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ABSTRACT

Squalls can be the major design driver for FPSQegays in
offshore West Africa where other environmental logd are
relatively benign. The measured squall time seinescate a
transient change in the wind speed, starting witsudden
increase to a peak wind speed followed by a ragicag all
within a total duration of about an hour. In theida of FPSOs
for squall loadings, careful attention needs toghen to the
transient characteristics of squalls.

The main objective of this investigation is to dwterize the
response of FPSO systems subjected to squalls ewelogp a
robust approach for estimating the design valuer this
purpose, first, the dynamic behavior of an FPSQqunalls is
studied and then the significant squall parametersaffect the
dynamic response of the FPSO are identified. Thelt®of this
study are utilized to define the upper bound of dyaamic
amplification factor and the upper limit of the xthe response
of the FPSO. Next, three different response-bagpdoaches:
a) based on the long-term statistical analysihefresponse, b)
based on the long-term statistical analysis of Hpiall
parameters and c) based upon the dynamic ampidficat
limitations, are utilized to estimate the desigiuea. Finally,
the design value estimates obtained from the respbased
approaches are compared with those estimated fiaaling
squall time traces to the 100-year peak wind spEked.study is

mainly focused on spread moored systems; however, t

proposed methods are also tested on turret mod?&®DB, and
their application for these dynamically complicawgtems is
evaluated.

INTRODUCTION

In the common design practice for squalls, a fewally
measured wind speed time series are scaled sahthgteak

wind speed matches the expected 100-year retutre véihese
scaled squalls are then applied in a numerical ade the
highest response of the FPSO to the scaled sgs@issidered
as the design value.
characteristics of squalls are neglected which mesult in

inaccurate representation of the phenomena and caage
unrealistic extreme responses. Another issue sapproach is
that the estimation of design value is based orrekalts of a
few simulations only. In recent studies by Duggadle [1] and

Alvarez et al. [2], the focus has been on the respdased
analysis of FPSO systems during squall loadingsrier to

estimate the extreme responses more robustly ambqaently
to obtain more representative design values.

This study was initiated due to the concerns onlédvel of

conservatism in the current design practice. Tleeafishe word
conservatism may have an emotional association bo public

opinion, oil and gas projects should always be rexgied as
safe as possible, reducing the risk of failure o absolute
minimum. From an operator (and investor) point igfwy such

level of safety would lead to a major increase WPEX, the

capital required to engineer and build large prsjedhe

optimum solution can be found through a comprorbissveen
investment and acceptable risk. As general tersk,isi defined
as the multiplication of the probability of occunoe and the
results of occurrence. In the engineering desigtgss, extra
conservatism is required when the uncertainty abtigt

threatening event and/or the consequences of tleat eig

significant. This study is performed to shed light the

response of FPSO systems in extreme wind squallshemeby
improve the required level of conservatism. In fuhe design
requirements can be lowered without compromisirgaberall

safety.
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SQUALL CHARACTERIZATION

A typical squall is characterized by a sudden iaseein wind
speed followed by a rapid decay. The method by istge et
al. [3] is adopted to methodically characterize Wiad squall
timeseries. The parameters extracted from this odetire the
peak wind speedyuthe rising slope,qor the rise time,), and
the decay half-life time (see Figure 1). It is worth mentioning
that this simplification is based on the assumptlwat the low
frequency motions are dominant and the high frequen
oscillations are negligible. This is only the case FPSO
systems with relatively large natural period andatiee
damping (see Duggal et al [1]).

For this study, 58 squall measurements during al wf 5.8
years were available. Based on the available data,
correlations between the squall parameters have tleserved
and therefore it is assumed that the squall paemhesre
mutually independent random variables.

wind speed [m/s]
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Figure 1. Squall characterization

The sample probability distribution is estimated fiiting an

appropriate probability distribution to each partenesample.
The distribution type providing the best fit hazbeselected for
each parameter and no specific type has been idposthe
samples, as is often suggested by metocean desighkis

approach has been consistently applied throughwutentire
study, whenever fitting has been applied.

