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ABSTRACT

Green water events have made local damage on Norwegian
production shipsin seastates significantly lower than the 100-year
seastates. Theseincidents have occurred both in the bow area,
amidships and aft. Both analyses and model testing demonstrate a
significant amount of green water on the deck structuresin the 100-
year wavesituations. There isno general agreement on how to
calcul ate the waves entering the deck of the ship, nor how well the
wave height and the freeboard exceedance are correlated. The
model tests show alarge scatter when relating green water wave
height and the corresponding freeboard exceedance.

Significant modifications have been made on the production ships,
such as raised forecastle and install ation of wave-breaking walls.
Operational restrictions have al so been introduced, including
restrictions to personnel access ingreen water zones and storage
limitations.

This paper describes the Norwegian requirementsto air gap and
greenwater. A description of the five production shipsin Norway
and the green water incidents are included. The status of the
methods for evaluating the green water phenomenon aswell as
precautions taken to prevent further incidents, are also described.

INTRODUCTION

This paper presents some considerationsrelated to green water on
production ships as seen from the Norwegian Petroleum
Directorate. The data and analyses presented in this paper is
collected by the Norwegian Petroleum Directorate from the work
performed by the operators of production ships Statoil, Saga
(Hydro) and Esso.

Greenwater isdefined asthe solid water, whichiscomingonthe
deck of ashipin large waves. Compared to white water, whichisa
mixture of air and water (foam or spray), green water refersto a
more compact mass of water, often in the form of awater washing
along and acrossthe deck (Standing 1997).

Thereareat present five production ships on the Norwegian
continental shelf. Four of these five ships have experienced damage
due to green water on topside equi pment according to reportsfrom
the operators of these ships.

Fixed installations like jackets and concrete gravity based
structures have been designed with an generousair-gap. Topside
equipment has thus been located with alarge clearance to waves.
Ontraditional tankers, however, green water has been accepted and
equipment have been designed to withstand the green water

loading. Asthefirst ship -shaped installations were designed, the
phenomenon of green water was partly ignored, partly
underestimated in the design and layout of topside equipment. This
isprobably dueto thetraditions from previoustopside deck design,
and due to lack of communication between the ship designersand
thetopside designers. |.e. in model tests performed at early stages,
the green water was not as such considered to be asignificant
problem. Thisispartly dueto the fact that the model tests did not
include the most critical sea states with respect to green water
loading. These seastates are not equal to the sea states governing
the mooring system design. Green water must, nevertheless, be
regarded as awell-known phenomenon, due to the many years of
experience with tankers.

New analyses and model testing have recently been performed for
most of the production ships, and these analyses show that green
water isapotential problem for all of them, including those two
that have recently been installed. Different reasonable actions have
been implemented to prevent green water damages. These actions
can bedivided into two main groups:
- Physical protection like raised forecastle, wave breaking
wallsor local reinforcement of equipment and structures,
- operational restrictions like reduced draft, change in static
trim and restrictions with respect to personnel in green water
Zones.

NORWEGIAN REGULATORY REQUIREMENTS

In 1977 the Norwegian Petroleum Directorate’ s (NPD) regulations
required an air gap. At present NPD have no requirementsto air
gap assuch for any type of structures.

The present NPD requirements are restricted to actions and
resistance and not to the occurrence of waves at variouslevels. The
NPD regulations describe that loads in the ultimate limit state
(ULS) and the serviceability limit state controls should be checked
with an annual probability of 102, and in the accidental limit state
control (AL S) with an annual probability of 10, These waves may
hit the deck structure. In UL Sthey should not cause damage, the
platform should be capable of full operation after anincident. The
waves should not hit areaswhere people can be hurt. Imposing
restrictionsfor personnel in certain areas can solve thislast
requirement. Inthe AL Sthetotal safety of the platform should not
bejeopardised, personnel should have the possibility to be safely
evacuated, and no major pollution should occur.

