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EXECUTIVESUMMARY

_s

The U.S. Coast Guard commissionedPacific NorthwestLaboratory (PNL) to

conductthis study of 45 self-helpoil-spillresponsetechniquesand equipment

for oceangoingtankers and inlandtank barges to assess the potentialeffec-

tiveness of the.proposedcountermeasurecategories.The self-helpcounter-

measure categoriesconsideredcover equipment storedon the vessel and

deployed by the crew, operatedautomatically,or carriedaboard and used by

responsecrews in the case of unmannedbarges. A basic requirementfor the

responseequipment is that it be capable of retainingoil after the oil has

escapedthe confines of the vessel in all expected environmentalconditions.

This study considersthe hypotheticaloutflow of oil in the case of side

damage and bottom damage to single-hulldesigns. The resultswill be considu

ered by the Coast Guard in draftingregulationspertainingto the requirement

for tanker vessels to carry oil pollutionresponse equipment(i.e., in

responseto the oil PollutionAct of 1990).

PNL's approachto this investigationincluded:

• assessingtime-dependentoil outflow in the cases of collisionand
groundingof both tankersand barges

• identifyingenvironmentalconstraintson self-helpcountermeasure
operation

• identifyinghuman factor issues,such as crew performance,safety,
and training requirementsfor the self-helpcountermeasures
considered

• assessingeach self-helpcountermeasurewith respectto its
potentialfor minimizingoil loss to the environment.

Results from the time-dependentoil outflow, environmentallimitations,and

human factorsrequirementswere input into a simulationmodel. From the

simulationruns made in this study, no self-helpcountermeasureemerges as

clearly superior to the others. However,the resultsdo suggestthat a

pumping solutionin conjunctionwith some form of containmenthas the most

promise in the near term. In addition,this study producedresults that are
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essentialto future modeling efforts,includingthe fact that ground plugging

has a significanteffect on oil outflow in the case of grounding.

Based on the findings of this investigation,it is recommendedthat

research pertainingto onboard self-helpcountermeasuresfocus on the pumping-

containmentcategory of concepts. Other recommendationsincludefurther

developingthe model used in this study to obtain more realisticoil outflow

times, especiallyin the case of grounding;combiningthe simulationmodels

used in this study into one global model; and making a more in-depth

investigationof the environmentaldata.
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1.0 INTRODUCTION

The Coas'cGuard Marine EnvironmentalProtectionDivision of Coast Guard
!

Headquartershas determinedthat an in-depthinvestigationioffeasible self-

help countermeasureswill assist in formulatinqOil Polluton Act of 1990

(OPA go) mandated regulationsregardingoceangoingtank ve:sels. Currently,

no regulationrequirestank vessels to carry onboardequipt_entcapable of

respondingto an oilspill from the vessel. Section4115 bfOPA 90 mandates
i

that tank vesselsbe requiredto have double hulls by the .year2010 (with a

few exceptions,by 2015), and vessels under 5,000 gross tons are required to

have a doUble-hullor double containmentsystemby 2015. '.Inaddition,OPA 90

requiresthe investigationof economicaland technological'lyfeasible struc-
tural and operationalfeatures to provide substantialenvironmentalprotectlun

for single-hullvesselsuntil 2015.