SPREAD MOORING CASE STUDY

To demonstrate the response characteristics oadpmoored
FPSO to wind squalls, a case study representingread
moored FPSOs in the West Africa deepwater areaspkored.
This particular case is modeled after a barge sh&®SO in
800 meters of water depth. As discussed in Duggall 1], the

the natural periodT},) of 290 seconds and the relative damping
(&) of 0.4. Since the sway offset is governing, gllials will
also be applied beam on.

RESPONSE CHARACTERISTICS

The 58 squalls are applied to the FPSO model andetbulting
offsets are plotted against the input parameteFsdare 2. The
results depicted below show little to no correlati rising
slope and decay time, but a strong correlation ¢akpwind
speed.
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Figure 2. Offset correlationsto squall parameters

response of spread moored systems can be reasonabl
approximated with a tuned Single Degree of Free@@®DOF).
Duggal et al. [1] showed that the largest offsetthaf spread
moored FPSO occurs in sway direction, due to mgoiayout

and large beam wind area, which can be modeled aith
appropriately linearized mass-damper-spring systm. main
characteristics of the SDOF model used in this cigdy are

%’he strong offset correlation to peak wind speezkjgained by
the driving wind force, which -in steady state-deato an
expression for the static offset:

CnA
Vo = Prw Y u¢ = Cyu? = 0.0402u¢ (1)
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The static coefficienty, for this particular system is 0.0402.
This static line is also plotted in Figure 2. A dtetic fit has
been applied to the offsets from the 58 squalldclvkhows a
constant of 0.0413. The response of the FPSO ntodeind
squalls is now described as a function of dynamic
amplification; the ratio of dynamic offset overtgteoffset:

_Ya
a = yn/yst 2)

The average dynamic amplification factor for the &fualls
applied to the SDOF model is estimated as 1.027.

The fact that the offset does not show a strongetation to
rising slope and decay time does not mean thasyltem is
not sensitive to those parameters. For a given péad speed
(in this case the mean of the observed 58 squalk pend
speeds), the systems sensitivity plot is depictedhe grey
curve in Figure 3.
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Figure 3. System sensitivity (grey surface) to and joint probability
distribution (colored surface) of rising slope and decay time.

As can be seen in the above figure, the dynamidiioapion

increases with steeper rising slopes and longeaydéimes.
This was also shown by Legerstee et al. [3]. Theeelimit for

the dynamic amplification, where the surface becoftad. This
limit represents the maximum dynamic amplificati@sulting
from an input with infinite steep rising slope addcay time,
representing a step function [4]. It should be dotkat the
sensitivity curve is a function of the natural periand relative
damping of the system, the limits however are ation of
relative damping only, which is shown in Figure 4.

Step Response

1.8~

12Fr -~~~ """ - T 5>>L\:<;:

dos

Figure 4. Dynamic amplification dueto a stepfunction input

Also presented in Figure 3 is a graphic represematf the
joint probability density distribution of the obsed rising
slopes and decay times. The dynamic amplification
corresponding to the mean rising slope and meaayiteg time

is 1.024, which is close to the value found frore tiesults
shown in Figure 2 and considering the small samsjde they
can be concluded to be the same.

DESIGN VALUE ESTIMATION

The Current Design Practice (CDP) for FPSOs subject
squalls is to scale the measured time series &xpacted 100
year peak wind speed, determined from the peak wpebd
distribution. The goal is to create something tleembles a
100 year input. However, during this scaling precésee an
example in Figure 5), the transient behavior of sjealls is
altered due to the increase in the rising slope. @ttrapolation
of the peak wind speed distribution results in apeeted 100-
year return value of 27.3 m/s. The 58 squalls aates to that
peak value and applied to the numerical model.diibution
of estimated offsets is shown in Figure 6. Follogvihe current
design practice procedure, the highest observesbiofif 35.8
meters is taken to be the design value.

wind speed [m/s]

4000

6000
time [s]

Figure 5. Effect of scaling on the squall characteristics
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Figure 6. Offset resultsfrom the CDP

Two issues arise from this method. The first is shit of the

rising slope distribution due to scaling, as isideggl in Figure
7. It is unknown whether the new slope distributiepresents
the physical processes. In the other word, it i$ kmmown

whether such steep slopes are physically posdiblke resulting
dynamic amplifications are now much higher, as dan
concluded from the sensitivity plot in Figure 3.
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Figure 7. Shift of rising slope distribution

OT

The second issue with the CDP is the fact that tmdyhighest
maximum is taken into account. Since all the appkealed
squalls are 100 year events, similar to design dtorm

condition other sample statistics (e.g. the exgkat@ximum,

the most probable maximum) could be opted as thtegde
value, as was already suggested by Zhong et alSEgcting
the highest maximum may result in undesirably corsere

design value estimate.

