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Abstract This paper describes various time-domain methods useful for analyzing the experimental
data obtained from a circular cylinder force in terms of both wave and current for estimation of the
drag and inertia coefficients applicable to the Morison’s equation. An additional approach, weighted
least squares method is also introduced. A set of data obtained from experiments on heavily rough-
ened circular cylindersin waves and simulated current has been analyzed by all these techniques. The
resulting force coefficients are then used to predict the force from separate experiments-results that
have not been used in the analysis. The root mean squares error and bias in the estimation of maxi-
mum force in each wave cycle is used as a measure of predictive accuracy and as a basis for compar-
ing the analysis techniques. It is found that no single method is consistently better under all circum-
stances but on average weighted least squares method generally gives the best predictive accuracy by
a small margin. The force coefficients obtained by the various methods significantly decrease when
current is added to waves.

Key Words Morison's Equation, Weighted Least Squares, Drag and Inertia Coefficients, Ocean
Waves
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INTRODUCTION

There has been a considerable volume of ex-
perimental research undertaken to estimate the
force coefficients in Morison's equation [1]. Much
of the early work was undertaken at small scale but
the experiments described and discussed in this
paper were undertaken in alarge 2-D wave flume.
Offshore current may augment the wave par-
ticle kinematics. In the laboratory this can be simu-
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lated either by circulating the water in the wave
flume or by attaching the test cylinder to a moving
carriage. In the experiments described in this paper
the later approach has been used.

In the laboratory it is possible to measure the
wave particle velocity beside the cylinder. These
measurements can be differentiated with respect to
time to find the corresponding wave particle accel-
eration. It is these measurements together with the
measured force on the cylinder that is generally
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used when estimated the drag and the inertia
coefficients (Cd and Cm) for Morison's equation
[1].

A variety of procedures have been used to
analyze the experimental data in the context of
Morison's equation and to predict Cd and Cm.
The methods used in time domain analysis are
described in third section of this paper.

Sometimes experimenters have justified their
choice of analysis on the basis of how well the
predicted Morison force compares with the
measured force. However as the force coefficients
are derived from the measured force one would
expect the reconstruction of force time histories
to be quite satisfactory, provided that Morison’s
equation was a suitable model. This is not an
independent test.

By splitting the experimental data from a ran-
dom wave experiment into two parts, a more de-
manding test can be devised. The first part of the
time history is analyzed to obtain predictions for
Cd and Cm. These values are then used with parti-
cle kinematics measured in the second part to pre-
dict the force time series measured in the second
part. This provides a more independent assessment
of predictive accuracy.

In order to estimate predictive accuracy a
measure is needed of how well the predicted force
maps onto the independently measured force. One
measure would be the root mean squares error
normalized by some function of the magnitude of
the measured signal. This would measure the
quality of the mapping at all points of the time
series. However it is the maximum magnitude of
the force involving a single extreme wave, which
is of interest in the ultimate limit state design
assessment.

In the fatigue limit state it is the range of the
force produced by each wave, which is of concern,
and in particular that produced by the larger waves.
In this paper the root mean squares error in the
prediction of the maximum and minimum (maximum
negative) force normalized by the measured force
is used as one measure of predictive accuracy. To
avoid the influence of irrelevant small waves only
the fit to waves of above average height are con-
sidered. The normalized mean bias in this fit is
used as the other measure of predictive accuracy.
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Figure 1. Schematic fixed and mobile cylinders in the large
wave flume.

The next section of the paper describes the
experiments. The third section describes the
various methods for the prediction of force
coefficients from experiment data. The fourth
section presents the discussion of the results from
the analysis of the experiment data. Finally some
conclusions are drawn.

DESCRIPTION OF THE EXPERIMENTS

A series of experiments were made to examine the
wave loading on two large-scale circular cylinders
in the Delft Hydraulic Laboratory’s Delta wave
flume in the Netherlands [2].

Figures 1 and 2 show a schematic longitudinal
section of the flume with a cylinder mounted on
the moving carriage, a fixed cylinder, the beach,
the wave-maker and the force sleeves’ positions.

The details of the six experiment runs consid-
ered here are given by [3] from which it can be
found that there were experiments with both the
small and large cylinders stationary, with a current
in the wave direction and a current opposing the
wave direction. The currents were achieved by
trandating the cylinder on the moving carriage
away from the wave maker and towards the wave
maker respectively.

