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ABSTRACT: The extension of Morison's equation to allow for structural motion 
in predicting the hydrodynamic force on offshore steel jacket platforms may be 
based on two different hypotheses: (1) The relative velocity model which re
places the fluid velocity by the relative velocity between the fluid and the struc
ture; and (2) the independent flow fields model which considers the flow to be 
a superposition of two unrelated flows, one due to the wave-current action on 
a rigid cylinder, and the other due to the structural motion in still water. An 
iterative computational procedure that combines time domain and frequency 
domain analysis techniques is developed to solve the nonlinear governing 
equations for both models. Comparison studies are carried out for seastates 
ranging from the drag dominant through the inertia dominant regimes. Results 
indicate that the independent flow fields model always predicts a higher struc
tural velocity response, the difference increasing with wave height. There is 
negligible difference for the inertia dominant range. At intermediate seastates, 
which are of primary concern for fatigue analysis, the relative velocity model 
appears to overestimate the damping. Consequently, its use in fatigue life pre
diction may be questioned. For typical offshore platforms, the applicability of 
the independent flow fields model diminishes as the seastate approaches ex
treme values. 

INTRODUCTION 

The dynamic response of steel jacket offshore platforms under wave 
excitation may be significantly influenced by the total amount of damp
ing present in the system. One of several sources of damping, and of 
particular importance in estimating the response of deep water struc
tures, is the hydrodynamic drag damping arising from fluid-structure 
interaction effects. The fundamental period of vibration of such deep 
water platforms is close to the range of dominant periods associated with 
wave loading and, consequently, their dynamic response tends to be 
"damping controlled." An accurate estimation of damping is also crucial 
for the prediction of structural joint fatigue life, an important design con
sideration for these structures. 

Most studies use Morison's equation (17) for predicting the in-line forces 
exerted by viscous oscillatory flows on stationary slender vertical cylinders: 

f=-pCDDv\v\ + p——CMv (1) 
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in which / = the in-line force per unit length; p = the water density; D 
= the cylinder diameter; v and v = the water particle velocity and ac
celeration, respectively; and C D , CM"are the hydrodynamic drag and in
ertia force coefficients. Hogben, et al. (8) provide a comprehensive re
view of published data on CD and CM . 

Keulegan and Carpenter in their classic 1958 paper (10) postulated that 
the harmonic fluid forces on a cylinder (and consequently both CD and 
CM) are, in general, functions of Reynolds number, R, and a nondi-
mensional "period" parameter proportional to the ratio of drag and in
ertia forces, K-C, now called the Keulegan-Carpenter number. For a two-
dimensional oscillatory flow with velocity amplitude V0 and period T, 
the Reynolds number and Keulegan-Carpenter number are defined as 

R = ^ K - C - M (2) 
v D 

in which v = the fluid kinematic viscosity. The Keulegan-Carpenter 
number is proportional to the ratio of the distance travelled by the water 
particle each half cycle to the cylinder diameter and can be interpreted 
as a measure of the unsteadiness of the flow. Note that in oscillatory 
flows, flow reversal occurs every half cycle. At high values of K-C, i.e., 
S25, the velocity of the flow varies slowly compared to the wake de
velopment time, and the flow can be considered as quasisteady. In this 
situation, the drag force dominates over the inertia force and the drag 
coefficient tends to its value for steady flow with increasing K-C. At low 
values of K-C, i.e., s 5 , the drag force term tends to zero and the inertia 
component tends to dominate. The least well understood wave loading 
regime, and therefore, the one with the least accurate description, is the 
regime with 5 s K-C s 25, in which both drag and inertia forces are 
important. 

