation due to surface vessel vibration.
environmental loadings from waves, currents and the
boundary conditions from the seabed and the subsurface
buoy. Investigations using tests at full scale and
model scale have also been Carried out (7,8).

This paper is an extension of previous work on
flexible risers. The theoretIcal approach is based on
nonlinear fintte element methods. The technique
accounts for nonllnearittes due to geometry,
hydrodynamic dampIng and complex boundary conditions.
The dynamic analysis ha been carried out in the time
domain and use is made of a general purpose fInite
element computer program. Scale model experiments were
designed to complement the theoretical studies and to
provide suitaole validation of the program.
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GOVERNING EQUATIONS

A flexible riser can be represented by a flexible
structural member. It has relatively low bending
stiffness and the axial forces may play a significant
part in dynamic responses. The usual beam/column
equations will not be suitable for solvIng the problem,
In the theoretical development, the basic assumptions
are that the strains are small, although the
displacements of the riser itself will be large due to
the overall flexibility of the system. Furthermore, It
Is assumed that motions in the direction of one
principal axis (see Figure 1) only affect motions in
the other through the coupling effect due to the non-
linear axial forces. The governing equations can be
conveniently handled ty use of a local element oriented
coordinate system. Figure 1 shows that a differential
element oriented arbitrarily in three dimensional space
is defined in terms of the local element coordinate
system. The governing equations in three dimensions
can be written

m -- i- EI -.] - LT(s) -3v 3 lv 3 3v2 2 2
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and V, W are relative veocI,ties in the two principal
axes of the element and V, W are fluid accelerations.
v' Ww are components cf apparent weight In the two

principal axes of the element.
If tne effects of torsion and elongation are also

included we obtain

u' tA-8.lu . mu -
et Is

2
(2)

and

2
-

2 L,Jot 55

where mu is the effective mass per unit length along
the element
is the effective moment
is the applied forces along the element
is the applied torsion In the element.

The finite element method is a convenient way tO
solve these nonlinear equations. The method has the
advantage that it is possible to model different parta
cf the rIser system with different levels f
sophistication. Another advantage is the Capability of

C p..-

A assembled matrix
e element matrix

Subscripts in Matrix Equation

G global 000rdinae system
local coordinate system

GreeK Synbols

, ,'r angle deformations of differentIal
el ement

2 density of sea water
eigenvalue
eigen-frequency (radians per unit time)

Miscellaneous



the complex boundary conditions
including all

-o-,jr.g.SupOOr'tS (vi: surface fessel noticns, sue-.-ymdtLons) with Six degrees of freedom, as
as representing any riser/seabed Interaction

r:i: E1ET FORMIJLATtCI

;he formulation at' the relevant equations in
'1e element model ts based on energy

The potentIal and iriecic energies at' a
t't'erentisl element cf length 2. are given by

rotaI PE

- 2 2 2 2
jt[:I(v" + ," ) \v' w'

o

- 2 2- r.A U' .-j li J

- 2 -2 2 -2- sCv - w ) * s u s a ]ldxu a (3)

The shape t'unctier.s are chosen to represent the
elener,: shape using eacn of the '2 unit defarmatlons atthe :ea criCs of the element,

These functions, f(x)
, j.12 are gererally

oolynomials in terms at' the Length,L, along the element and may be defIned by the algebraic
of -each functIon tiSes

its corresponding amplitude,
1,12. The shape functIons of an element are

reri 4ifen as

' applying the energy cinimisation principle, theyna.-urio matrix ecuatlon in the local coordinate systemccmes

e e e e
- C:] i) [K] )q}

L L L L

f F}
(5)

tre generalised farce /ector and Is calculated

'her, t'(l.
Is the distributed

applied Loadings on the'Ser element Cue to weignt, buoyancy and hydrodynamic
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forces, [C] ,ts_ the acpi.-.gmatrjx accountlhg t'srstructural dping and Is included for completeness, outgenerally say be neglected
because of the such largerhydradynamic damping camponents In

ELENTAL STIFFNESS h'ATRIX

The elemental stiffness riatrix Is given by

32?E/3q1 3q

Since the axial fcrce, T, appears in the totalexpression far the potential energy, tre elementalmatrix will row take the fors

[K] - [K]0 * [K]1
(6)

where [K]0 is a general flexural stiffness matrix of abeam element, which can be found in Standard text boak.(K]1 is called the geometric stiffness matrix.
This geometrIc stiffness matrix, [K]-,.. can beobtained by differentIatIon of the effective ension inequation (3)r

her e

32
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- w' (dx

If the axial force, T, takes a linear varIation T -Tx, then

<T - To f1fdx - T'
(7)

or

(K].,. - W...0
" T' (s)

where [K]10 Is the stiffness matrIx t'or constant axial
farce In the element and where CXJT, is the matrix
attributable to axial farce variation In the element.

