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1. Introduction

Deep water risers disconnected at the wellhead
and suspended freely from the surface support
platform may suffer from large dynamic tension
variation arising from extensional r2sonance or a
large downward heave acceleration exceeding the

free-fall acceleration of the riser system. Tension

provides most of the flexural rigidity in risers and,

therefore, large tension variation may lead to
dynamic buckling and very large bending stresses
in addition to large tension stresses. In order to

study these large coupled, possibly resonant, axial
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and flexural motions of hanging riser systcm, a
non-linear model is employed.

Solution methods for formulating and above
general non-lincar problem can be classified into
three major categories; the finite element method,
the finite difference method and the spectral meth-
od. Ref. (19)

riser equations in the time domain using a centered

solves the structurally linearized

finite difference scheme and Newmark’s method for
time integration. His solution employs an expeime-
ntal 2-D flow model for the prediction of the non-
linear hydrodynamic forces. Ref.(7) presents a

three-dimensional large deflection finite element
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model of an inextensible rotationally uniform
clastic rod without torque. The first order
Adams-Moulton method is used for time int-

egration. Ref. (4) presents a finite eclement
model for decp occan mining pipes and simul-
ates non-lincar transient motions in the time
domain.

Up to quadratic terms in the extcnsional strain-
displacement relation are used. A linear three
step method is employed for time integration.
The effect of drag cofficient on the response
characteristics of the lower end of the pipe
Ref. (11)

of connected risers in the time domain using

is also studied. simulates the motions
the natural mode expansion method. Sccond order
geometric non-linear terms for the tension displac-
ement relation and non-linear fluid drag forces are
retained in his formulation. Time intcgration is
performed using an explicit scheme. Ref. (16) deals
with inextrensible and rotationally uniform slender
elastic rods with torque applied at the ends., His
solution method is based on a finite difference
approximation of space derivatives and a semi-exp-
licit time integration method. The condition for
numerical stability is given in term of the ratio
of the time step to the space grid size. Ref.(17)
derives the basic equations for small amplitude
vibrations of a marine riser with equal principal
stiffnesses retaining a second order non-linear
tension-displacement relation and non-lincar fluid
forces. Spatial discretization is performed using a
hybrid finite clement method. The implicit Houb-
olt method is employed for time integration. Ref.
(2) simulates the non-linear motions of single
span mooring lines by expanding the cable motions
in the natural modes of the problem. Analytical
asymptotic evaluation of the natural modes was
achieved and compares well with numerical calcu-
lations. Ref.(3) carries out simulations of shallow
sag cables by expanding the cable motions in two
different scts of orthogonal functions, first, the
natural modes and, second, sinusoids. It is found
that sinusoidal expansions are preferable to natu-
ral mode expansions in the simulation of elastic

type waves since a large number of natural

modes are required to accurately model clastic
traveling wave solutions. Ref.(26) simulates non-
linear vibrations of an elevating pipeline. Spatial
derivatives are replaced by {inite - difference
analogues and the resulting initial value, problem
for a system of ordinary differential equations
is integrated in the time domain using an implicit
scheme. Ref.{18) examines the lateral dynamics
of freely hanging production risers. The finite
element method for spatial discretization and
Newmark’s method for time integration are empl-
oyed. Geometric stiffness nonlinearitics up to
second order in the displacements are accounted
for.

Time domain simulation for a shallow water
riser due to surge motion only 1is presented.
Considering the riser lengths and the time steps
used, extensional wave type solutions and heave
effects were not investigated. Ref.(14) presents
a finite eclement model for the analysis non-
linear coupled dynamic axial and lateral motions
of a hanging riser. Up to quadratic terms in the
tension-displacement relation are used. Simulation
of a 1.2km hanging riser response to heave and
surge motions with current and wave excitation
is carried out. Time integration is performed
using the Houbolt method. The response to a
random wave input is also presented. Extensional
wave solutions and negative total effective tension
effects were not studied. Ref. (14) identified subst-
antial differences in computations of bending stres—
ses near the top end of the riser due to variations
in available solution procedures and wave loading
in extreme wave excitation. The region very
close to the top end of the riser was found to be
the most highly stressed for the riser design and
excitation conditions studied. A related problcm
of dynamic buckling of vertical hanging strings
due to parametric excitation arising from heave
motion of the top end has been studied in Ref. (10)
using linearized equations except for the effect of
fluid drag and a modal expansin solution method.
It was found that for small tension variations, to
which the analysis of Ref.(10) islimited, the str-