It isimportant for the regulators to make rules that do not give
technical benefits or disadvantagesto specific concepts. The NPD
regulations are to our best knowledge independent of concept and



state requirements to the function of the installation in extreme
weather conditions.

Waves hitting deck structures have been observed for different
types of structures on the Norwegian Continental Shelf. Local
damages have been experienced on jacket-, semi- and ship -ty pe of
structures. This paper only describesthe efforts made which are
related to green water on ship -typestructures.

NORNE

The Norne ship has been on location in the Haltenbanken region
(66°N 8°E) since 1997. A list of relevant datafor the ship with
regardsto green water isgivenintable 2.

Green water incidents

The ship hasexperienced acoupl e of green water eventsduring a
few proceeding days (Eidissen, 1998). The event were especially
severe on March 19th 1998, when green water was experienced on
themain deck at the aft part of the ship at starboard side of the
vessel, i.e. theleeward side. The crew reported that they had the
impression that the waves were " turning around” on the leeward
side hitting the area aft of amidships (Buchner and Wilde, 1998).
Minor damages on fire equi pment storage and acrane were
registered. The ship was amost fully loaded. The freeboard was
about 8 m. The minimum freeboard when fully loaded is 6.3 m.

The seastate at the time of theincidents (19.3.98) was
approximately H=7.5 m and Tp=13 s. The waves were measured
by wave radar. Current was not measured. The mean wave
direction was 5-15 degrees with respect to the ship’ s heading.

During the 1999-2000 winter Norne did not experience any green
water (Eidissen 2000).

Description of analyses and model tests

Prior to the incident, model tests were performed for the maximum
significant wave height with related peak periods (16-18 sec).
These periods were outside the area expected to be most critical
with respect to green water (10-14 sec).

After the incident on the Norne ship, Statoil and MARIN
performed independent cal cul ations. The analyses are based on the
sametheory, but performed with different software and methods.
Theshort-term wave statistics were based on a 100-year joint
probability contour line (Hsand T ) as shown in figure 3. Both
analyses indicate freeboard exceedance both aft of amidshipsas
well asfor the bow.

Statoil (Vestbastad 1999) cal culated the loads and the
hydrodynamics using the linear diffraction analysis program
Wadam. Theair gap calculated by TFPOP (Ude et. al. 1996) was
used to calculate the transfer functions and the statistics of the
relative position of the wave compared with the ship for the entire
length of the ship. The analysisisbelieved to be most accurate at
midship and less accurate at the bow and at the stern. Non-
linearitiesin theincoming wave are accounted for in the Wadam
model by the use of Stokes 2" order theory.

MARIN (Eidissen, 17.2.1999) cal cul ated the Norne ship using a
linear theory 3-dimensional panel program (DIFFRAC) and the
program GreenL ab to account for non-linearities.

The two analyses showed the sametrends, but a straightforward
comparison isnot possible, since MARIN used other wave
situations and an other geometry than Statoil. Both analyses and
model tests were performed at full draft (100% storage) in the 100

year wave condition using the Torsethaugen spectra (Torsethaugen,

1996) withH=11m—12.8mand Tp=11s—-13s.

SINTEF Marintek in Norway performed model testsin October
1998 and March 1999. In the model tests approximately 4 m green
water was measured on thepoop deck, whereas on the Norne ship

the freeboard is 9.8 m. Thisis not regarded as a problem for the
Norne ship asthe equipment in thisareaisnot sensitiveto green
water. One special phenomenon arose in the model testing,
however it was related to asituation were the simulation produced
agroup of large waves. Three waves succeeded each other,
gradually increasing with the largest at the end. In the entire model
testing, thistest gave the largest amount of green water, even if the
wave height was lessthan the 100-year condition.

The model test in March 1999 included a comparison between the
existing bow structure and an increased bow height. The frequency
of green water incidentsin a 100 year storm was reduced from 20
per hour to 2.3 per hour with a5 m increased bow height. The
water pressures on the living quarter was also reduced (Eidissen,
12.05.99).