The FederalWater PollutionControl Act (FWPCA),33 USC 1321, as amended

by OPA 90, sets forth the requirementsfor tank vessel responseplans and oil-

spill responseequipment. Under Section 311(j)(6)of the FWPCA, as amendedby

Section4202(a)of OPA 90, vesselsoperatingon navigablewaters and carrying

oil in bulk as cargo must also carry appropriateremovalequipmp.nt.This

equipmentis to empl3y the best technologythat is both economicallyfeasible

and compatiblewith the safe operationof the vessel. Section311(j)(5)of

the FWPCA, as amendedby Section4202(b)(4)of OPA 90, requires owners and

operatorsof tank'vessels,as defined in 46 USC 2101, to prepare and submit

individualresponseplans to the Presidentfor approval. Consequently,in

anticipationof this authoritybeing delegatedto the Commandant,the Coast

Guard is developingproposedrules to implementrequirementsfor tank vessel

responseplans, and the carriageand inspectionof oil-spiTllresponse equip-

ment. As a pa_"tof this effort,the Coast Guard is currentlyattemptingto

identifyequipmentand techniquesthat will increasethe eIFfectivenessof a

tank vessel to mitigate a spill through engineeringdesigns and the vessel's

own actionsand to establishthose conditionsunder which 'itscarriage and

deploymentare appropriate.
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PacificNorthwestLaboratory(PNL) has been commissionedby the Coast

Guard to conducta comprehensiveinvestigationof feasible self-helpspill

response techniquesand equipmentfor 5,000 'through250,000deadweightton

(DWT) oceangoingtankers and for oceangoingand inland tank barges ranging

from 300 to 3,000 gross tons (GT). These self-helpcountermeasureswill con-

sist of equipmentstoredon the vessel and deployed by the crew, operated

automatically,or carried aboard and used by responsecrews in the case of

unmannedbarges. The responseequipmentwill be required to deal with oil

once it has escaped the confinesof the vessel in all expected environmental

conditions. This study considersthe hypotheticaloutflow of oil in the case

of side damage and bottom damage to singlehull designs consistentwith the

assumptionsmade in MARPOL (1985).(a)

The objectiveof the PNL investigationis to evaluate approximately

45 countermeasureconceptsprovided to PNL by the Coast Guard. These concepts

have been grouped accordingto type and ranked accordingto effectivenessin

mitigatingoil spillagefrom a vessel. The results of this evaluationwill be

consideredby the Coast Guard in drafting fuLure regulationspertainingto the

requirementfor tanker vessels to carry oil pollutionresponseequipment, i

PNL's approachto this investigationincluded:

• assessingtime-dependantoil outflow in the cases of collisionand
groundingof both tankersand barges

• identifyingenvironmentalconstraintson countermeasuresystem
operation

• identifyinghuman factor issues,such as crew performance,safety,
and trainingrequirementsfor the countermeasuresystem types
considered

° assessingeach self-helpcategoryunder considerationwith respect
to its potentialfor minimizingloss of oil to the environment.

(a) MARPOL is the InternationalConventionfor the Preventionof Pollution
from Ships, adoptedin 1973 and amended in 1978. lt constitutesthe
basic internationallaw for limitingall ship-sourcepollution,includ-
ing structuraland operationalprovisionsfor tank vessel pollutioncon-
trol; the term is used in this study to describethe current standard
for vesseldesign.
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The regulations currently being considered by the Coast Guard wouldaddress the type, quantity, and capacity of the oil-spill response equipment

to be carried on tank vessels. To adequately address this issue, a number of

questions must be answered.

° Questions concerning time-dependant oil outflow:

- What is an acceptable response time for spills?

- How large a discharge should the equipment be capable of handling?

• Questions concerning environmental constraints on countermeasure
system operation:

- Should the area of the vessel's operation or the regional avail-
ability of support equipment affect the onboard equipment-_.arriage
requirements?

- What are the desired capabilities of this equipment?

° Questions concerning crew performBnce, safety, and training
requirements:

- Will sufficient qualified vessel crew be available to operate the

equipment when needed?
- How many crew members will be required for a given system?

- What mariner training in the use of the equipment should be required?

- Should the crew be required to do more than attempt to control or
stop the discharge and report the incident to the proper authorities?

- Who should be the "qualified individual" for directing the operation
of equipment for a fleet of barges?

The assessment of self-help categories was performed using a simulation

model. The results of the studies of time-dependent oil outflow, environmen-

tal limitations, and human factors requirements were input to this model. The

findings of this assessment address the following questions:

° Should ta ak vessels carry equipment for containment and recovery?

• Which, if any, of the onboard self-help countermeasure categories
considered is appropriate for tank vessels to carry?