Many studies have been directed at establishing the dependence of 
CD and CM on R and K-C. For example, while Keulegan and Carpenter's 
experiments confirmed the functional dependence of time-averaged val
ues of CD and CM on K-C, they were unable to establish a correlation 
between the coefficients and Reynolds number. The dependence of the 
force coefficients on both R and K-C was shown for the first time by 
Sarpkaya (20,21) through a reanalysis of the data given by Keulegan and 
Carpenter and an extensive experimental investigation with two-dimen
sional simple harmonic oscillatory flow past a cylinder in a U-shaped 
water tunnel. Sarpkaya's work also established the dependence of the 
force coefficient for rough cylinders on the relative roughness of the cyl
inders, k/D. These coefficients differ significantly from those corre
sponding to a smooth cylinder. The present study utilizes Sarpkaya's 
results for rough cylinders as presented in Ref. 23 and the procedure 
outlined in Ref. 24 to estimate the hydrodynamic loads. 

Fluid-structure interaction needs to be considered when the level of 
structural motion is not negligible. Several investigators (2,12,14) have 
attempted to take into account the effect of structural flexibility in force 
evaluations by modifying the original Morison equation to include in
teractive terms that involve both the fluid and the structural velocities 
and accelerations. In the process it is assumed that the interaction be-
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tween the incident fluid flow and the resulting structural motion is lin
ear, i.e., the resulting flow field kinematics are equal to the algebraic 
difference between the kinematics of the incident fluid flow and the re
sulting kinematics of the structure. The validity of this assumption, which 
determines the level of hydrodynamic drag damping, is questionable. 

This paper compares the results from the existing "relative velocity" 
model with those from another model, the independent flow fields model, 
originally postulated and investigated for steady flow conditions by Moe 
and Verley (15,16). The regions of validity of the two force formulations 
are qualitatively established. An iterative computational procedure that 
combines both time domain and frequency domain analysis techniques 
is developed to solve the nonlinear governing equations for both models. 
Comparison studies for seastates ranging from the drag dominant through 
the inertia dominant regimes indicate that the independent flow fields 
model always predicts a higher structural velocity response, the differ
ence increasing with wave height. There is negligible difference for the 
inertia dominant range. At intermediate seastates, which are of primary 
concern for fatigue analysis, the relative velocity model appears to over
estimate the damping. Consequently, its use in fatigue life prediction 
may be questioned. For typical offshore platforms, the applicability of the 
independent flow fields model diminishes as the seastate approaches 
extreme values. 

HYDRODYNAMIC FORCE MODELING 

Relative Velocity Model.—The modified form of the Morison equa
tion under the relative velocity assumption is given by 

i , , no2 

/ = - PCDD(v - u) \v- u\ + p — [CMv - (CM - l)w] (3) 

in which u and il = the cylinder velocity and acceleration, respectively. 
The two basic differences between Eqs. 1 and 3 are: (1) The drag force 
has been assumed to be proportional to the square of the relative ve
locity; and (2) the inertia force contains an added mass term proportional 
to the cylinder acceleration. The hydrodynamic drag and inertia force 
coefficients may be evaluated with a "relative velocity definition" of R 
and K-C: 

r0D f0Tf 
R = -2_ K-C = — (4) 

v D 

in which f0 = the amplitude of the relative velocity, r = v - u; and Tt = 
the period of f. Note that even if v and u are harmonic functions, f need 
not be sinusoidal. 

The relative velocity form of Morison's equation is rather heuristic even 
though it may seem to be an obvious extension of the original form which 
in itself has several uncertainties. Eq. 3 should be interpreted as an en
tirely new empirical formula that needs to be verified experimentally. 
Furthermore, the use of Eq. 4 in evaluating CM and CD is not strictly 
justified. However, it is possible to gain some insight as to the appro
priateness of the relative velocity assumption by studying (qualitatively) 
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the different behavioral modes that may be observed when an external 
oscillatory flow is directed at an oscillating cylinder. 