Statoil has concluded (M osbergw k, 1999):

a 100-year green water incident in the bow areaon afully
loaded ship will have serious consegquences for the living
quarter and equipment and must be avoided by increasing the
bow height by 5m. This can be obtained by either decreasing
loading capacity and retaining a static trim during winter
season or by increasing the forecastle,

- al100-year greenwater incident on the tank deck at midship on
afully loaded ship will lead to material damages halting
production, but it is not regarded as a hazard to the safety of the
ship and the safety of the personnel onboard.

Description of green water mitigation

Statoil has concluded (Mosbergvik, 1999) that a storage limitation
(maximum 71% storage) and a static trim angle of 1° will be
required during the winter season. This gives adraft at midship of
15.5 mand afreeboard of 9.5 m. The ship hasan all year restriction
on personnel on the tank deck and in the process areawhen Hg > 6
m (Eidissen, 20.11.98). Wave breaking walls between tank deck
and process deck have been installed on the starboard and on the
port side.

Thelimitation to the storing capacity and the static trim were
effective from the winter 1998-99. In this period no green water
events were observed. Therestrictions to storage lead to | oss of
production and additional costs, as the off-loading cannot be
performed in an optimal manner.

ASGARD A

The production ship at Asgard A has been on location in the
Haltenbanken region (65°N 7°E) since 1998. The ship isin general
similar to the Norne ship, but the bow was increased by 4.7 m late
in the project to account for green water. A list of relevant d ata for
the ship with regardsto green water isgivenin table 2.

Green water incidents

At February 13" and 14™ in 1999 weather damage was observed
(Bowitz, 1999). Statoil reported at February 13" at 24.00 hours that
the significant wave height was 7 — 8 m, and wind speed was 31
m/s (10 min mean). Statoil has not reported the wave period. The
Miros radar at Heidrun measured approximately 7 m significant
wave height and a Tp of approximately 12 sec at thistime (personal
information from Knut Iden). Theevents occurred in asituation
when the ship was high in the sea, with amidship freeboard of 10.1
m compared to the minimum freeboard of 6.6 m. The ship rolled 3-
4 degrees and had a maximum heave at the helicopter deck of
19.5m. The wave direction compared with the direction of the ship
was 5 to 15 degrees with respect to the port side of the ship’s
heading.

Damages on the following equipment were registered on Asgard A

(Bowitz, 1999):

- glassfibre boxesfor fire equipment storage on tank deck (15m
from theship side),

- steel cabinetsfor deluge stations on tank deck,

3" piping to fire hydrant,



- steel cabinet for VOC compressor,

- railsfromtank deck to process deck,

- cabletrays.

Theincident occurred at tank deck at midship.

Asgard A also experienced green water November 30" 1999. This
incident led to stop of production. No other damages are reported
(Eidissen 2000).

Description of analysis and model tests

MARIN performed the analysis using alinear theory 3-dimensional
panel program (DIFFRAC) and the program GreenL ab to account
for non-linearities (Buchner and de Wilde, 1998). The short-term
wave statistics were based on a 100-year joint probability contour
line (Hsand T ) as shown in figure 3. The analysis indicates
freeboard exceedance both aft of amidships and at the bow. The
analysis and model tests were performed at full draft (100%
storage) in the 100 year wave condition using the Torsethaugen
spectra (Torsethaugen, 1996) withH=11 m—12.8 mand Tp=11s
—1359).

Model tests have not been performed for the Asgard A ship, dueto
itssimilaritiesto the Norne ship. The resultsfrom the Norne model
teststogether with the MARIN cal culations have been used for the
evaluation of the Asgard A ship.

The correlation between the analysis for Asgard A andthe model
testing for Norne for freeboard and green water was good, but the
calculated |oads were higher than the model test results (Bowitz,
1999).

Statoil has concluded (Mosbergvik, 1999):

- al100-year green water incident at the bow areaon afully
loaded ship will not lead to damage on theliving quarter or
equipment,

- al100-year green water incident on the tank deck at midship on
afully loaded ship will lead to large material damages halting
production, but it isnot regarded asahazard to the safety of the
ship nor the personnel onboard.