• Which, if any, of the onboard self-help countermeasure categories
considered is appropriate for barges to carry?
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1.1 LITERATURESEARCH

PNL conducted a literaturesearch of papers and reportsthat describe

the deploymentand operationof self-helpequipment. PNL also reviewed

approximately45 proposalsand suggestionssubmittedto the Coast Guard

Researchand DevelopmentCenter for potentialmerit. This review provided a

basis for identifyingtechniquesand equipmentthat have been investigatedin

past studies,and provided insightto problemareas and constraintsthat

state-of-the-artcountermeasureswill need to overcome. In reviewingthis

material,PNL focused on understandingthe engineeringaspectsof each pro-

posed or actual system and identifyingtheir key features. The systems under

considerationwere then categorizedfor subsequentevaluation.

The followingsummarizesthe literaturereview. Also discussed are

PNL's accomplishmentsin obtainingdata that are criticalto this study and

not availablein the open literature.

A review of the literatureinitiallyprovidedto PNL by the Coast Guard

was completed (MARPOL 1985; NAS 1991; Ross 1983; Kohler and Jorgensen 1990;

USCG 1989). In addition,PNL performeda computer search of the open litera-

ture usi,_gthe followingkey words" tankers, barges,collision,grounding, oil

pollution,oil spill countermeasures. The files searchedincluded NTIS,

COMPENDEXPLUS, and Water ResourcesAbstract. This searchyielded an addi-

tional six citations.

Source literaturepertainingto human factorswas also identified

througha search on the DIALOG system, and througha bibliographicsearch in

the Universityof Washington librarysystem. Documentswere retrieved through

the BattelleHuman AffairsResearchCenter (HARC) library,and through con-

tacts with the Marine Board of the National Academyof Sciences. The litera-

ture review revealed that while,there is a resI_ectableamount of human factors

literaturecovering general shipboardoperations,aridby implicationa portion

of tanker and barge operations,there have been very few human factors studies

specificallydirected at tanker safety. Moreover,the literaturereview

revealedvirtuallyno informationconcerningthe functionsand tasks of crew

member_during emergencyoperationson any ship, includingtankers. As a

result, interviewswith expertswere also set up througha process of net-
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working throughthe Seattlemaritime community,based on initialcontactswith
the Coast Guard 13th District,the SeattleCommunity CollegeMaritime Training

Program,and contactswithin the maritime industry.

Much of the criticaldata requiredto perForm a time-depe'Identoutflow

analysis in the cases of grounding and collision are not avail.able in the open

literature (i.e._ specifically data pertaining to vessel design and penetra-

tion sizes for the sizes of vessels specified for this investigation by the

Coast Guard). Dimensionsand configurationsfor 5,000 and 150,000DWT tankers

listed in the original scope of work have not been locatedwithin the open

literature. Furthermore,no dimensionor configurationinformationhas been

located in the open literaturefor any barges that representthnse specified

by the Coast Guard for this investigation. Moreover, no method for determin-

ing penetrationsizes for the case of collisionhas been found in the open

literature.

The NAS study (NA.S1991) was not limitedto double hull construction,

but included inboardcontainmentsystemsthat may be as effectiveas a double

hull in preventingoil spillage. However,outboard containmentsystemswere

not covered, and only one size of single hull tanker was considered. This was

used as a basis for comparisonfor tF,e double hull designs consideredin this

study.

The Ross study (Ross 1983) of onboardself-helpcountermeasurescon-

sideredboth inboardand outboard countermeasures,but concentratedon the

unique specificationsof arctic tankersand did not consider all oceangoing

tanker vessels. No rationaleis given in this report for the penetration

sizes consideredin the oil releasecalculations.