METHODSFOR ESTIMATING FORCE
COEFFICIENTS

There are many methods for estimating force coef-
ficients from the data produced from experiments in
waves, wave and current and other oscillatory
flows. The methods used in time domain analysis
are explained briefly. Also the weighted least squares
method that has been developed by the author is
considered.
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Figure 2. Schematic cylinders in the flume with the force
sleeves positions.

Trough-Crest Linear Theory Fitting One
approach to evaluating the hydrodynamics force
coefficients is to assume that the velocity and
acceleration are 90 degrees out of phase, so when
the velocity is maximum, the acceleration is zero
and vice versa, thus there are specific locations
where the force is purely drag and purely inertial,
and Morison's equation can be written at these
two points as below and then the coefficients
may be easily determined [4].

f =K, W |sin®|sin®+K,, U, wcos® (1)
where

K, =05 DG K,, =025 DG, )

® = wave phase
where p = mass density of water, D is the diameter
of the cylinder and C, and C, are the inertia and

drag force coefficients, respectively.

The Fourier Averages Method Keulegan
and Carpenter [5] introduced a method that they
used for relatively low Reynolds numbers through
measurements on a horizontal cylinder and a
sphere in an experiment with standing waves.
According to this method, the force applied to a
cylinder submerged in waves can be expressed by
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considering linear theory described by Equation 1
and the inertia and drag force coefficients can,
respectively, be determined over one cycle using
Fourier averaging [6].

The method of Fourier averaging has been
developed and used by many authors including
Bearman et al. [7,8], Bishop [9] and Davies[10].

In the method used by Bearman et al. [7], the
Morison's equation is multiplied once by u and
then by U and in each case time averaged over
a complete wave cycle. The hydrodynamic coeffi-
cients can then be determined from the following
eguations:

<fu>
Go= — O
0250mD* <u >

< fu>
050D <|uf*>

d

whereu and U are the horizontal components of
water particle velocity and acceleration, re-
spectively and <> indicates time averaging of the
enclosed quantity.

In the method used by Klopman and Kostense,
the Morison's equation is multiplied first by u|ul|
and then by U and again time averaged on each
occasion over each complete wave cycle to give
new equations which can be solved to give
the following results:

o < fuu> <fu>

- 05pD< U > @

G=—7"
025D’ <u >

If the assumption is made that u and U both
have zero mean value normal distributions, then:

<1uf>:o3\/§ <u4>:&;j1 <ué >=oﬁ 5)

In the case that waves are combined with current,
then considering the terms < u ujul> <Uu> and

<uu|u |>2 are very small [11] compared with the
other terms Equation 3 can be written as:

Vol. 14, No. 4, November 2001 - 325



c < fus<tf >—< fu<ui>
d:

05p D(uf <t >)

c S fu><|uf > — < fu><wu>

m

025 . D*(< 2 ><Juf'>) (6)

and Equation 4 as:

2

< fuup<u >—-< fus<uuu>
G = 2

05p D(<U* ><u >—<uuju>?)

< fus<u®>—< fuup><uuup>
G = 2

025 1 D*(<u ><u*>-<uuup?)

where u is the horizontal components of water
particle velocity when a steady current exists.

Mean Squares Method  The mean squares
method derived by Bishop [12] is yet another way
to determine hydrodynamic coefficients in time
domain analysis.

Bishop [13] has given a brief review of mean
squares theory and Shipway. He has obtained the
following results applicable to arandom sea:

<F?>
<U0®>

4
,<ut>
<U0® >

+ B? (8)

in which, <.> denotes the expected value of the
random quantity enclosed in the <> estimated from

whole time series and F? is the mean squares

value of the force and
A=05C, p D B=025C, p n D* (9)

Davies [10] has discussed the problems of using
this method in detail.