Description of green water mitigation

Statoil has decided (Mosbergvik, 1999) to install awave breaker
wall on starboard side on both the tank deck and on the process
deck in order to reduce risk of damage to equipment. The stipul ated
weight of thewall will be 80 tons.

VARG B/PETROJARL VARG

The production ship at Varg has been on location in the North Sea
(58°N 2°E) since 1998. A list of relevant datafor the ship with
regardsto green water isgivenintable 2.

Green water incidents

Saga (Kverneland, 1999) reported wave damagesto the Varg B
ship during a period of harsh weather on February 5" and 6 1999.
The seastatein this period was reported to be 8 — 9 m significant
wave height with 12 — 13 seconds peak period. Thewave
measurements are from Sleipner. The wave damage caused the loss
of alife buoy, afire equipment storage locker teared from the
connections and minor damagesto cable gates. All theseitems
were located at midship. Due to the weather forecast, all personnel
were removed from lower deck. “ Seaspray” was observed in this
situation.

On the November 30" 1999 Varg B also experienced green sea.
The significant wave height isreported to be 10.5 meters, with a
peak period of 10.5s. Wind speedis reported to be 22.8 m/s. Norsk
Hydro reported damage to gas sensors, fire hose cabinets, and

doors on deluge stations for chemical injection module (Ljosland
18.04.2000).

On the December 261 1999 Varg B again experienced green sea.
The significant wave height is reported to be 10.5 meters, with a
peak period of 11.5- 13's. Norsk Hydro have reported damage to
cable gates, fire stations, lifebuoys and deluge cabinets (Ljosland
18.04.2000).

The most critical event so far on the Norwegian sector, occurred at
the Varg field the January 29" 2000. Hydro (Ljosland, 07.02.2000)
reported damagesto the Petrojarl Varg ship during astorm on fore
ship, midship and aft ship. The significant wave height is estimated
to about 12.5 m, and the peak period isestimated to 14.5 sat the
time of the incident (personal information from Knut Iden). The
available hindcast datafor WINCH point (Latitude 57.99N,
longitude 1.78E) closeto the Varg field isshown in figure 1
together with the Hs-T,, design curves with the annual probability of
exceedance of 10" and 102 for the Varg field. The estimated
seastateis closeto a 10 year situation. The incident occurred when
the ship was close to fully loaded with a static trim of alittleless
than 1 degree.

The following damages was reported on fore ship:

- water ingressinto acommon room on deck 8 due to abroken
window intheliving quarter

- fire hose cabinet missing

- cabling and cabling gates where damaged

- wakway deformed

The following damages was reported in the living quarter:

- water ingressand ceiling fallen downin deck 9

- severedamageto inventory, ceiling, cablegates and electronic
equipment at deck 8

- water in corridor at deck 7

- water in storage room on deck 6

- water on deck in traforoom on deck 4

The following damages was reported midship:

- safety equipment asfire hose cabinets, deluge cabinets, line gas
sensors, life buoys and safety signboards missing or damaged.

- mechanical embarkment ladder found with minor structural
damage

- cablegatestwisted / damaged at several locations

- some protecting plates near walkwaysmissing

- lightning fixturestwisted / damaged and waterfilled

- phoneboxesdamaged

The following damages was reported aft:

- liferaft missing

- rope ladder missing

- handrail starboard side at flare tower damaged

Description of performed analysis and model tests

Model testing was performed in 1996. M easurements were made
for wave crests at the bow and wave pressure at the living quarter
in thefront part of the ship (Sandberg, 1999). In 1999 an analysis
of greenwater on the deck wasdone. A linear diffraction program
was used. The freeboard exceedance was corrected based on the
results from the JIP. The analysis gave a significant anount of
green water on the deck structurein a 100 year wave situation. 8 —
9 m exceedance of the bow was experienced. According to the
calculations the incidents should start with Tp at 8 —9 seconds. At
midship the freeboard could be exceeded by 4-5 m. The motion
analysis fitted well to the movements observed from the model
tests.
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Figurel, TheHs— T, design curveswith the annual probability of exceedance of 10 and 102 for the Varg field. The hindcast datafrom
nearby locations (L atitude 57.99N, longitude 1.78E) for January 29" 2000 isalso included. The datais produced using WINCH hindcast

model at DNMI. Thedataisnot calibrated.