A report (Smedleyet al. 1991) describingan ongoing Canadianevaluation

of tanker self-helprecovery systemswas reviewed. The reportconsidersall

of the self-helpoptionsthat are consideredby PNL in this study. The report

concludesthat the most practicaltanker self-helpsystemsare internaloil

transfer,hydrostaticloading,externaloil lightering,and contingencyplann-

ing. Booms and skimmerswere not consideredto be "stand-alone,"practical

self-help systems because sea conditions and ice would have prevented their

deployment and effectiveness 'in over 50% of the tanker incidents that occurred
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in Canadian waters. Liner systemswere regardedas a design modificationand

not a self-helpsystem and hence were deemed to be outsidethe scope of the

evaluation. AppendixA of the draft report is a comprehensivedatabaseof

spills of crude and refinedproduct from both tankersand barges throughout

the world from 1974 throughJune 1990.

MARPOL (1985)was reviewedto determineassumptionsrequiredfor outflow

calculations, lt was determined that the MARPOL assumptionswere inadequate

for determiningpenetrationsizes. MARPOL only addressesdamage dimensions

and not actual penetrationsizes, lt would be impracticalto use damage dimen-

sions for the penetrationsizes due to the extent of the damage assumptions.

(That is, the verticalextent of side damage is assumedto be the entire

heiqht of the ship.) The hypotheticaloutflowsassumed the entirecontents of

any tank damaged would be leaked. This assumptionis made in MARPOL to aid in

determiningtank sizes for design purposes. In an accident scenario,not all

of the cargo will leak from a penetratedtank. Dependingon the hydrostatic

balancing of the cargo, some penetrationsdue to groundingwill result in less

than 8% of the cargo in a tank being leaked.

The analysisperformedby Det NorskeVeritas (Kohlerand Jorgensen1990) I
was reviewed, and it was concluded that the Det Norske Veritas (DnVC)method

for determiningpenetrationsizes in the case of groundingcan be reproduced.

However, the DnVC method for determiningpenetrationsizes in the case of col-

lision was based on statisticsfor damage resultingfrom collisionsof ships.

No distinction is made betweenship types or sizes in the statisticaldata.

DnVC makes the assumptionthat the data are also valid for tankers. For

dimensionsthat can not be determined from the statisticaldata, DnVC relies

on MARPOL assumptions. They assume the verticalheight of the penetrationis

equal to the ship's height. To gain a greaterunderstandingof the DnVC

method for determiningpenetrationsizes, PNL contactedDnVC. DnVC made it

clear to PNL that their determinationof penetrationsizes was only meant for

comparing various tankerdesigns and not for modelingrealistictime-

dependent outflows. DnVC was unawareof any databasescontainingactual pene-

tration sizes.



Accordingto the Coast Guard Research and DevelopmentOffice, a model(microHACS) was developed for determiningtime-dependentoutflow from chemi-

cal tankers. This model has been recently deliveredto the Coast Guard

. NationalResponse Center. The model is capable of being operated in either an

emergencyresponsemode or a contingencymode. Although any penetrationsize

can be input to the model, the model does have defaultvalues for each of the

operatingmodes. All penetrationsizes are regardedby the model to be cir-

cular area. The default value for the contingencymode is a 10-in. diameter

circle. In the case of emergencyresPonse,the model has four default values"

0.5 in. diameter for a crack, 2.0 in. diameter for a puncture,4.0 in. dia-

meter for a fill pipe rupture, and an ent;re tank release. The default tank

size is 420 M3 which is smallerthan for a crude carrier Coast Guard staff

contactedby PNL stated that they were not aware of any database that would

containpenetrationsize data. These staff further statedthat the National

ResponseCenter would depend on an on-scene coordinatorfrom the Marir,_.Safety

Office to provideactual penetrationsize data. To date, the model has not

been used.