Method of Moments Applied to the Force

Time History Pierson and Holmes [11] have
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used moment generating function-derived equations
to determine hydrodynamic force coefficients.
They assumed that u and U are independent
normal random variables with mean values of zero.
Muga and Wilson [14] used this method and

found the values of C and C

following equations:

d according to the
W, =3K2c! +Kio?
u, =10Kc? +18K30 K262 + 3K o (20

In these equations, o2 and o2 are estimated from
the experimental data and pu, and p, are defined

18 18
Ko :Ezfiz and p, :Ezfiﬂ' (11)

The coefficients of Equation 10 are obtained from
the following definitions:

M
\/ V7854

H,—3 H4\/__3H§ 2
78 u,—3K2c4
Kp = . = [P (12)
U U

Least Squares Method  One of the most
straightforward methods for estimating the
coefficients is the least squares method. In this
method the coefficients can be estimated by
minimizing the sum of the squares of the
difference (measured at each small time interval)
between the time series of the measured and
predicted forces. This method can be used either
for each individual wave cycle, defined between
successive zero up-crossings or for whole wave
records (i.e. about 20 minutes of data).

Correspondingly, it is assumed that C,, and
Cy4 are both constant during each wave cycle or
for the whole set of wave data and are given by:
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- D fuud u —Zz: fuz ujulu 3
050 DO ™Y u - uuul)?)
e 2 fud ut=>" fuud> uulul
0250 D*O) u > ut =3 uulu)?)

If we consider the waves to be linear and use the
data from a single whole wave cycle, then:

> ujuju=0 (14)

and Equation 16 are simplified to:

D YLD RO
05p DY, u*) 025pD*(Y. u )

This method was developed by [15] He showed
that depending on the wave and cylinder character-
istics, data can be well or poorly-conditioned for
resolvingC, and C,,. He presented a criterion for
evaluating the suitability of data for determining
C,, and C, as"reliability ratio"

R = 2 <u > (16)

Dean [15] suggested that data will be well-
conditioned for evaluating both C,, and C; to-

gether when 0.25<R<4 and for C_ only when
0<R<0.25 and for C, only when R>4

Weighted Least Squares Method A
weighted least squares analysis, which has been in-
troduced by [3] can aso be applied to the data. Us-
ing such an approach the author has found a no-
ticeable reduction is achieved in the error between
fitted and measured values at the peaks of the
force time series for waves with heights of more
than the root-mean-squares wave height (H > H ) .

This approach may have a significant affect when
extreme value and peak-to-peak range of Morison
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force are required. This is the case for estimating
extreme collapse loading and fatigue loading re-
spectively of offshore jacket structures. The
weighted least squares formulationis:

e =f—f =f—(05 DC,uuk025p 7D*C_u)

e k= (f 1) E:%Zeffz"

o 0E
—— =0 =0 (17)
oC, 6 C,

where k is an arbitrary positive number and the

terms e, ,f, ,E ,N define the error of the es-

e

timated force, the estimated force, mean squares
error and number of data from which the coeffi-
cients are evaluated respectively. The parameter k
is considered as a constant that can be selected to
minimize the error in the critical peak force areas.
The coefficients are then obtained as below:

- > Ffuud uz—Z;fZKf u> f*uuju
050 DO F2u*> £ 2 u - (O f *uuu)?)

¢ - e UZfz"zu“—Zf2"fqu|2f2"lju|u|
p%DZ(ZfZ"U S - (3 uuuly?)

(18)

All the parameters in these equations are defined
above. It has been found that the constant the k can
be optimized in an iterative manner to give a
minimum predictive error in the peak force re-
gions.

DISCUSSION OF RESULTS
The principal objective of this paper isto examine

the efficiency of the various methods of analysis
rather than to present a very extensive set of
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experimental data and so only a subset of a larger
project is considered. The experiments considered
here all had heavy (artificial marine) roughness on
them. The results of the other experiments in the
same project, on smooth cylinders and those with
slight roughness are presented in Mackwood, et al.
[16].

Effect of Keulegan Carpenter Number Before
examining the efficiency of the various methods
for estimating Cd and Cm from random wave data
it is interesting to look at plots of Cf against KC
(Cf is aroot mean squares force coefficient); see
Bearman, et al. [7],

f

rms

~ 05pDW’,

where f . isroot mean squares value of in-line
force, U, iSroot mean squares value of horizontal

water particle velocity, D is the diameter of the
cylinder and p is mass density of water. The re-

sults obtained with no current are shown in Figure
3 for the large cylinder. These results have been
obtained by anayzing each wave in the random
wave train separately. Figure 4 shows that the ef-
fect of introducing a positive current is to reduce
not only the scatter in Cf at low KC values but also
its average magnitude. A negative current reduces
the average magnitude even further and across a
wider range of KC as can be seen in Figure 5. The
inference that can be drawn isthat at low KC with-
out current a large number of correspondingly
small waves are needed to estimate a mean value
of Cf, and aso Cd and Cm, with statistical accu-
racy.