aight configuration is unstable for certain values
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of the excitation frequency. For the cases studied
in Ref. (10) the ultimate lateral response is very
small in water due to significant drag, while it
becomes very significant in air.
Review of the above references revealed that
the solutions of the governing equations of hang-

ing risers involving large coupled axial and late-

ral motions in the presence of compressive axial
forces, anticipated in the rigid hang-off mode

under extreme enviornmental conditions, have not
been studied. The natural mode cxpansion method
does not appear to be attractive in the simulation
of these large motions because it is computation-
ally difficult to determine the natural modes of
motions around a nominal static configuration in
the presence of extensional waves. In  addition,
modal cxpansions may require a large number of
terms in the case of high frequency excitation of
long risers in the presence of current because
lateral motions are expected to decay rapidly away
from the top end. The sinusoidal cxpansion met-
hod is also not very attractive in the simulation
of the problem addressed here because of the pre-
sence of sharp boundary layers in bending mome-
nts and shear forces. Other spectral expansion
methods, such as those based on Chebychev poly-
nomials. are expected to alleviate such a difficulty,
but arc complex to implement®. The solution
scheme adopted in this paper is based on a non-
uniform grid {inite derivative

difference space

discretization. The method employed has some
highly desirable properties in the problem at hand,
such as an automatic adaptive mesh capability and
correction

a deferred capability. The adaptive

mesh, which is created automatically based on
equidistribution of discretization errors, efficiently
resolves the steep changes of bending moment and
deferred

provides a higher order finite difference approxi-

shear force. The correction capability
mation whenever necessary at reasonable comput-
ational expense. The solution scheme adopted has

been proposed for the solution of complex mnon-

linear two-point boundary value problems for ord-
inary differential equations which involve rapid

localized variations in the solution?®. Particular

emphasis is placed on the study of dynamic buck-
ling type responses ¢f hanging risers cue to ext-
reme excitation conditions. Numerical results sug-
gest that the concept of compliant hang-off is
quite useful in improving the responses of hanging
riser systems and reducing the stress level signi-

ficantly.

2. P’roblem Formulation

A mathematical model for the static behavior of
slender elastic rods undergoing large deformations
with small strains is given in Ref.(12) and (13).
The modifications to account for dynamic effects
and the presence offluid inside and outside a tube
modelled as a slender rod can be found in Ref. (17)
and (19). Ref.(21) extended the mathematical mo-
del derived in Ref. (17) and (19) to allow the com-
putation of the motion of a compliant riser mod-
elled as a nonrotationally uniform slender elastic
rod with space varying torque. The assumptions
made in modelling of the global static and dynamic
behavior of riser systems are summarized below.

The riser is modelled as a thin rod rather than
as a shell. This assumption is acceptable since we
are only interested in the global behavior of the
system and the diameter to length ratio is very
small. The material is assumed to be homogeneous
and isotropic which is a good model for steel stru-
ctures. Although deformations may become large,
strains are assumed to remain uniformly small.
This permits the use of linear constitutive relations
between stresses and strains. Shearing deformati-

ons are neglected. This implies that cross sections

remain planar after bending and normal to the
neutral axis as in the Rayleigh slender beam
theory®. This assumption is realistic as long as

the order of the highest flexural mode excited

is much smaller than the to diameter

hand.