Theanalysis of the waves on the deck was done by using the
program GreenL ab. Local forces on the living quarter and on the
support of the helideck gave higher loadsthan the design values.
Compared with the model testing the analysis overestimated the
pressure on thedeck structures.

A new model test was performed in a 1:55 scale in 1999 at
Marintek (Nygaard, 1999). Thetest consisted of alimited number
of wave groups, selected from aregular simulation asawave
groups leading to large amounts of green water or large slam on
living quarter. These wave groups wererepeated 20-40 times. The

results of these repeated wave groups gave alarge scatter in results.

A maximum water velocity of 14 m/sin aheight of 4 m was found
at midship (Bave, 1999). Different modifications was tested and
compared to the asis situation. Figure 2 shows a summary of the
results from these tests (Bave, 1999). Although thereisalarge
scatter in the results from each configuration, the mean values
indicates aclear trend in positive effect of modifications as both
slam pressure and height of green water decreases with the
different modifications.

Description of green water mitigation
Restrictions with respect to draft, trim (one degree) and personnel
exposure was made for the spring and summer of 1999.

During the spring of 1999, local protection wasfitted for critical
equipment, windows and helideck support. In addition some
operational measures have been taken related to draft, trim and
personnel access to green water zones for the future (Bave, 1999).

JOTUN A

The production ship Jotun A hasbeen onlocation in the North Sea
(59°N 2°E) since the summer of 1999. A list of relevant data for
the ship with regards to green water isgivenin table 2.

Green water incidents

No green water incidents have occurred on the Jotun A ship sofar.
They have experienced spray over the bow in the worst storms, but
not of such an extent that it could bedamaging to structures or
equipment (Kristiansen 2000).

Description of analysis and model tests

In the design phase of the Jotun FPSO MARIN performed model
testsand hydrodynamic analysis using the program DIFFRAC.
Thesetestswere primarily carried out because of the requirements
for the mooring system design. The testing for green water was not
extensive. Measurements were taken at the bow for green water
and relative motion, and a video was produced recording some
information regarding green water on the FPSO. Due to the limited
number of data points from the model testing, Caran has made
calculations using linear diffraction theory (WAMIT) to predict the
wave elevation above the deck. In thisanalysis, non-linearities are
included inthe calculations by scaling the wavecrest by an
empirical factor. Dam breaking theory has been used to transform
thewave elevation into water on deck. The best fit between
calculations and model test was at the bow.

Esso have defined and identified green water zones as areas
onboard the vessel, which may be affected by green water.
Equipment in these zones is identified, and modifications are
specified for saf ety equi pment not capable of withstanding the
green water load.

Description of green water mitigation

According tothe model test results and the cal cul ations the waves
will reach above the bow and onto the tank deck at midship.
Structures and equipment have been evaluated for potential damage
from green water. Thisincludesfire deluge skids, hydrants,
emergency generator container, cabletrays, pipe support and
HVAC. Preventive actions have been taken by fabricating
protection screensin front of critical equipment such asfire deluge
skids, hydrants and emergency generator container. Cabletrays
around theturret hav e been strengthened. Equipment regarded as
standard tanker equipment is not protected asit is*“ proven by
history to be ok” on tankers.
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Information about Jotun A is according to information given by
Esso Norge (Skandsen, 1.6.99, Skandsen, 28.6.99 and Skandsen,
21.9.99).

BALDER FPU

The production ship Balder has been on location in the North Sea
(59°N 2°E) since the summer of 1999. A list of relevant datafor
the ship with regards to green water isgivenin table 2.