This variation in scatter with KC is also
seen in some cases after the total force is
split into drag and inertia components as can
be seen in Figure 6. Here Cd and Cm have
been estimated using the wave-by-wave least
squares method (WWLSM). Interestingly for
the larger pile in the no current condition the
Cd shows most of the scatter at low KC and
Cm has lower scatter, which is apparently
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Figure 3. Variation of Cf with KC in the random waves (fixed
large pile).
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Figure 4. Variation of Cf with KC in the random waves (mo-
bilelarge pile, = +1m/sec).
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Figure5. Variation of Cf with KC in the random waves (mo-
bile large pile, U=-1m/sec).

independent of KC, asis seen in Figure 6. For the
smaller pile on the other hand the scatter in both
Cd and Cm is similar. This is reflected in Dean's
"reliability coefficient" R (Figures 7 and 8). In all
cases thereis at least some tendency for the scatter
to reduce as the KC in creases but there is very lit-
tle variation in the average value of either Cd or
Cm above a KC of around 7 for both the with and
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without current cases. Because of this average re-
sults for Cd and Cm are considered hereafter in
this paper.

Assessing Predictive Accuracy In astatistical
sense a good estimator should be unbiased and of
minimum variance. Thisis equally important when
estimating the forces on offshore structures and in
this paper two corresponding parameters are used
to assess how well a predicted force time series
compares with the corresponding measured force
time series. These parameters are the mean nor-
malised error (MNE) and root mean squares error
(RMSE) are given by:

_ 100 . (fm)i _(fe)i
MNE =20

- 2 (19
RMSE = 100 iz{( fm)(if—)( fo) }

where f_ is maximum of absolute value of meas-
ured force, f, isthesameas f, but for predicted
force and N is the number of waves of above aver-
age height. These parameters provide a basis for
comparing force coefficients obtained by the dif-
ferent analysis methods discussed earlier. They are
also used to compare measured wave particle ve-
locity and those predicted by wave theories from
surface wave height and period.

The parameters above can be unduly influenced
when f_, issmall and the absolute error islarge so
it is desirable not to consider small waves and their
corresponding forces when predicting the meas-
ured time series. For jacket type offshore struc-
tures, the ultimate wave loading involves very high
KC and most of the fatigue damage occurs in
waves of at least moderate KC (typically above
about 7-10). Therefore, it was decided to see how
well the measured force due to waves of above av-
erage height could be predicted.
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Figure 6. Variation of reliability ratio with KC
for fixed large pile.
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Figure 7. Variation of Cd and Cm with KCin the
random waves for a fixed large pile (using wave
by wave least square method (WWLSM).
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Figure 8. Variation of reliability ratio with KC for mobile
large pile.
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curacy with AnalysisMethod Tables1 and 2
show the mean values of Cd and Cm obtained us-
ing the various analysis methods described in Sec-
tion 3. For those methods, which use a wave-by-
wave analysis, a pair of force coefficients is ob-
tained for each wave cycle and in these cases the
standard deviations are quoted. Also shown in
these tables are the corresponding mean bias and
standard error when these coefficients are used for
predicting the second, unanayzed, part of the
measured force time series.

Looking at the wave by wave analysis methods
in these tables it is noticeable that the standard de-
viation of the Cd values reduce significantly in all
cases with the addition of current but for the Cm
values the reverse istrue. When it comesto predic-
tive accuracy few clear trends occur. The rmse
tends to reduce somewhat in most cases when cur-
rent is added but the bias shows no particular
trend. As far as the anaysis methods are con-
cerned the performance are quite similar as would
be expected in light of the similarity among these
methods shown in Section 3. For these data sets
the least squares method comes out dlightly ahead
overall of the existing methods for wave-by-wave
analysis but not consistently so. The weighted
least squares (particularly with a weight index of
2) is seen to be generally superior to the existing
methods.

The method of moments applied to the whole
time history of each run gives results with gener-
aly low bias, less than 8%, and rmse values of 9.5
to 15 %.