The effective axial farces play an Important role
in the dynamic reapanses of the riser. In the case ofthe flexible riser with low bending stiffness, thegeometric stiffness matrix. (K]1. say be verysignitcant particularly in the region of the rIser
where the tensions are large ('liz near the upper and).

DIfNAI'C MATRIX EQUATION

The elemental masa, stiffness, damping and force
matrices must be assembled Into a total set of -equations
in order to arrive at a systn solution. ThIs Is
achieved by using a transformattcn matrIx. The
assembled global system cf equations Is then
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correctly modelled. This meant that both models would
be subJected to- the same nominal environmentalconditions, i.e. the same wave forces. The responses of
both models could thus demonstrate the Influence or the.bending stiffness. The riser notions were monitored
using a purpose-designed underwater T'I viewing syste
(Figure 9) . The six cameras were used to simultaneously
view six points along the riser model. The
displacements were continuously recorded and
suosequently analysed to provide information regarding
the dynamic behaviour of the rIser. The bending moments
and tensions were measured by means of purpose desIgned
strain gauges. Figure 10 shows typical dynamic
responses of the flexible riser frnm both the fInite
element solution and scale model tests with a fIxed
upper end. Figure (1 shows the bending moments at the
upper end. It should be noted that the model testresults for bending moment are much less than the
corresponding calculated values. This is probably
because the damping in the experimental model is greaterthan that assumed for the simulation model. in this
connection it is important to rote that due to scaling
difficultIes it was found impossible to correctly model
the bending stiffness of the prototype riser system, vs
has been previously pointed out. The testa with a
surface vessel were also carrIed out. Figures 12, 13
and 11 show the motion of the vessel. These motions
were used to give the appropriate support conditions fcr
input to the finite element simulation. Figure 15 shows
the dynamic responses with surface -tassel excitattcns
from both the computer simulation and tite corresponding
model tests.

cCJ CL US I Oi

A finite element solution for the ron-linear
dynamic axial and lateral motions of a ftxible riser
haie been presented. Tite method proposed takes account
of sucn mon-linearities as hydrodynamic damping and
large angle deflections In the riser . Numerical results
have been given for a typical flexible riser. These
included a quasi-static solution to demonstrave the
affect of current end offset cf tite surface vessel. Thefirst few mode shapes are then given to show that
certain modes can be excited :.nder particular wave
conditIons for the riser system under consideration.
Time domain solutIons are given to show the influence of
dynazolo effects on riser configuration under tite action
of surface waves.

Some typical results from a programme of scale
model tests of a flexible riser system are presented for
comparison with the results cf corresponding solutIons
from the numerical model. Uthougn the physical model
had of necessity to te distorted in some respects, these
comparisons showed that the ftnita element numerical
model would be llely to produce useful and valid
information for the purposes -of the desvgn cf the
prototype riser system.
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The solution for the nonlinear equation (9) usuallymakes use of tise domain soluticns.if the external loadings and floating facility
motions are cefined the dynamic solutions in the time
domain can be carried out. It smould erhaps be Pointed
Out that the geometric stiffness matrix 15 mainly due tothe static axial forces. In ractice, however, the time
varying axial forces have less influence, and are
neglected. in practice hydrodynamic forces can be
calculated with reasonable accuracy on the assumption
that the inclination cf a particular element does not
change as a result of the dynamic response of the
system.

N1il.ERiCAL EX.AMPL:

The numerical work is based on the use of a general
purpose finite element program tOgether with additional
software developed by the authors. This powerful
orogram allows one to take advantage of modelling more
elements. This means tnat one can use small length
elements instead of long ores. The description of tne
structural data and details of a double cater.ary
tlextble riser system are gtven In Table

A quasi-statIc case was first run to check out the
Influence of current in the riser assuming a particular
offset for the vessel. FIgure 2 snows displacements and
FIgure 3 shows the displacement vectors for thissituation neglecting hydrodynamic forces on the
subsurface buoy. The evaluation of mode shapes Isobviously trte first phase in the dynamic analysis.
Figure 4 shows the first two node snapes and Figure 5
Shows those for modes 3. 5, 7 and 3. These results show
that a number of modes have raturai periods ir. the range
of predominant wave energy, i.e. 10 < T ( 30 sec, whichincloates the possibility of significant dynamic
response of the flexible riser. The solution in the
time domain as carried out without surface tassel
mottons. This means that the upper end of the riser was
maintained in a fixed positIon. In practIce, this will
ce the case for fixed platforms or ron-compliant
floating structures. e.g. GP vessels under light seas
and stiffly moored systems. These results can also be
used to demonstrate tite influence of -fessel motions on
the riser dynamic response. Figure 6 snows the dynamiO
responses of tre flexible rIser under wave action onlyin true scale. Figure 7 gtves an amplifIed view with
displacements times five to illustrate more clearly theresponse shape for the riser. Figure 8 shows dynamic
responses together with the mode shapes. In thiz
particular case, i t can ce seen that the dynamic
response Is dominated by the third mode component. This
is because the natural period for this mode (8.9 secs)
is relatively close to that of the wave period for thts
particular case (T - 12 seos).