Green water incidents

Balder FPU experienced sea spray through freeing portsto the
offshore crew the December 25" 1999. The significant wave height
was 6 meters. Only minor damages to 2-3 meters of pipe insulation
on the port side of the main deck are reported (Kristiansen 2000).
Balder FPU also experienced sea spray on forecastle deck and sea
spray through freeing portsin green water protection screen on
main deck on the January 29" 2000. The significant wave height
was 11 meters. The seaspray on the forecastle deck caused damage
to the escape ladder from the forward part of the helideck. The
grating on theintermediate platform wastorn off and one out of
two holding brackets on the light fixtures was broken. Furthermore,
awindshield wiper on acontrol room window was bent. On the
main deck minor damage was reported to 2-3 meters of pipe
insulation on the port side of the main deck (Kristiansen 2000).

Description of analysis and model tests

DNV have performed seakeeping cal culations, giving
transferfunctions and motions for the FSU. Exxon have performed
calculations on Greenwater and slamming using the programs
WAMIT and SPOT. Both calculations are performed using linear
diffraction theory to predict the freeboard exceedance. Asfor
Jotun, the nonlinearitiesareincluded in the cal culations by scaling
the wave crest by an empirical factor. To transform the wave
elevation into water on deck afactor of 1.5 was used.

Description of green water mitigation

According to model testing and cal cul ations the waves will reach

above the bow and onto the tank deck at midship. Structuresand

equipment have been evaluated for potential damage from green

water. Identified critical equipment:

- Forecastle deck: Helideck columns and living quarter front wall

- Tank deck: Firedeluge skids, hydrants, emergency generator
container, HVAC, piping, pipe support and cabletrays.

Preventive actions have been taken by:

- adding support knee brace to each of the eight helideck support
columns.

- Adding a4.25 m high protection wall along side edge of the
vessel to prevent green water impacting facilities. The wall
extends along the full length of the exposed main deck. The
wall consists of stainless steel panels supported by asteel
frame.

- Restriction for personnel accessto some areaswill be made.

Information about Balder FSU is according to information given by
Esso Norge (Skandsen, 1.6.99 and Skandsen, 28.6.99).

CLASSIFICATION OF INCIDENTS

A classification of the incidents with regardsto consequenceis
summarized in table 1. The conseguence classes are High,
Moderate and Low. The incidents mentioned earlier in this paper is
classed according to NPD’ s knowledge about the individual
incidents.



Table1: Incidents on the Norwegian FPSO’s. The number of
incidentsin the respective consequence class is indicated.

High Moderate Low
consequences | consequences | conseguences
Balder FPU 2
Jotun A
Petrojarl Varg 1 2 1
Norne FPSO 1
Asgard A 2

Two incident on Petrojarl Varg and two on Asgard A, have lead to
shut down of production or damage to saf ety equipment, hence
they are classified as significant consequenceincidents. Thereare
also reports of low consequence green water incidents, but the
numbers shown here might be underestimated due to the lack of
reporting and registering.

The green water incidents are further described in Ersdal
(14.8.2000).

DISCUSSION

Green water should be regarded as a safety hazard for the following

reasons:

- it may beathreat to people staying in the green water zones,

- living quarters can bedamaged in such amanner that people
inside may be hurt,

- damage to equipment which is critical with respect to safety,
may occur.

Statements from the operators of the production ships also indicate

that green water may |ead to shut down of production asoftenas on

ayearly basis.

Identified critical events

Based on the events, the analysis performed and the model testsfor
the five ships discussed in this paper, critical events with respect to
green water may be:

- Slamming onliving quarters,

- Increased load on helideck support,

- Waterinairinlet,

- Increased loads on equipment,

- Water damageto equipment.

Unsolved problemsin general

The physics behind a green water event is not deterministic, and to
our knowledgeit isnot fully understood. It isnot necessarily the
greatest wave that causes maximum green water. Instead it seems
asif one or more waves inducing large pitch motions, followed by
arelatively large waveisthe most critical condition for the green
water events. The maximum slamming oni.e. living quarter or
other equipment in the bow area, however, does not necessarily
occur at the same wave as the one causing maximum green water in
the bow area.