The American Bureau of Shipping (ABS), the TankerAdvisory Commission,

the Coast Guard, and some tanker owners were contactedby PNL but none could

providedetailed informationpertainingto vessel layout and construction, .

requiredto facilitatethe outflow analysis. The MaritimeAdministration

(Divisionof Navel Architecture)was then contactedand informationwas col-

lected for the followingsize tankerslisted by DWT" 33,000; 34,000; 40,000;

89,700;22,500; 262,000; 390,000. Of these tankersthe 34,000;89,700;

225,000;and 262,000 DWT were selectedfor performingthe outflow calcula-

tions. The Maritime Administrationonly had informationon ships they had

built or renovated and had no informationon barges. Therefore, information

pertainingto barges was obtainedby PNL directly from barge designers,

owners,and operatorslocatedon both the West Coast and in the Mississippi

Delta Region.
m

The Coast Guard's Marine InvestigationDivision'sdatabasescontainedno

informationregardingpenetrationsizes. Their CASMAINdatabase identifies

accidents of interest and identifies the report numbers containing the repair
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information. These repair reports are not held by the Coast Guard but must be

obtained from the shipyard where the repairs were made. These reports contain

information on the quantity of steel plate replaced on the ship during

repairs, but no information pertaining to size or quantity of penetrations in

the hull. PNL has not been able to obtain ship damage/repair or ship design

information directly from the shipyards, as the yards are normally bound by a

non-disclosure agreement with the ship owners.

The results of the literature search and discussions with experts are

discussed in more detail througl,,out the report. The literature reviewed in

this investigation is referenced atthe end of each section of the report and

in Section 7.(! (bibliography).

1,2 HISTORIC:At,PERSPECTIVE

The followingdiscussionputs in perspectivethe issue of oil spills in

U.S waters resultingfrom collisionsand/or groundingsof tank ships and

barges. The informationis useful in characterizingthese accident scenarios

and in boundingthe performancerequirementsfor onboardself-helpcounter-

measure systems, including the concepts considered in this study. Q

A report describing a Canadian evaluation of tanker self-help recovery

systems contains a comprehensive global database of spills of crude and

refined product from both tankers and barges during 1974 through June 1990

(see Appendix A in Smedley et al. 1991). PNL used this database to develop

the following histor'ical perspective of spills resulting from collisions and

groundings in U.S. waters.

There were 681 casualties worldwide involving tarlkers and barges carry-

ing crude or refined petroleum product from 1974 through June 1990. Of these

casualties, 57 resulted in spills of 15,000 tons or larger (220,279 tons being

the largest). Tankers of U.S. flag were involved in the largest number of

accidents (160). This resulted in the fourth largest aggregate spill volume

(193,731 tons), exceeded by tankers of Liberian flag (1,090,862 tons in

99 accidents), tankers of Greek flag (802,331 tons in 77 accidents), and

tankers of Spanish flag (319,918 tons in 6 accidents).



Of the 681 casualtiesworldwide,there were 42 tanker and 73 barge acci-dents that occurred in U.S. waters during this survey period that resulted

from either collisionor grounding.

Of the 42 tanker accidentsoccurringin U.S. waters, 15 invo_,edvessels

of U.S. flag. The majority (30) of these tankerswere between15,000 DWT and

85,000 DWT, with 9 in the range of 25,000-35,000DWT and 10 in the range of

75,000-85,000DWT. "Fhesmallesttanker involvedwas 5000 DWT and the largest

was 211,000DWT. These 42 tanker accidentswere dividedevenly between colli-

sions and groundings. Two accidents(both collisions)occurred in "open

water" (greaterthan 50 miles offshore),16 accidentsoccurred in "restricted"

waters (0-50 miles offshore), 19 accidentsoccurred in harbors,and 5 acci-

dents occurred at piers. Based on these data, it is evident that 57% of the

tanker accidentsoccurred in inlandwaterways.

A total of five accidentsoccurred in U.S. waters during this survey

period that resulted in spills irlexcessof 15,000 tons; however,only three

of these accidentsresulted from collisionand/or groundingof tankers, namely

the Burmah Agate, EXXON Valdez, and Argo Merchant. The other two vessels,

Grand Zenith and Spartan Lady, were victimsof hull ruptureduring severe

weather off the _ast coast of the UnitedStates resulting in fatalitiesand

the lossof both ships and their cargo.