C0MPARISCi TTi iOOEL TEST RESLLTS

The computer model was validated by comparison with
model test results at 1/50th scale. biore detaileddiscussion of the model tests is given In a previous
publIcation of tite at:thors (2). The model riser was
cOnstructCd uslng PVC tuoes. It was found that the
flexural stiffness was not easy to model correctly at
1/SOth scale due to potential buckling problems in the
model riser. For this reason, two distorted ooOls were
used. They mad the same outer diameter but dIfferent
bending stIffness, ifl both cases the riser weignt was
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Field

Water dpth
150m

Sub3urfac. buoy above seabed
50m

lorizontal distance fri vesse]. to subsurface buoy 100m
Well base to subsurface buoy base

55m

FlexIb'.e iser

TABLE I

Data for Numerical Case Study of Flexible Riser

Outer dieter
Inner d1,eter

0.3m
Bending stiffness CI or C ÔOON/rnm2) 6.867 x 1ONm2Axial stltfne3s IA

11.529 X 109NWeight in air
160 kg/rnLength frn subsurface buoy to deck of surface vessel 200mTotal length
281mBuoyancy force of subsurface buoy 100300N

Clement Distribution

8 elenents between seabed and subsurface buoy
30 elements from subsurf ace buoy to surface vessel
(elements distributed ln relation to initial curvature)
Total ele!nents 38

Quasi S t a t i c

Current velocity
Sur f a ce 1. Srs/a
Seabed

and profile is linearly decreasing from SWL to 50m '.ater depth andconstant aider 50m depth.

Envirorent (Dynamic)

Wave height
16mWave period
72 secDrag coefficient
0.6Inertia coefficient
2.0Den3ity of water
7020kg/o3Soil support is defined as a spring
K3 - S X 103N/mTime tncrvçrient
0.25 seo

Surface Vessel .lotiona

leave aaplitude
leave phase angle
Surge pi1tude
Surge pnase angle
Pitch amplitude angle
Pitch phase angle

170

± 3.lm

- 450
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Tensile armour

Zeta spiral

W r e s

Rayon p1ies

Steel
wire layers

Flexible pipe

Durolon

t

Flexible riser pipes: problems and unknowns: C.J. MacFarlane

Rear crimp flange and ring Cop

4

ljter co'mc

Fabric lay&

Flexible pipe

Interlock tube
Duralon .ol area

Pipe elastomer hod.d into ebonite

COrrugated liner

produce both internal and external resistance to flow. The

inner (front) seal which holds the product is in effect axial
and, if passed, there is no further resistance to flow radially
through the termination unless the 'outer' surface of the

._) crimp ring is designed as a further seal; this is not clear.
The manufacturing process would appear to be: (I) to
strip the pipe to expose sequential layers, fitting the spiral
locking ring; (2) to make up the first crimping flange; (3)

Outer ijeevi (plastically yielded)

Cover polymar-___ ......v......V. .. .................. ..............

Inner sleeve or insert (unyielded)

Wire clamp oreo

Ebonite fill

Built-in nipple (with serrated face)

Figuie 2 (a) Coflexip termination; (b) Dunlop termination; (c) Pag-O-Flex termination

to prepare the tensile armours around the termination
body; (4) to slide up the cap and, presumably, connect it
to the vault; (5) to inject and set the resin; and (6) to
make up the final crimping flange. It may be that these
last two are reversed, but I know of no published
information on the construction of these terminations
beyond the brief functional description of Reference 3.

Difficulties with this form of termination arise from the

Nylon

a

Flexible pipe

b



Flexible Riser Connector System
The i ncreasi ng desire to develop

marginal oil fields located in
areas where extreme weather
conditions prevail has led to the
use of floating and temporary
production systems.

This, in turn, has led to the use
of high pressure flexible risers
and umbilical control lines -
hence a need for connection!
disconnection devices between
subsea welt-heads and produc-
tion platforms.

Miß has supplied many
custom-designed. high pressure
flexible riser coupler systems for
production. injection and control
umbilical lines to Petrobras. Off-
shore Brazil and, more recently,
to Hamilton Brothers and Sun Oil
for their developments on the
Duncan and Balmoral Oil Fields.

Based on the welt-proven MIB

integrated coupler and ball valve
design. these systems offer
minimal spillage, high angular
release, extended maintenance-
free periods and long service life.

Installed on the FPV at either
pontoon or deck level, shut-off
and disconnection of the flexible
risers is provided under normal
or emergency conditions.
Reconnection is also a diverless
operation.

EMERGENCY RELEASE OF FLEXIBLE ROSE RISER
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Plastic bending restrictor

Figure 2.12

Typical buoyancy ¡nodule
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A quick-release hydraulic coupling (Coflexip)
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