length

ratio. This is valid for the problem at

Finally, thermal effcets are neglected.
Consistent with the objectives of this paper,

dealing with extreme envioronmental excitation

conditions of a drilling riser in a disconnected

mode, the following additional simplifications are
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introduced. First, the riser is assumed to be

rotationally uniform which is a good approximation
drilling risers'”. The mass per unit

for steel

length in the tangential direction &, 2, is also
assumed to be same as that in the other two pri-
This the

internal fluid essentially moves with the riser in

ncipal directions. m", implies that

the tangential direction just as it does in the lat-
cral direction. This approximation can be made as
long as the lower end of the riser can be conside-
motions are much larger
all

from currents, waves, support vessel motions and

red closed and axial

than axial extensions. Next, external forces

the response of the riser are assumed to lie on a
single vertical plane. This appreximation is likely

to exaggerate the environmental loads and tihe

resulting stresses because all major excitations are
concentrated in a single plane. In addition, waves
and support vessel motions are assumed to be
These

because of the extreme environmental

monochromatic. assumptions are adopted

conditions

appropriate for a survival analysis of hanging

risers over short time intervals. Slow horizontal

platform oscillation due to second order drift
forces may be treated as currents when their fre-
quencies are sufficiently below the [irst flexural

natural frequency of the riser. This is true for

short and medium water depth. For deeper water,
few
the

slow drift oscillation may excite the first

natural modes. In such cases the ratios of

diameter and of the slow drift motion amplitude
to the flexural wave length are small and, there-
fore, the resulting stresses due to drift cffects
are expected to be small as compared to the max-
imum stress due to other effects. TFinally, rotatio-
nal incrtia terms are neglected in the moment
equations because the ratio of the excited flexural
mode wave length to diameter is very large. This
assumption simplifies the governing cquaticns to
the Euler beam approximation®, which is commao-
nly used in riser analysis'”19. In addition. struc-
tural damping forces are neglected from the egun-
tions of motion. The structural damping force in
the normal direction is known to be very small as

compared to the hydrodvnamic damping force in

and N. M.

Patrikalakis

the same direction. The contribution of the stre-
the

overall damping force in that direction is expected

tural damping force in the axial direction to

to be larger and, therefore, its omission is likely

to exaggerate the dynamic tension magnification

near resonance. It is well known that when curr-
ent, wave and applied horizontal oscillation of the
upper ecnd of a riser are in the same plane, out-
of plare (lift)

The frequency and amplitude characteristics of

response is normally present!?.

lift motion vary significantly with the parameters
Y y P

of the imposed flow as suggested by the small

scale experiments found in the above, Ref. {19). No
available to

general rational models are, however,

compute lift and drag response for the excitation

conditions described above, For tne special case
of

and mean drag response prediction, based on strip

uniform current excitation, a model for lift
theory and rigid cylinder experimental data cxists
and compares well with experimental data from a
small scale riser experiment®, Its extension to the
sheared current case can be found in Reg. (22
For current excitations and medium to deep water
risers, stresses duc to lift motion are cxpected to
be small compared to the maximum stresses due
to in-planc response in a survival excitation con-
dition. Vortex induced lift response may be impo-
rtant in low amplitude~long term fatigue life est-
As indicated in the above Ref.:(22),

wajor effects of 1ift response

imates.
however, onc of the

is to increasc mecan drag parallel to the current.

Unfortunately, it is not known at present how to
cstimate the effects of lift response on the in-

plane forces for cases other than constant current
excitation. A promising new approach to rationally
compute the forces on circular cylinders in viscous
flows can be found in Ref, (27).

assumptions, the general

Dased on the above

equations of planar motion can be easily derived

from the general equations of motion of compliant

risers?.
Te—=Q0 - sin ¢+ Fri=3 &)
Qs+ T 1V cos ¢+ Fy®=mat [2)
(EIO, +Q=0 3)
b Q 4
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Xe={1+¢) cos ¢ C3)
ys={l-¢)sin ¢ i 6)

M
vhe= — Qi+ (14 c)w 8)

where,

W= {9
aS=vs - im iMm
al=us 408 1)
T=EAe~(1-20) (P4, P:A4) (12)

Subscripts s and ¢ denote partial derivatives with
respect to the arc length of the ceater line and
time. T, W are the cffective tension and weight
of the riser. €, Q are the shear foce and curvat-
ure. ¢ is the angle between the horizontal and &
directions. LI, EA denote bending and cxtensional
rigidity. ,4,. P;A; denote the hydrostatic pres~
sure forces on the external and internal pipe sec—~
tion. ¢, v are the extensional strain of the center
lineJand the Poisson’s ratio of the pipe material.
x, y_arejthe horizontal and vertical displacements
of the center line. %, % are the riser velocities

in the tangential and normal directions.