• In 1979 the Burmah Agate (61,674DWT - Liberianflag) collidedwith the

Mimosa 4 miles from the entrance to GalvestonBay, Texas, and subsequently

went aground. This accident resulted in a fire, an explosion,and a spill of

approximately34,661 tons (about 11.4 milliongallons) of Nigerianlight

crude. This spill ranked 23rd in size, on a global basis, during the survey

period.

In 1989 the EXXON Valdez (211,000DWT - U.S. flag) went agroundon Bligh

Reef, Prince WilliamSound, Alaska. This accidentresulted in a spill of

approximately32,721 tons (about 10.8 milliongallons)of North Slope crude.

This spill ranked 27th in size, on a global basis, during the surveyperiod.

Irl1976 the Grand Zenith (30,000DWT- Panamanianflag) broke-upand

sank in open water off the coast of Massachusetts. This accidentresulted in
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38 fatalities and a spill of approximately28,921 tons (about 9.5 milliongal-

lons) of No. 6 fuel oil. This spill ranked 34th in size, on a global basis,

during the survey period.

In 1975 the Argo Merchant (28,691DWT - Liberianflag) went aground40

miles South East of Nantucket,Massachusetts. This accident resulted in a

spill of approximately24,295 tons (about8 milliongallons) of No. 6 fuel/

naphtha. This spill ranked 40th in size, on a global basis, during the survey

period.

In 1975 the SpartanLady (20,724DWT - Liberianflag) was scuttled in

restrictedwater off the coast of New Jersey. This accident resulted in one

fatality and a spill of approximately19,436tons (about6.4 milliongallons)

of No. 6 fuel. This spill ranked 51st in size, on a global basis, during the

survey period.

Each of the remaining39 tanker accidentsinvolvingcollisionor ground-

ing resulted in spills of less than 15,000tons(less than 5 milliongallons).

The database for bargeswas not as specificas for tankers. Of the

73 barges, only 14 were identifiedas to size. The sizes identifiedranged

from i_000 GT to 33,700 GT. Many of the barges in the databasewere not

identifiedas to name/number;however,the date and locationof the accident

and type of cargo spilledwere given for most barges. Almost all barge acci-

dents occurred in inlandwaters and resulted in spills of refined product.

In summary,during the survey period, 17% of the casualtiesworldwide

involvingtankers and bargescarrying oil (crudeand product) occurred in U.S

waters, predominatelyin inland waters, and were the result of collisionand/

or grounding. Of these casualties,63% involvedbarges and resulted in rela-

tively small spillsof refinedproduct,whereas37% involvedtank vessels.

Most of the tankvessels (71%) containedcrude,were in the size range of

15,000 DWT to 85,000 DWT, and involvedtank vesselsother than U.S. flag.

Except for three tankers,all of the spills in UoS. waters resultingfrom col-

lisions and/or groundingswere less than 15,000tons (5 million gallons). Dur-l

ing this survey period,a total ef 57 casualtiesoccurredworldwide (8% of the

= total casualties)that resulted in spillsof 15,000tons or larger.
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2.00UTFL_OW CAL__CULATION_S

Two parameters impnrtant to the evaluation of a self-help method are

time and quantity of oil. Both the deployment and duration time are critical

factors for any self-help method. A self-help method must be capable of being

deployed in an amount of time that results in a majority of the oil being con-

tained or retrieved. The system must also be capable of functioning for the

entire duration of the event. The evaluation of a self-help method also

requires an understandingof the quantityand rate at which the oil must be

handled.

To obtain an understandingof the time and oil volumesassociatedwith

small, medium, and catastrophicaccidents,an outflow analysiswas performed

for hypotheticalaccidentsinvolvingvesselscarrying oil_ The analysiswas

applied to various sizes of tankersamidbarges that transportoil through U.S.

waters. This Section discussesthe assumptionsappliedto the outflow analy-

sis, describesthe sources of data used and the specificships analyzed,

explains the computationalmethod, and presents the overallresults of the

outflow calculations. Resultsfor each case ana'lyzedare includedin

AppendixA.