An alternate interpretation is first established for the Keulegan-Car-
penter number in terms of the time required for a wake to develop around 
a cylinder which starting from an initial at rest position is translated 
through calm water. An appropriate measure for this is the vortex shed
ding period, T5, given by 

T--(i)(!) (5> 

in which S = the Strouhal number which depends on R. In harmonically 
oscillating flow past a fixed circular cylinder, the wake development time 
may still be considered proportional to Ts, and for simplicity to D/V0 if 
Reynolds number is a constant. However, the presence of flow reversals 
can inhibit the formation of the wake. A measure of the time available 
for a wake to develop is the period of oscillation, T. Thus, it is possible 
to interpret the Keulegan-Carpenter number defined in Eq. 2 as the ratio 

Time available for a wake to form 
K-C °c (6) 

Time required for a wake to form 
If cylinder motion is prescribed in terms of an amplitude U„ and pe

riod T0, two additional parameters, the reduced velocity, VR, and the 
dimensionless amplitude measure, U, are introduced: 

V T 
V* = ^ (7a) 

and U = — (7b) 
D 

The reduced velocity may be interpreted in a way similar to the Keu
legan-Carpenter number. Here the time available for a wake to form is 
the period of oscillation of the cylinder. 

A full description of the problem in terms of all five parameters is not 
available at the present time. However, experimental results have been 
obtained for the case of a stationary cylinder in oscillatory flow and for 
an oscillating cylinder in steady current. Much of this work has been 
reviewed in a recent book by Sarpkaya and Isaacson (22). Assuming some 
typical orders of magnitude for R (105 - 106) and k/D (0.01, rough cyl
inder), it is possible to pursue the behavioral assessment by varying K-
C, VR andiJJ. 

The situation where K-C and VR are both very high and U is extremely 
high typically occurs for a compliant tower or a tension leg platform 
under moderate to extreme seastate conditions. For conventional jacket 
type structures in shallow to intermediate water depths, K-C and VR are 
usually high under design seastates although U is small. In both these 
cases it is possible to argue that the drag force will result from the su
perposition of two "dependent," quasi-steady flow fields; one due to an 
almost "steady" flow past the cylinder at rest and the other due to the 
slow motion of the cylinder through relatively "calm" water. Here the 
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in-line drag force per unit length, after accounting for the sense of the 
force, would be given by the first term in Eq. 3. It is important to rec
ognize that the relative velocity form of the drag term does apply when 
there exists a well defined wake and the flow is quasi-steady. 

Independent Flow Fields Model.—The case of high K-C and small VR 
corresponds to a resonating and/or a superharmonically resonating drag 
dominated structure, i.e., a rapidly vibrating cylinder in a relatively slowly 
oscillating external flow. Here any vortex initiation is virtually elimi
nated by the cylinder due to its high rate of vibration. Under these con
ditions, the water particles near the cylinder's field of influence follow 
a widly disorganized and unsteady flow pattern. The use of a relative 
velocity formulation in this case would be highly suspect. This finding 
would also hold for the case of a low K-C and high VR, i.e., a low 
frequency cylinder oscillation in a high frequency flow oscillation. Fig. 
1 summarizes this qualitative discussion. The numerical limits suggested 
in the figure are based on Moe and Verley's experimental work (15,16) 
for a steady current past an oscillating cylinder. They found that VR -
10-15 as the limiting value for which the relative velocity formulation 
gives reliable results. This range is suggested here to be the limit bound
ary for VR when K-C -» °° and for K-C where VR -* oo. It can be seen 
from Fig. 1 that the relative velocity assumption may not be applicable 
over a wide range of intermediate values for K-C and VR when higher 
rates of oscillation in both the external flow and the cylinder are involved. 

A different form of the drag force term has been proposed by Moe 
and Verley (15,16) for conditions under which the relative velocity for
mulation is inappropriate. Their formulation, valid for cylinder oscilla
tion in steady flow and tested with experiments at very low Reynolds 
numbers, is based on the superposition of two "independent" flow fields, 
a far field which is unaffected by the cylinder motion and a near field 
resulting from the cylinder motion. Extending this concept to the case 
of an oscillatory external flow yields the following drag force term: 

RELATIVE VELOCITY 

ASSUMPTION APPLIES 

APPLICABILITY OF THE 
RELATIVE VELOCITY 
ASSUMPTION IS UNCERTAIN 

j V. _ VQ T 0 

10">15 " 0 

FIG. 1.—Qualitative Ranges for Applicability of Alternate Hydrodynamic Force 
Formulations 