: Consistent with th: above discussion, the hydr~
odynamic forces will be estimated using a modified

forrt of Morison's cquation™®
Fut=0.50,C, P o e (L O e

PRrS (13)

1"‘}1E = (. Sl’wcdDe: y';« L'r:l" :r'j"

+ L+ Codintyy,5 — Cmyad {14)

where

it = T2/ 4

S =yt Ay - )

L s the local owter dizmecter of the riser and
buoyancy modules. 4, is the buoyancy : modules
outer cross-sectional arca. 4, is cqual to A
within the bare part of the riscr.

PS is an equivalent wetted perimeter of the
cross-section defined in such a manner so as to
account for frictional effects and separation effects

due to diameter discontinuitics

Pl=pieCy {15)

Cs and C; are a f{rictional damping coelficient
for {lows in the tangential direction and a normal
drag cociiicicnt, respectively. C4° is a separation
and wake formation drag coefiicient for the riser
connectors (flanges) for flows parallel to £. Riser
connectors {{langes) are believed to be the prim-
ary sources of separation drag in the axial direc-
tion®). A, i3 the frontal area of the connector
(flange) and L is its length (thickness). P is
the overall wetted perimeteor of the cross-scction.

v.f and o8 are relative velocities of  the flow
with respect to the riser in the tangential direct-
ion, & and the normal direction, #, respectively.
a,f, a.f are fluid accelerations in the same direc-
tions. C, is the added mass coefficient in 7 dire~
ction and ¢,° is the added mass cocflicient in ¢
direction due to the presence of the diameter dis-
continuitics.

In order to solve the above cquations of planar

motion, eight boundary conditions are required

together with appropriate initial conditions. At
the lower end, forca equilibrium on the lower
marine riser package (LMR?) and zero curvature,
because of the presence of the lower ball joint,

lead to thrce boundary conditions. At the top end,
zero curvature. because of the presence of the
upper ball joint, is employed. For rigid hang-off,
the remaining four condtions arc obtained by pre-
scribing motlons and velocities of the top end in
the vertical and horizontal dircctions. For compl-
iant hang-off, the wvertical boundary conditions
are replaced by force equilibrium of the tensioner
and the displacement~velocity relation. Detailed
derivation of the boundary conditions and, in par-
ticular, modeling of forces experienced by the
tensioner system and the LMRP can be found in
Ref. (29). The solution of the general equations
due to time invariant excitations such as current
drag, provides initial conditions for the solution of
a general dynamic problem. A vertically straicht
riser configuration can also be used as an initial
condition for the dynamic problem. In order to
diminish the computing time required to reach the
ultimate dynamic response amplitude, the static

response to the time invariant excitazion is pref-

—~ 43 —
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erable, as an initial condition, to the vertically
straight riscr configuration. The initial velocities

of ths riscr system may be set to zcro.

3. Time Domain Simulation

We solve the mixed initial-boundary value pro-

blem involving a system of non-linear partial
dif{crential equations by converting it to a seque-
nce of boundary value problems, invelving a sys-
tem of non-lincar ordinary differential ecquations,
at each time step. In order to carry out this
conversion, we semi~discretize in the time direc-
tion first and we., subscquently, solve the result-
ing boundary value problem very accurately in
space using a gencral non-uniform grid finite dif-
fereace method {or non-linear two-point boundary
value nroblems proposed in Ref. (23). Time deri-
vatives in the boundary conditions are also appro-
ximated by their finite difference analogues. It is
convenient to introduce a solution vector, S. and

solution vector Tunctions G and K so that we may

recast the governing cquations in the following
compact from

S GCS)+ RS, &) (16)
where

ST, 0, v vE 0, b, x, vy

(: is the vector function which does not include
the time derivatives of the components of the sol-
ution vector. K is the vector function which incl-
udes the time derivatives of the components of
the solution vector.