2.1 ASSUMPTIONS "

This sectiondescribes and discussesthe assumptionsused in the outflow

calculations. Any discussionregardingan assumptionimmediatelyfollowsthe

statementof the assumption. The assumptionsthat apply to both groundings

and collisionsare discussed f_,rst,followedby those pertainingonly to cases

of groundingsand then those for collisions.

Unless otherwisestated,each assumptionappliesto both tankers and

barges. InitiallyMARPOL assumptionswere to be used in developingoutflow

calculations. However, not all MARPOL assumptionsare applicableto time-

dependentoutflowcalculations;therefore,they were only used if applicable.
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2.1.1 GeneralAssumptions F

I. The effects of turbulence,mixing, ship motion, and sloshingwere
neglected.

This assumptionwas specifiedby the Coast Guard to simplifythe prob-

lem. The inclusionof these factorswould requirea great deal more effort,

and the impact of these fact,Drsvaries from case to case.

2. The draft and trim of the leakingvessel were held _onstant during
oil outflow, Designerwater lines were assumed.

There was no way of properlyaccountingfor the changeof a penetra-

tion's positionrelativeto the water line without accountingfor any change

in the vessel'strim. The modeling of any listingor load imbalancewas

beyond the scope of this analysis;therefore,the change in a vessel'sdis-

placementwas neglected. In most cases, the actual change in a vessel's

displacementwas minimaldue to the relativelysmall percentageof a vessel's

overallmass lost (less than 2-3%). Some of the smallerbarges leaked oil

equivalentto 20% of their total weight;however, in these cases the barges

took on an almost equivalentamount of water.

In some instances,the change of a vessel'strim could have a signif-

icant impact on the outflowof oil. The effects could result in either more

or less oil being spilledat a faster or slower rate dependingon the specific

incident.

3. No oil was transferredvia pumpingor any other method during an
accidentscenario.

The purposeof these calculationswas to determineoutflowtimes assum-

ing no action was taken to limit oil loss.

4. Vesselswere fully loaded at the time of an accident. Full loads
consistedof cargo tanks 98% and g5% full for tankers and barges,
respectively.

These data were providedwith vesseldesigns and confirmedby individ-

uals in the industry.
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5. Any evaporationof the cargo within the cargo tanks was neglected.

Oil is not a highly volatile substance, and any significant pressure

changes within the tanks were small.

6. The outflow of oil was considered an isothermal process. A con-
stant temperatureof 45°Fwas assumed.

This assumptionallowedthe changes in gas temperatureswithin the tank

to be neglected. The effect of this assumptionon the overall results is

negligible

7. Penetrationswill be generallyrectangularin shape with random
petals jagged inward. A dischargecoefficientof 0.61 was used,
This value comes from experimentaldata obtainedfrom Dodge et al.
(19co).

Experimentalwork has shown that the dischargecoefficienthas little

dependenceon fluid viscosityand penetrationsize but varies substantially

with penetrationgeometry (Dodgeet al. 1980).

The shape of the penetrationwas assumedrectangularin the cases of

collisionbecause penetrationwas assumedto be due to the bow of a ship. A
q

V-bowedvessel would tend to create a somewhatrectangularpenetrationwhen it

penetratedthe side of a tanker assuming the strikingvessel had a velocity

perpendicularto the tanker.

In the cases of grounding,the rectangularshapedpenetrationis assumed

becauseof the assumptionsmade in determiningthe size oF the penetration.

These assumptionsare explainedin Section 2.1.2.

The assumptionof randomjagged petals inwardwas made becauseall

breachesof the hull are assumedto be made by penetration.