. »„T 
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fD = - p Cr>„Dv\v\ - - p CmDu\u\ (8) 

in which C^ = the oscillatory drag force coefficient on a stationary cyl
inder; and CDli is the oscillatory drag force coefficient for a cylinder vi
brating in still water. The total hydrodynamic force, after incorporating 
the independent flow fields assumption into the inertia force term, can 
be expressed as 

1 , , , , no2 

/ = - pD[CDvv\v\ - Cmu\u\] + p — [CMvv - (CMl, - 1) u] (9) 

where the hydrodynamic force coefficients are proposed to be evaluated 
by hypothesizing that 

C D „ , C M „ = / ( R f = ^ , K-Cf = ^ , £ ) . . / (10a) 

C M , C M „ = / ( R N = ^ , K-C W = ^ , £ ) (10b) 

The suffix F indicates far field while the suffix N indicates near field. 
Based on a comparison of the two force formulations given in Eqs. 3 

and 9, the observations can be made: (1) The independent flow fields 
model is expected to yield a lower hydrodynamic drag damping value 
and consequently produce higher response amplitudes. Note that under 
typical conditions \u\ « \v\ and therefore the term l/2pDCDliu\u\ will 
be smaller than l/2pDCD\v - u\u; and (2) the independent flow fields 
model may yield a higher added mass term since CMa may be larger than 
CM. However, for typical offshore platforms that have a very large non-
immersed mass, this effect may be unimportant. 

COMPUTATIONAL SCHEME 

In order to assess the differences in structural response and hydro-
dynamic drag damping predicted by the two force formulations, a sim
ple but accurate computational scheme capable of handling the full non
linear forcing term is developed. Numerical implementation and con
vergence considerations for the solution procedures are also discussed 
in what follows. 

Solution of Equations of Motion.—The basic equations of motion for 
predicting the dynamic response of offshore platforms may be expressed 
as 

(M + Ma)V(t) + CU(f) + KU(() = F(U,f) (11) 

in which M, C and K = the mass, fluid and foundation radiation damp
ing, and stiffness matrices, respectively, for the offshore structure sys
tem. M„ represents the added mass term in either Eq. 3 or 9. The vector 
F(U, t) represents either Eq. 3 or Eq. 9 without the added mass term. 
The actual distributed loads are modeled as point loads at the nodes of 
the discretized offshore system. Structural damping is modeled in terms 
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of a linear hysteretic damping coefficient, Ds, that is proportional to the 
stiffness matrix, K: 
Im[K] = 2DS Real [K] (12) 
in which Im[ ] denotes the "imaginary part of." 

A major problem in solving Eq. 11 is the treatment of the nonlinear 
response dependent form of the drag force in F(U,t). Nondeterministic 
frequency domain approaches to solving these equations generally as
sume the excitation and the response to be Gaussian random processes 
and linearize the drag force term (1,3,7,12,25), This assumption is rea
sonable only when the drag force term is smaller than the inertia force 
term. Dunwoody (5) has investigated the use of a third order expansion 
for the zero mean random wave case. Unfortunately, none of these 
methods treat the drag term in its full nonlinear form. On the other 
hand, deterministic time-domain approaches, although capable of han
dling nonlinearities, have problems with the isolation of starting tran
sients in the response record. Since the seastate is modeled as a sta
tionary random process, interest typically is in obtaining the steady state 
rather then the transient response of the platform. Moreover, specifi
cation of the time-dependent hydrodynamic force coefficients that de
pend on prior knowledge of the response is not possible without iter
ating on the entire nonlinear solution. 

A procedure which generates the full nonlinear solution to the equa
tions of motion and avoids the problem of starting transients is applied 
here. The approach is based on a modification of the deterministic, it
erative frequency domain method of Fish and Rainey (6). The modifi
cation involves using a second order truncation of the Taylor series for 
the force about a reference response function rather than the first order 
truncation used in Ref. 6. Inclusion of the higher order derivative ac
celerates convergence. While the solution procedure yields only a de
terministic response record, it is possible to derive the response spectral 
density function with high resolution spectral estimators such as the 
maximum entropy (MEM) spectral estimator (4) that require relatively 
short response time-histories. Transients in the response record are 
eliminated by implementing a circular convolution (18) using the Dis
crete Fourier Transform (DFT). The Fast Fourier Transform (FFT) is a 
high speed algorithm for computing the DFT. Circular convolution is 
valid when the segment of the stationary random force process is con
sidered to be periodic with period equal to the duration of the segment. 
This is a reasonable assumption for the force time-history. 