It is important to discretize stably in the time
dircciion. In fact, an unconditionally stable sche-
me is desirable because of the fact that very
dense space discretization is required mnear the
ends in order to resolve the sharp changes of the
Crank-

integration®. Using

solution. For this reason, we choose the
Nicolsen method for time
finite diffcrences to represent time derivatives,
the system of first order partial differential equ-
ations 16 is converted to

an ordinary boundary

valuc problem at time ¢*

[S,8 ~G(S™) 34 [$" = G(S™1)]
= OR{ASH) Apr, (87 Sm=1y72)

and therefore

8.5 = GS™) =[S, — G(S*1)T 4 2R{ 457/ Ai7,

(’lt;n + ._/1'57:—1)1/2) — ]4‘(5'1.’\1 (1’,‘)
where

AS”:S"rS"", Al‘"?—lx~l""l

The time derivatives appcaring in the boundary

equations are replaced by the following second

order accurate finite difference analogue

S, Cn _ ene-1Cn=] | an—2GR=2
R N R SN IRNEAREN
where

Cr -3/, O oo/ dn Crr=1/(20

At =17 — %=1 .z constant

Now we can proceed in the time integration; by

solving the ordinary non-linear two-point bound-
ary value problem at cach time ¢” using the mod-
ified Newton's method coupled with deferred corr—
ection!®>%), As stated earlier, a ron-nuiform
grid finite difference method based on simple tra-

pezoidal rule approximation of equation (17) is used
Sira=S)/hj= (F(s;, S;)+F(sp, Spp))/2

where superscript # is omitted and h;j=S$;1—5; is
the mesh spacing which may be non-uniform. The
solution at the previous time step, S*~!, is used
as an initial guess for S*, which is a very good
approximation and allows rapid convergence of the
iterative solution of the boundary value problem.
Two important properties of the method are:
Adaptive mesh: As stated earlier, the discre~
tization mesh is modified automatically in order
to equidistribute the discretization error of the
finite difference approximation. Because of the

adaptive mesh, our numerical scheme deals with

the problem at hand very efficiently since the
mesh can be made locally finer.
Deferred correction: Using the information

obtained during the local error estimation required
for the mesh correction, higher order approxima-
tions can be obtained efficiently, whenever a tight
required. Due

externally given absolute error is
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to space limitations, the reader is referred to

Ref. (23> oend (29) for more information.

4. Numerical Application and Results

The principal characteristics of the riser design
used as an examgple in this paper are summarized
in Table 1. The characteristics of the LMRP used
can be found in Table 2. The characteristics of
the cxcitation condition chosen to illustrate the
phenomena of interest in this work are summarized
in Table 3. These are representative of extreme
cnvironmental conditions likely to be encountered
when disconnection of the LMRP from the wellhead
becomes necessary. The amplitude of heave and
surge motions of the surface support vessel are
estimated {rom the response of a twenty thousand
ton drillship in head seas. Phase angles are mea-
sured with respect to the incident wave elevation
at the horizontal position of the riser attachment

point on the support vessel. The above riser design

Table 1 Riser ptincipal characteristics

Table 2 LMRP characteristics

Characteristics Symbol Unit Riser
Total length L m 1,500
Outer diameter Dy m 0. 4064
Inner diameter D; m 0. 3747
Extensicnal rigidity EA GN  4.121
Buoyancy module

Quter diameter D, m 0.7
Joint length Lisine H 12,192
Number of buoyancy

Modules per joint n ca 1
Buoyancy module

Length L, » 9.724
Mean effective

Diameter D, " 0. 6413
Mean effective

Perimeter Pt m 5.39
Mean effective weight

Per unit length w Njm 168.3
Mass per unit length:

Riser steel w, kg/in 229.3
Internal fluid my kg/m 113.0
Buoyancy module my kg/m 29. 8
Tangential

Effective mass 7,5 kg/m 474, 6
Normal

Effective mass m,¢ kg/m 530. 4

— 45

Value

Characteristics Symbol Unit

Mass My kg 90, 147
Height Hy m 4.572
Diameter Dy # 3.433
Volume Vi m? 42,475
Wet weight Wy EN 457,24
Vertical

Effective mass My, kg 133, 684
Horizontal

Effective mass M .* kg 133.634
Drag area:

Vertical Agp m2 9.29
Horizontal 5 m? 49. 49

Table 3. Excitation condition description

Characteristics Symbol Unit Condﬂx\non
Frequency o rad/s 0. 60
Period To s 12,57
Aimplitude:

Wave A, m 6.0
Heave H; m 4.8
Surge S m 1.5
Phase engle:

Heave (532 degrees 0
Surge bs degrees 90
Max. heave

Acceleration Cvessel® & 0. 176
Lincar current:

at Sea bottom Ven /s 0

at Surface V.s mys 1

and excitation allow us to investigate the situat-
ion where large dynamic tension comparable to or
greater than the static tension can be generated
if the heave excitation is transmitted directly to
the riser top under rigid hang-off.

As stated earlier, the dynamics of the hanging
riser systems depend very much upon effective
tension. If tension variation with rigid hang-off
is too large to maintain an adequate level of total
effective tension, then compliant hang-off may
be advantageous. A simplified analysis of axial
dynamics of vertical hanging risers can be emplo-
ved to appropriately choose the tensioner spring
constant under such compliant hang-off?, The
first extensional natural frequency of the riser is
2.62 rad/s, which is above significant wave exci~-

tation (0.3 rad/s~1.4rad/s). The excitation fre-
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quency of {0.6 ra/s) is low enough to allow us
to make the assumption of inextensibility. Using
the inextensibility assumption for a vertical han-
ging riser with rigid hang off and neglecting drag
forces along the riser and on the LMRP, we esti-
mate the maximum extent of the riser from the
lower end, Lmax, in which effective tension is

likely to -remain positive
Linax = ( W — dvessely"kr[‘cy)/(avessely”le: - VV}

which gives 400m, where w,fis the elffective mass
in the axial direction including added mass and
LMRP in the

vertical direction including added mass. Therefore,

M; .7 is the eifective mass of the

we expect that a substantial fraction of the length
of the riser from its top end (1. ikm) may involve
negative effective tension for part of the period
of the oscillation. In addition, large lateral loads
are expected in the upper part of the riser which
is closc the support vessel excitation and  within
strong wave action. Using the static solution in
the presence of current cxcitation as an initial
starting configuration, the riser motioans are sim-
ulated in the time domain for two differeat top

end boundary conditions, rigid hang off and com-

pliant hang off. In our simulations we used a
constant value of added mass coefficient C,,=0.5
and two values of drag coefficient C;=0.8 and

1.2. These estimates of C,, and Cz are based on

rigid cylinder experiments involving sinusoidal
oscillations parallel to a current or in the absence
of current?2%, In our calculations a value of
C;=0.005 and C, =0.8 were used”. The above
values of the hydrodynamic coefficients are refle-
mass and

cted in our calculations of effective

effective perimeter of the riser system.

5. Rigid Hang-off

Figure 1 is the plot of the maximum absolute

values of the total axial stress along the length
expected in one period of oscillation. Axial stress
is made up from tension and bending componcnts.
This figure indicates that the maximum stress in
the top end. By

the riser occurs very close to

LaB
408+

308+

fidea Cat

188} cm12

av b e i e ey
8 3.t B2 B3 B4 8.5 8.6 8.7 0.8 8.9 1.8
NON. DIM. LENGTH (s)

Fig.1 Max. total axial stress

comparison to the static solution, the maximum
stresses are primarily due to dynamic effects and
are large enough to endanger the riser system
from short term fatigue failure. A qualitative
discussion of the phenomena giving rise to such
high stresses is attempted below. In order to un-
derstand how much tension and bending contribute
to the maximum stress, the time tracecs of tension
and bending stresses at the position. where maxi-
mum total stress is obtained, are plotted in Figure
2. A Fourier series decomposition of tension and
bending stress time traces shown in Figure 2 ind-
icates the importance of non-lincar cffects in the
governing equations of the protlem in generating
a periodic response which includes significant hig-
her harmonics®. The non-monechromatic nat-
ure of tension stress is more pronounced than
that of bending stress. One of the more important
magnitude of

The hcave

featurcs of Figure 2 is the small
negative (compressive) tension stress.