In order to keep the physical properties of theafigevents
intact, several response-based approaches havesbhggested
in recent research studies. The first is directragdlation
proposed by Alvarez et al. [2]. Instead of extrapioly the
squalls to a 100 year event, the responses of B&OFto the
original squalls are extrapolated to an expecte®d yHar return
offset. The results of this approach are depiateBligure 8. As
it is clear from this figure, the expected 100 yeffset obtained
from the direct extrapolation (37.6 m) method ightar than the
estimate of the CDP (35.8 m). This is an unexpeotsdlt, as
the CDP is thought to be quite conservative. Howevem the
confidence intervals shown in Figure 8, it can beatuded that

the 100-year estimate of this extrapolation is kigincertain
due to the limited sample size. Besides, by exteding the
offsets, the dynamic amplification is extrapolatedwell. It has
however been shown that the dynamic amplificatiag & firm
upper limit, being the flat level of the sensitwisurface in
Figure 3.
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Figure 8. Results of direct extrapolation

In order to keep both the physical properties & gguall
distributions as well as the response charactesistntact,
Duggal et al. [1] proposed Monte Carlo simulatidosget to
the 100 year offset. Random picks from the fittéstributions
to peak wind speed, rising slope and decay haftiifne are
now used as inputs into creating 100,000 squald #e
resulting offsets. The results are plotted in Fég8@rand the tail
has been fitted with a Generalized Pareto distiobutThe
resulting 100 year offset value is 30.0 metersis method.
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Figure9. Results of Monte Carlo simulations

In order to compare the results from the three ough
mentioned above (CDP, direct extrapolation and Maodéarlo
simulations), a new simplified response-based aarois
developed based on the strong correlation betwéfsetaand
peak wind speed (for the linearized system), shiowiigure 2.
In this approach, the dynamic offset is linkedhie peak wind
speed as:

YVayn = AYst = aCstu(Z) 3)
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Knowing the peak wind speed distribution (fittedtiwia
Generalized Extreme Value (GEV distributirthe probability
distribution of the dynamic response is derivethiform of,

/(}’ayn /a Cst) o ]l_%\

PE(ydyn)zl_eXpl_l[l‘*"f o | (4')

| |

In which &, u and o are respectively the shape, location and
scale parameters of the GEV peak wind speed disiif.

The results of aforementioned response based apmsaare
shown in Figure 10. In this figure, the distributi@stimated
from Eq. (4) with parameterr representing the maximum
dynamic amplification (1.255 for the step responderived
from figures Figure 3 and Figure 4) is also showthis
distribution can be considered as the maximum ghjdimit
for the response of the studied FPSO.
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Figure 10. Comparing the different methods

It is clear from the distributions shown in Figut® that the
direct extrapolation of responses exceeds the palybmit of

the step function response. (In non-linear systemi®re the
mooring characteristics differ drastically from din@ large

offsets, the direct extrapolation method would ignthe proper
offset characteristics curve, and extrapolate thaller offset
properties. This would result in even bigger degrafrom the
proper response characteristics curve).

The Monte Carlo simulations, as expected, follow game
distribution as in Eq. (4) with the parameterobtained from
the expected rising slope and decay time. Spelificthe

dynamic amplification of 1.024 is calculated frohe t100-year
peak wind speed, mean rising slope and decay t8imee an
increase of rising slope and decay time resultinnarease of
dynamic amplification, specific values of the twauall

! The authors are aware of the controversy of th& @Btribution for
peak wind speed and acknowledge the reasoning ofsH8é] that this fitted
type of distribution (GEV type Il) is most likelyaased by mixed environments.
However, like stated before, all fittings have baeplied without bias.

parameters can be selected for increased levelsnservatism.
The three cases selected are listed below:

* Case I: Use the mean values for rising slope awdyde
time.