The least squares method applied to the whole
time history has a bias of less than 9% for all the
runs an average of less than 4%. The correspond-
ing rmse varies between 7.5 and 16% and the
method seems to give force coefficients broadly
consistent with other methods. The author has
tried a weighted least squares approach as de-
scribed in section 3.6 and by Equations 17 and 18,
which gives additional emphasis to the fitting at
large values of the modules of the measured force.
The results show some improvement when this is
done and the bias is always less than 6.3% with an
average of 2.03% for a power factor of n=2 but the
rmse still varies from 7.36 to 14.79%.

Table 3 shows the averages from all the meth-
ods discussed above used for each run together
with the overall averages for al six runs. Overal
the mean value of Cd is 1.47 and Cm is 1.83 with
an overall average rmse of 13.34% and mean mod-
ules of bias of 6.18.

CONCLUSIONS

Itisclear that the method used to analyze experiment

TABLE 1. Values of Cm and Cd from the Analysis M ethods in the Random Waves for a Fixed Large Pile (* :The Result is
not Included in the Mean Value).

Methods of analysis Cd(mean) Ccd Cm(mean) O MNE% rmse%o
Wave by L east Squares M ethod 1.88 1.54 2.08 0.15 1.32 11.41
Wave Bearman Method 1.55 1.01 2.04 0.17 5.28 11.57
Analysis Klopman Method 1.38 111 2.04 0.17 6.78 12.31
Moments method 1.73 . 2.06 _ 2.78 11.08
L east squares 1.57 _ 2.04 . 5.08 1151
Weighted n=0* 1.57 __ 2.04 . 5.08 11.51
Least Squares n=1+* 1.54 _ 214 _ 1.23 10.82
Method n=2 1.52 _ 2.22 . -1.64 11.28
n=3* 1.50 _ 2.28 _ -4.18 12.24
Mean value 1.61 2.08 3.27 11.53
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TABLE 2. Values of Cm and Cd from the Analysis M ethods in the Random Waves for a Mobile Large Pile (* : The Result is

not Included in the M ean Value).

Methods of A n a | y s i s] Cd(mean) chQ Cm(mean) O om MNEY lrmse%
W a v e b y | Least Squares Method J1 . 5110.37]1 7 21J0.72})2 . 8 218 . 4 4
W a \Y el Bearman Method |1 .32J0.37]1 4 910.56)115.18}]16.69
A nalysis]JKlopman Method J1 .3 2J0.361]1 5 0J0.57115.54117.01
Moments Method 1 .46 0 5 3 7 8 0fJ11.01
L east Squares 1 .42 11 5 9 18 7 4111.50
Weighted n = 0 *11 .42 1 5 9 8 7 43111.50
L east Squares |n = 1 *11 .4 4 _11 8 2 _17 2 99110.49
M e t h o d]n = 211 .4 44 11 9 8 _ 16 2 619 8 5

n = 3 *11 .45 i 1 3 15 3 69 . 3 5
M e a n V a el]l .41 1 4 7 9 3 99112.42

TABLE 3. Values of Cm and Cd from the Analysis M ethods in the Random Waves (Averaged in the Six Runs).

Mean

Methods of Analysis %Bias % RM SE Cd(mean) Cm(mean)
Time Domain L east Squares Method 5.56 12.83 1.42 1.80
(Wave by Bearman Method 10.19 15.76 1.49 1.65
Wave Klopman Method 9.09 14.91 1.44 1.66
Analysis) WLSM (2) 2.03 10.90 1.51 2.04
M oments M ethod 6.57 14.19 1.51 2.05
L east Squares 3.66 11.44 1.46 1.77
Value 6.18 13.34 147 1.83

datain terms of Morison equation has a significant
affect on both the force coefficients obtained and
their predictive accuracy. It is found that no
single method is consistently better under all
circumstances but on average the wave by wave
weighted least squares method gives both the
lowest bias (2.03%) and root mean sgquares error
(10.9%) ascan be seenin Table 3.

The force coefficients obtained by the various
methods varied significantly but there was a clear
trend which showed that the addition of current
significantly decreased the drag coefficient and to
alesser extent the inertia coefficient.

For KC values of above around 10, uses of sin-
gle mean drag and inertia coefficients (about 1.7
and 2, respectively) for heavily marine roughened
cylinders in waves without current, seems satisfac-
tory. When current is present, both coefficients
should be significantly less than the above values
(see Figures 8 and 9 and Table 2).
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