acceleration of the top end is
a?== — Howe? sin (2mt/To)

Therefore the acceleration of the top end remains

~ TENSHON STRESS (C,=0.8)

. AT
: - TENSION STRESS (C =1 2)
i
! ~_ b

S e /
T3 7/ # RENDING STRESS (C,-0 %)

BENDING STRESS (Cy=1.2s

L e ¥ i
& 3.8 3.2 3.4 3.6 3.3 48 472
HON. DIM. TIME (TIME<PERIOD)
Fig.2 Stress at s=0. 98L
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negative in the first half of cach period of oscil-
lation. This leads to large negative tension assu-

ming that the riser does not “buckle” laterally.

However, once flexural deformation occurs, co-
mpressive axial forces can not increase so much.
Instead, the available energy generates large ben~
ding deformation and is absorbed by bending strain
energy. This is why the tension stress has mno
sharp ncgative peaks while sharp positive peaks

appear in Figure 2. Another interesting feature
observed in Figure 2 is the relative phase of ten~
sion and bending stress. When tension is suffici~
ently positive, bending stress is small in magnit-~
ude as is the usual case with properly tensioned
risers. However, as total tension decreases and
magnitude of

eventually becomes negative, the

bending stress rapidly increases and reaches an
extreme value at about 1/4 period after tension
reaches its largest compressive value. Subsequen-
tly, as tension rises due to upward acceleration

of the surface support platform, bending defor-

mation reduces rapidly reaching its minimum value

nearly at the time of maximum tension. This

alternating sequence of positive and negative eff-

-

EFFECTIVE TENSION (T/T (L))
o n

o
1
i
[
1
|
i

o -+ + At et
0 81 8.2 8.3 b.4 8.5 8.6 8.7 88 8.9 1.8
NON. DIM, LENGTH (/1)

Fig. 3 Effective tension (Cy=0.8)

200+
0 ]
& -2001 o
-409}
-658 + —+ —+ + ~
.90 8.2 8.4 0.6 8.8 1.0
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ective tension effectively reduces the flexural
rigidity of the giving rise to large bending defo~
rmation. It is also worth noting that in this pro-
maximum

cess the effect of lateral drag on the

stress is relatively small as can be seen from
Figures 1 and 2 and for a 50% change of the drag
coefficient. Figures 3 and 4 are plots of effective
tension along the length for a series of time ins-
tances within one period of oscillation. Effective

tension is normalized with the maximum static

tension at the top end{0.73MN). Note that near
the upper end, the magnitude of the difference
between the maximum tension and static tension
is much larger than the difference between the
minmum tension and static tension. This is due
to the presence of large deformation as explained
before. The above total tension figures indicate
that tension becomes negative within a significant
fraction of the length starting at the top end and
for part of the period of oscillation. Figures 5 and
6 are plots of bending stress along the length for

a series of time instances within one period of

oscillation. Note that although negative tension
exists in a substantial region along the length
4y
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from the top end, large bending stresses are con-
fined near the top end of the riser. As can be
seen from the above pictures lateral oscillation
are confined near the top end have a much smaller
extent than the region of negative tension measu-
edr from the top end. This is an interesting result
indicating that sufficiently away from the top
end the riser behaves as a semiinfinite beam und-
er positive tension. For the amplitudes of lateral
oscillation of interest (a few diameters) and in
the presence of current, the oscillatory drag is
proportional to the oscillatory velocity for most
of the length. This results in a linearly damped
flexural wave which, because excited wave lengths
are small compared to the Ilength, decays to
insignificant values within a few wave lengths.
A much slower rate decay of flexural waves sho-
uld be expected in the absence of current because
drag is proportional to the square of the oscillat-
ory velocity for the entire length?9.

In order to appreciate the relative contribution
of heave acceleration and surge to the very large
bending response encountered above, the dynamic
response under appropriate variations of the above
excitation condition is simulated and is summarized
in Table 4. Excitation A is defined in Table 3 and
excitation condition B is same as excitation A
except that the surge amplitude is reduced to one
half, S,=0.75m. Excitation condition C involves
only the current and heave motion of excitation
A. In all above simulations, a drag coefficient
Cy=1.2 has been used. Although not presened
here because of limitation of space, the shape of
the maximum axial stress for excitations B and C
are very similar to the above Figures for excita-
tion A indicating that heave acceleration is the
predominant factor in determining the character
of the maximum axial stress.