The hydrodynamic force coefficients are updated in each iteration cycle. 
Since the wave excitation is expressed as a spectrum, a procedure for 
chosing the coefficients needs to be established. Assuming the root-mean-
square velocity and the average zero-crossing period as characteristic 
values, the time-averaged hydrodynamic coefficients may be evaluated 
with the procedure suggested by Angelides and Connor (1). 

CD ,CM=/(^R = - ^ , K-C = - ^ , - j (13a) 

/ _CT„D _<rvTv k\ 
c°"cu» = f[**-—' K"Cf- D ' D) (13b) 
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( CT"D - (T"T" k \ 
Coat DMU —/I RN — / K-CN — ——, I (13c) 
in which a, is r.m.s. value of (v - u), T, is the average zero-crossing 
period of (v - u), and similarly for the other terms. These hydrodynamic 
coefficients vary with depth below still water level. 

Numerical Implementation.—The numerical solution of the equations 
of motion requires the use of finite duration time-histories for both load 
and response, and also operating in discrete time and frequency do
mains. The sampling period or time increment is chosen such that alias
ing distortions are avoided in the numerical solution. The actual fre
quency content of the forcing function depends upon the wave surface 
elevation spectral density function. Primarily due to the nonlinear na
ture of the drag force term, the energy content at the higher frequency 
end of the force spectrum is greater than that in the wave surface ele
vation spectrum. Also, a series of peaks are present at 3ilp, 5X1,,, etc., 
where Op is the peak frequency of the wave spectrum, due to the drag 
force term. The presence of a current would introduce additional peaks 
at even multiples of ilp. The choice of sampling period must also ensure 
that the structural natural frequencies of interest are adequately re
solved. Additionally, if the sampling period is too large, the series of 
cusps that may be present in the response velocity time-history could 
be improperly resolved or lost. The presence of these cusps has been 
shown by Mes (13) and is discussed in Ref. 11. 

Convergence Considerations.—In order to assess the accuracy of the 
iterative solution, both extreme and global convergence measures, the 
peak difference in two consecutive response velocity time-histories and 
the corresponding r.m.s. values, respectively, are considered. The peak 
differences are checked only when the solution is approaching con
vergence. 

Convergence can be improved by using an initial hydrodynamic drag 
damping term in the equations of motion. The idea is to precondition 
the initial response estimate which would otherwise consider no hydro-
dynamic drag damping. As suggested by Fish and Rainey (6), a hydro-
dynamic drag damping matrix resulting from a linear, Gaussian expan
sion of the drag force would yield a reasonable starting estimate. However, 
the use of artificial damping as a fraction, a, of the linearized hydro-
dynamic drag damping per unit length of 1/2 pDCD„ V8/II cr„ is pre
ferred. Values of a close to one are reasonable for the relative velocity 
model while lower values are needed for the independent flow fields 
model which predicts lower levels of damping. 

SENSITIVITY STUDIES 

The numerical simulations carried out in this investigation are directed 
at assessing the sensitivity of an offshore platform response to the two 
hydrodynamic force formulations. Since interpretation of the results from 
a complete, multi-member offshore platform would be complex, atten
tion is restricted to a single vertical pile structure with diameter com
parable to that of a typical platform member and fundamental natural 
frequency that can easily be adjusted. Properties of the pile used in the 
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FIG. 2.—Single Vertical Pile Structure for Sensitivity Studies 

sensitivity studies, with a fundamental period of approximately three 
seconds, may be found in Fig. 2. 