* Case Il: Use the maximum observed values from the
58 squalls for both the rising slope and decay time

e Case lll: Use the extrapolated 100 year returneslu

The corresponding dynamic amplifications for theases are
respectively: 1.024, 1.110 and 1.213. The prolgbili
distributions estimated from Eq. (4) with these aiyic
amplification factors are presented in Figure 1lhe Toffset
design value for cases I, Il and Ill are respetyjve0.8, 33.3
and 36.4 meter.
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Figure 11. Resultsfor the 3 Dynamic Amplifications cases

The distributions in Figure 11 indicate that theule of the
CDP is reasonably close to the estimates of Casehiich is
calculated from the combination of a 100 year peaid speed,
a 100 year rising slope and a 100 year decay tBnee the
parameters are independent of each other, this icatidn
results in an event which resembles not a 100 sqaall, but
more a 1 million year squall. This once more inthsahat the
CDP is very conservative for spread moored systems.

To conclude this part of the research, the thréferdint cases
are compared from a design point of view. Whileechmakes
most sense from a statistical point of view, theuléng
dynamic amplification is however negligible, neargducing
this method to a static solution, while it has betown that
squall are dynamic, transient processes. Casenlithe other
hand has been shown to be very conservative anddwou
therefore incorporate too much conservatism to be
economically feasible. Therefore Case |l seemsoresdse as it
incorporates some conservatism over selecting #peated
values, but keeps the squall physics intact, stheeapplied
rising slope and decay time have been observedtura
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TURRET MOORING ANALYSIS

For the dynamically more complex turret moored eys, a
simplification to a single degree of freedom ostdl is not
feasible. The second case study here considenespense of
turret moored FPSOs in squalls. In this case stildsge

horizontal degrees of freedom, i.e. surge, sway,yaw around
the turret are considered. The FPSO is modeled afté.6
MMBOE, 330 meter long floater in over 1000 metefsvater.

For an easier comparison and to eliminate the tineality in

the mooring system stiffness, the original mooraygtem has
been substituted with 8 linear springs and dampgirece the
original system already had taut mooring lines,lithearization
of the stiffness has minimal impact.

The directionality is very important for turret nred systems.
In order to come to some general conclusions, ftpeals
directional distribution is assumed to be uniforrdigtributed
from O to 180 degrees relative heading. This nedalieading is
defined as:

0, =0—-¥ (5)

Where 6 is the absolute wind heading ald is the vessel
heading, as shown in Figure 12.

Y

1
1
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Figur‘e 12. Heading definitions

In this example, background wave and current astibave
been applied on the vessel to give the vesselitial iheading.
The resulting turret offset from wave and currenhegligible
compared to offsets from wind squalls.

Similar to the spread moored system, the majoredifier offset
is the peak wind speed. The correlation betweerotfset and
the peak wind speed for the studied turret moosesdes is
depicted in Figure 13.
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Figure 13. Offset correlation to peak wind speed

Interestingly, the quadratic relation that was siethe spread
moored system is observed in Figure 13 as welln ékeugh
the dynamic amplifications are much bigger thars¢hof the
spread moored system. More importantly, the wideagb in
the results of turret moored leads to the anti@pathat the
system is very sensitive to the variability of trsguall
parameters. It is worth mentioning that the cotielabetween
the FPSO response and both the rise time and déeoayis
negligible. Note that for the turret moored systahesrise time
is now utilized instead of the rising slope.
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Figure 14. Sensitivity plot for turret moored analysis

The grey-shaded surface plots in Figure 14 shovedmsitivity
curves for 5 relative headings (0, 45, 90, 135 &3@ degrees)
while the colored surface is the joint probabilifigtribution of
rise time and peak wind speed. Most importantlis traph
shows that the highest dynamic amplifications ocight in the
range of the joint probability of the rise time apdak wind
speed.

Following the Current Design Practice (with all atisi scaled
to 27.3 m/s), it is observed that the highest tdfeecur in the
>90 degree sector, but it is difficult to determthe exact worst
case direction, as was done in the spread moorsel édter
running numerous cases (see Figure 15), the desige from
the CDP is estimated as 35.7 meters, occurringhén 108°
direction.
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Design Practice, with the highest valueindicated by the arrow.