Table 4 Effect of heave and surge on the
response of riser A

Max, stresses Condition  Condition  Condition
(MPec)
Tension 135 149 119
Bending —533 — 487 --402
Total axial —538 - 491 - 493

It should be pointed out that maximum tension
stress occours at a different time instant than ma-
ximum bending and total axial stress as before.
As can be seen from Table 4, the maximum
total axial stress is primarily due to bending and
the contribution from negative tension is very
small. In addition, the effect of direct lateral loa-
ding from different surge amplitudes to the max-
imum total axial stress is much smaller than the
direct effect of heave acceleration and the resu-
lting effective compression of the riser for part
of the period of oscillation. This indicates that the
predominant phenomenon in determining the max-
imum total axial stress is heave induced dynamic

buckling.

6. Compliant Hang-off

Since the maximum stresses obtained under rigid
hang-off are very large, compliant hang-off is
introduced in order to reduce temsion variation.
The tensioner is designed so that no extensional
natural frequencies are in the range of substantial
wave excitation and so that adequate available
tensioner stroke is obtained!:2?. The tensioner
gas mean pressure is chosen so as to statically
center the riser top end near the middle of the
slip joint stroke. The value of the spring constant
of the tensioner chosen is 14.2 KN/m., The first
two extensional natural frequencies under compli-
ant hang-off are 0.13 raed/s and 5. 30 rad/s, which
are away from significant direct wave excitation.
A simple one degree freedom analysis predicts
that the tension variation under this compliant
hang-off can be kept within 10% of the static
tension. As expected this hang-off mode provides
compliance between the surface support vessel and
the riser system, thereby, keeping tension varia-
tion small. Figure 7 is the plot of maximum total
axial stress along the length encountered in one
period of excitation and shows significant reduc-
tion of maximum stress from higher than 509MPea
to less than 100MPa. Figures 8 to 11 are plots of
tension and bending stresses along the length for
different instances within one period of oscillation

and indicate that tension variation remains small

~>48__.
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and that negative total tension is avoided. As a
result, bending stresses are reduced to an accep-
table range.

In Ref.(29), additional examples for Ilonger
risers may be found. In addition to the phenomena
illustrated above, such longer under rigid hang-off
also experience extensional resonance which is si-
gnificant because of the small damping associated
with axial vibrations. Extensional resonance, by
itself, also leads to significant dynamic tension,
even when the hecave amplitude is very small,
and affects the dynamic buckling response of the
riser. The compliant hang-off concept was found
to also be beneficial in this case.

7. Conclusions and Recommendations

The maximum bending stress under rigid hang-
off is primarily due to effective compression
which, in turn, is due to downward heave acccle-
ration. Lateral loading (e.g. surge and direct
wave and current loading), even in extreme cxci-
tation conditions, plays a smaller role in the
maximum axial stress as compared to the cffects
of heave acceleration. The oscillatory stresses
encountered in the rigid hang-off mode arc sign-
ificant and may lead to short term fatigue failure.
Compliant hang-off reduces tension veriation to a
small fraction of static tension and, as a result,
improves the level of bending response of the
hanging riser system.

Based on the results of this work, the following



recommendations for further research may be

made, The response of the riser to random exci-
tation under rigid and compliant hang-off should
be studied in the time domain using a non-linear
In

three dimensional model of the riser behavior.

such a simulation, the first and second order

vertical and horizontal support platform motions
should be

verification of the benefits arising from the pro-

to a wave spectrum employed. TField

poscd compliant hang-off as compared to rigid
hang-off is recommended. In  particular, such
experiments may provide better cstimates of

damping forces particularly important near exten-

sional resonance. Such cstimates are important

for very dcep water applications?:*). Finaily,

the vibration isclation concept studied in this
paper in connection with hanging riscrs may also
prove useful in the design of other occan systems
flexible

such as deep ocean mining pipes, risers

etc.
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