Furthermore, thereis no agreement as how to cal culate the wave
causing green water to enter the deck of the ship, nor asto how
well the green water wave height and the freeboard exceedance are
correlated. The model tests show diverging resultsin the matter of
correlation between green water height and freeboard exceedance.
Statoil (Eidissen, 12.5.99) indicatesanon-linear relationship
varying from no green water at low freeboard excedancesto aone-
to-onerelationship at larger freeboard excedances. Saga has shown
results indicating a one-to-one relationship between freeboard
exceedance and green water wave height at the bow for Varg B.
Also different kinematics seemsto be applicablein the bow area
and at midship. At midship the dam breaking theory seemsto bein

common use. In the bow area 3-D effects of the dam breaking
seems to be important. Wave slamming is also a possible loading
mechanism in the bow area.

Unsolved problems regarding metocean

An unsolved question with respect to green water isthe existence
of wave groups. One very severe situation was observed during the
model testing of Norne were agroup of waves gave avery extreme
response. Wave group research was performed in Norway at the
end of the 1970-ies and in the beginning of the 1980-ies, based on
the loss of several fishing boats. Kjeldsen and Myrhaug (1979,
page 197) concluded that wave group formation among waves with
heights exceeding 5 m was very pronounced in thefield data.
Kjeldsen (1984, page 7) states that most wave groups containing
the highest wavesin a sea stateis composed by 6, 8 or 10
individual waves.

Unsolved problems regarding hydrodynamic loading

Linear diffraction analysiswith empirical corrections gives
reasonabl e results, but no cal culation method or program is capable
of analysing the phenomenon in an optimal way. Model testsare at
present necessary in the prediction of green water and impact of
greenwater.

Theeffect of bow shape on the occurrence of green water hasbeen
apoint of discussion over alarge number of years (Buchner 1995,
1996 and 1997). IMO (1999) concludes that deck wetness and
greenwater |oads were very sensitive to bow height and forward
speed for bulk carriers. Bow shapes however marginally change
deck wetness. Standing (1997) concludes that bow shapeis
important, but no clear trends have emerged from model testing. It
isgenerally beneficial to maximise freeboard.

The green water incidents recorded are plotted in figure 3 together
with a 100-year contour line for the Haltenbanken area. The figure
showsvery clearly that the green water has occurred at significant
wave heights much smaller than the 100-year values. The figure
alsoindicatesthat theincidentshave all occurred at peak periods
lower than the peak period of the maximum significant wave height
in the Hs-T, design curves. The peak period where green water has
occurred iscloser to the pitch forcing period (the wave period when
thewavelength isequal to the ship’slength assuming deep water).

The conclusions drawn from the analysis and model testing that has

been performed are:

- large scatter in results from the same simulation when repeated

- positive effects of static trim, reduced draft and increased
freeboardgreen water is more likely to occur when peak period
iscloseto pitchforcing period

Possible pointsto consider during design of FPSO’s:

- therange of periods considered should include the natural
periods of the ship in pitch, roll, heave and the pitch forcing
period aswell asthe period of the maximum significant wave
height in the Hs— T, design curves,

- thelength of the ship determinesthe pitch forcing period and
the wave stati stics shows the period of maximum sea state.
Thesetwo periods should, if possible, be asfar apart as
possible,

- thenatural periods should be asfar as possible from the pitch
forcing period,

- theFPSO’sare often fully loaded in astorm, dueto the
difficultiesin offloading in such conditions.
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Figure3, Seastates with green water events on Norwegian production ships presented in aHs — T, diagram together with design curves with

the annual probability of exceedance of 102 for the Haltenbanken area.
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Table2, Key datafor Norwegian production ships. The pitch forcing
period is the wave period when the wave length is equal to the ship’s

length assuming deep water. Note that for Balder a4.3 m protection
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