For the spread moored system, it was easy to dissh 3
cases for the critical dynamic amplification fastosince an
increase in the rising slope and the decay timenraatically
resulted in a higher dynamic amplification. Frongue 14, it
is clear that these cases cannot be as easilyedefin the turret
moored system. As a conservative option, the maximu
dynamic amplification factor associated with thé® J@ar peak
wind speed (purple surface in Figure 16) is setktdeestimate
the design value. Similarly, the maximum dynamic
amplification factor in the surface defined by thehest
observed peak wind speed (green surface in Figéeisl
selected. It appears that for the maximum obsevaduaks, the
dynamic amplification is 2.60, while for the 100ayepeak
wind speed this is 2.67.
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Figure 16. Areas of interest for dynamic amplifications. Green
surface isthe maximum obser ved peak wind speed, purplethe 100
year equivalent.

When these values are plotted within the peak wspded
relation, it is obvious that the green line (maximobserved
dynamic amplification) indeed passes through theimmam
observed offsets, and the purple line is just syghigher. The
resulting 100 year offset from the purple line ¥.8 meters
which is close to the Current Design Practice.
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Figure 17. Peak wind speed relationship and dynamic
amplification limitations

The close resemblance to the CDP is explained dyatt that
during the scaling process, the rise time is nderedl.

Therefore the distribution remains intact, and stilerlaps the
areas of highest dynamic amplification, as becalaardrom

Figure 14. Although the distribution is not alterélie question
still remains if the scaled combinations of rismds and peak
wind speed (hence slopes) can exist in nature.

It should be noted that the dynamic amplificatiosed for
calculation of the design value indicates an ugdjmeit since
the maximum possible amplification factor considgrvarious
relative heading, rise time, and decay time is cietk
Therefore, it can be concluded that the CDP is edde
conservative approach to estimate the design value.

CONCLUSIONS

After studying the squall parameters, the response
characteristics, and several Design Value Estimati@thods,
the following conclusions can be drawn:

The governing squall parameter concerning FPSCebiésthe
peak wind speed, both for spread moored and tuncedred
vessels.

For spread moored systems, the offset is uncoeckléd the
rising slopes and decay time for the observed rafgalues.
The system can be sensitive to those parametetgtthdut
careful consideration is needed to compare whetthés
sensitivity is in the range of the observed squetameter
values.

The Current Design Practice creates a big shifisimg slope
distribution, creating rising slopes much steepantobserved
in nature. It is unknown whether these steep risioges can
physically exist in nature. The distributions amwever shifted
towards the range where the spread moored FPSQuch m
more sensitive to these parameters.
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It is known that the dynamic amplification has eost upper
limit, being the response to a step-function (feirgle-degree-
of-freedom oscillator). The response based methodirect

extrapolation will result in values exceeding tiiisit, since not

only the offsets are extrapolated but also the dyoa
amplifications are magnified over the responsetétions.

The method of Monte Carlo simulations results inodo
estimates of the Expected values (by definition)l amows
great resemblance to the dynamic amplification lvd ©8
offsets resulting from the original squalls. The i Carlo
simulations however require major computationabefhnd are
therefore perhaps less suitable for engineeringgags.

The method of dynamic amplification limitations siwgreat
potential to be used as a Design Value Estimatiethod, as it
combines the physical correctness of the squald tre
response characteristics of the FPSO system. thsde be
applicable for both spread moored as for turretnedwessels.

The confidence of each methodology studied in taort is
depending on the accuracy of the measured squadisttze
fitted distributions. In this report, only 58 squéime series
were available for research, but recently the majband gas
companies have measured more squall events. Baltist
processing more of these series will deliver moceueate
results, but it has to be reminded that the charistics of
squalls are local phenomena. The mixing of datenfdifferent
areas may lead to incorrect conclusions.

In this study, the squalls timeseries are simglifilby an

equivalent transient wind distribution. The approation

ignores the gustiness in the wind squalls and tbereis not
appropriate for systems with small natural period aelative
damping, which could be sensitive to this “higheéduency
signal. Additionally, it is assumed that the squditection

remains constant within a squall event. Howevee, siquall
measurements indicate considerable variability Ha squall
direction within the duration of a squall. This #ednility should

also be considered in estimation of the designevfdu systems
that are sensitive to the wind directionality asdekpected to
have more significant effect on the turret-moorgsteams.
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