Employing the two-parameter Modified Pierson-Moskowitz wave sur
face elevation spectral density function (19), a range of one-dimensional 
random seastates representing the inertia dominant through the drag 
dominant regimes is applied to the structure. Deterministic surface el
evation time-histories are generated by combining sinusoids with dif
ferent amplitudes derived from the wave spectrum and phase angles 
uniformly distributed between zero and 211. Applying linear wave the
ory, horizontal fluid particle velocities and accelerations induced by the 
irregular wave are determined by summing all the component frequency 
velocities and accelerations. 

Sensitivity studies are carried out on the vertical pile structure of Fig. 
2 for five different seastates. The root-mean-square top node velocity 
response for the two force models are plotted as a function of the sig
nificant wave height, Hs, in Fig. 3. Formulation I refers to the relative 
velocity model and Formulation II to the independent flow fields model. 
The curves show that the relative velocity formulations predicts signif
icantly lower responses than the independent flow fields formulation as 
Hs increases, and the drag force becomes more dominant. Formulation 
I predicts large damping values as Hs increases because of the corre
sponding increase in relative velocities. The drag damping in Formula-
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FIG. 3.—Response Sensitivity to Alternate Force Formulations 
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FIG. 4.—Converged Top Node Displacements for Alternate Force Formulations 
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FIG. 5.—Fourier Magnitude Transforms of Converged Top Node Displacements 
for Alternate Force Formulations (Hs = 12 ft) 
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tion II arises from the term associated with the structural velocity which 
in general tends to be much smaller than the fluid velocity. Conse
quently, the independent flow fields model predicts a lower damping 
than the relative velocity model. This explains the differences in re
sponse as Hs increases. Even though there is dynamic amplification as 
the average zero-crossing period, Tz, approaches the natural period of 
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FIG. 7.—Convergence of Corrective Velocity 
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TABLE 1.—Percentage of Converged Response for Different Fractions of Artifi
cial Damping 

Cycle 
(D 
1 
2 
3 
4 

Formulation 1 

a = 0.4 
(2) 

136.97 
108.40 
104.13 
102.00 

a = 1.6 
(3) 

96.99 
99.29 
99.45 
99.80 

Formulation II 

a = 0.05 
(4) 

95.83 
100.60 
99.97 
99.99 

a = 1.0 
(5) 

57.10 
77.34 
88.30 
94.80 

the pile in the low Hs region, the lack of hydrodynamic drag damping 
here results in similar responses being predicted by the two models. 
However, this finding should not be taken too literally since no allow
ance has been made for radiation damping which is probably more im
portant than drag damping in this region. 

The converged top node displacements for the two formulations, and 
a seastate defined by Hs = 12 ft and Tz = 6.91 sec, is shown in Fig. 4. 
Although peak displacements are not significantly different, the fre
quency content is significantly different for the two signals. This is am
ply supported by the Fourier magnitude transforms of these signals shown 
in Fig. 5. As would be expected the response obtained with Formulation 
II is highly resonant. A different behavior is observed for low significant 
wave heights. Fig. 6 shows the Fourier magnitude transforms of top 
node displacements for Hs = 6 ft, Tz = 4.69 sec. The difference in re
sponses for the two formulations is negligible. As already discussed, 
dynamic effects are important for the low seastate considered here. 

Convergence of the iterative process can be assessed by comparing the 
corrective velocity at each iteration. The difference in consecutive struc
tural response velocities for the four iterations, made with Formulation 
I and a seastate defined by Hs = 12 ft, at the second node in Fig. 2 are 
shown in Fig. 7. Convergence over the duration of the signal is uneven 
due to the presence of a "beat" in the force signal towards the end of 
the record. As convergence is obtained, the smoother part of the cor
rective term is zeroed out while the magnitude of the beat pattern is 
significantly reduced. The occurrence of the beat pattern may be ex
plained in terms of the phase distortions introduced by differences in 
hydrodynamic drag damping during convergence. Experience with other 
cases not presented here indicates that the convergence rate increases 
as the structure becomes stiffer. 

Table 1 shows the effect of the artificial damping fraction, a, on con
vergence for the 12 foot significant wave height case. The table lists the 
percentages of convergence for the r.m.s. top node displacement re
sponse. These results show that convergence can be improved with 
an appropriate choice of a. For the case under consideration, a = 1.6 
is preferable for Formulation I while a = 0.05 is preferable for Formula
tion II. 

CONCLUSIONS 

The main objective of this study has been to investigate the sensitivity 
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of the structural response to two different models for simulating fluid-
structure interaction, the relative velocity model and the independent 
flow fields model. The second approach, originally proposed for a steady 
current acting on an oscillating cylinder, has been extended to the case 
of an irregular wave acting on an oscillating structure. An iterative fre
quency domain deterministic method has been developed to allow for 
the nonlinear form of the force models and solve the resulting equations 
of motion for a simplified offshore jacket element consisting of a single 
vertical pile. 

Simulation studies carried out for a pile structure with a fundamental 
period of three seconds and a range of seastates resulted in the following 
specific conclusions: 

1. The independent flow fields model predicts a lower hydrodynamic 
drag damping than the relative velocity model. The difference in damp
ing values increases with the severity of the seastate. 

2. At low seastates where the drag force and consequently the hy
drodynamic drag damping are negligible, the results for the peak and 
r.m.s. structural velocity responses are in close agreement for the two 
models. 

3. The relative velocity model is more appropriate for structural mem
bers associated with high reduced velocities and Keulegan-Carpenter 
numbers, while the independent flow fields model could be more ap
propriate in some of the other cases. It might therefore be more realistic 
to apply the two models selectively over regions (i.e., members) of an 
offshore platform where they apply. 

4. Fatigue damage for a typical deep water platform is a maximum in 
the low to intermediate seastate range (9). The applicability of the two 
force formulations in the intermediate seastate range where they predict 
significantly different responses needs to be established. 

The results presented in this paper are based on approximate models 
and therefore need to be interpreted carefully. For example, both for
mulations neglect vortex shedding effects which could be important for 
the flow conditions associated with the seastates considered here. Fur
thermore, the conclusions depend on the intuitive, yet speculative, gen
eralizations of the original Morison's equation. It is of crucial importance 
to verify experimentally the form and applicability of the two force models, 
particularly at the intermediate to extreme seastate range, before they 
can be recommended confidently for use in practical applications. 
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APPENDIX II,—-NOTATION 

The following symbols are used in this paper; 

c 
cD 

CDU 

CDV 

C M 
CMU 

CtAv 
D 

f 
h 
F 

H. 
k 

K 
K-C 

K-CF 

K-CN 

M 
M, 

f 
fo 

R 
RF 
RN 

T 
T 
1 0 r, 
Ts 

r„ 
r. 
T2 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

viscous damping matrix; 
hydrodynamic drag force coefficient; 
drag coefficient for structural oscillation; 
drag coefficient for fluid oscillation; 
hydrodynamic inertia force coefficient; 
inertia coefficient for structural oscillation; 
inertia coefficient for fluid oscillation; 
cylinder diameter; 
hydrodynamic force per unit length; 
hydrodynamic drag force per unit length; 
force vector; 
significant wave height; 
mean height of surface roughness; 
stiffness matrix; 
Keulegan-Carpenter number; 
Keulegan-Carpenter number in the far field; 
Keulegan-Carpenter number of the near field; 
structural mass matrix; 
added mass matrix; 
relative velocity; 
relative velocity amplitude; 
Reynolds number; 
Reynolds number in the far field; 
Reynolds number in the near field; 
period of wave oscillation; 
period of cylinder oscillation; 
average zero-crossing period of relative velocity; 
period of vortex shedding; 
average zero-crossing period of structural response velocity; 
average zero-crossing period of fluid velocity; 
average zero-crossing period of wave surface elevation; 
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structural response velocity; 
structural response acceleration; 
structural response displacement vector; 
structural response velocity amplitude; 
structural response velocity vector; 
structural response acceleration vector; 
fluid velocity; 
fluid acceleration; 
fluid velocity amplitude; 
reduced velocity; 
artificial damping fraction; 
kinematic viscosity of fluid; 
fluid density; 
r.m.s. relative velocity; 
r.m.s. structural response velocity; and 
r.m.s. fluid velocity. 
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