The experimentalwork of Dodge et al. (1980)determineddischargecoef-

ficients (CD)for a varietyof orificegeometries. Dischargecoefficients

for geometries applicableto this analysis are listedbelow (Dodge

et al. 1980).
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Orifice Shape Edge Condition C D

Rectangular Random PetalsJagged Inwardon the HorizontalEdges 0.609

Rectangular Random Petals Jagged Inwardon the VerticalEdges 0.613

Circular Random Petals Jagged Inward 0.577

8. The following values were assumed:

Specific gravityof seawater= 1.025
Specific gravityof freshwater= 1.0
Specific gravityof oceangoingvessel cargo : 0.86

Specific gravity of inlandwaterway vessel cargo = 0.92

The value for the specificgravity of seawaterwas the s_amethroughout

the literature.

A specific gravity of I was assumed for inlandwaterways._The actual

value is slightly higher for many waterwaysdue to silt and other material in

the water.

The specific gravityof crude oil varies between0.83 and 0.90, a common

value being 0.86. This is the value used throughoutall of the literature

involvinganalyses of oceangoingvesselscarryingcrude oil.

Most inlandwaterv_ayvesselsdo not carry crude oil. A common cargo on

inlandwater ways is #2 diesel fuel; therefore,the inlandwaterway barges

were assumedto carry a cargo with a specificgravityof 0.92.

g. The penetrationof ballasttanks was not consideredin the analy-

sis. Only the outflowof oil and/or fuel was considered.

Outflow of ballast tanks would not directlyeffect the oil out'Flow.

However,the penetrationof ballasttanks could effectthe vessel'strim and

stability. Becausechanges in the vessel'strim were not modeled, the pene-

tration of ballast tanks was ignored.

10. Oil outflow is assumedto be initiatedafter the penetrationhas
reached its final size. No leakage is accountedfor during the
actual accident event.
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To includethis factor would requiredetailed,time-dependentmodeling

of the structuraldeformatio-occurring. This was beyond the scope of this

analysis.

11. The outflow area was assumed to be equal to the size of the pen-
etration. The effects were neglectedof the penetrationbeing
partiallypluggeddue to the bow of the penetratingship in the
case of collision,the ground in thecase Of grounding,or deformed
structuralmaterial in both cases.

The impact of penetrationblockagecan _'esignificanton oil outflow
q

, rates, lt is unknownwhether the effectsof blockage can be generalizedor
,,'

depend entirelyon individualcases. The effects of blockagewould require

experimentaldata or data from actual events,neither of which were obtained

for this analysis. Therefore,to avoid producingoptimistictimes for oil

outflow, the effectsof blockagehad to be neglected.

12. The outflowwas assumed to only occur through the assumedpenetra-
tions. Leakagethrough cracks,torn weld seams, and other damage
associatedwith the accidentwere not taken into account.

13. When necessary,void pressureswithin the tanks were determined
assuming ideal gas behavior.

Refer to the Assumption 18.

14. Tankerswere assumedto have a nitrogencover gas initiallypres-
surized to 2 psig.

The literatureand individualswithin the industryreportedvoid pres-

sures in tankersranging from i-2 psig during transport. The higher the void

pressure the greaterthe initialhydrostatichead. A void pressureof 2 psig

was assumedto ensure resultswere conservative.

15. The cover gas system aboard tankerswas assumed sealedoff from any
penetratedcargo tanks during an accident scenario.

This assumptionwas made to be consistentwith the assumptionof no

action being taken to limit the oil outflow. Industryindividualsalso stated

that the cover gas systemson most oil tankerswere not sophisticatedon-line

systems.
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16. Barges were assumedvented to the atmosphere.

Little informationwas found in the literatureregardingbarges. Indi-

vidualswithin the industryreported that any relief valves used on barges

vented the cargo tanks at maximum and minimumpressuresclose to atmospheric

pressure.Refer to the discussionof Assumption18.

17. Initialvoid spaceswere not penetratedduring an accident.

This assumptionwas made to keep initialconditionsthe same for all

accidentsand to maintainconservativeresults. Penetrationof`the void space

in an accidentwould result in a lower initialhydrostatichead in the case of

tankers.

18. Minimum thresholdpressures (PThrp_) for the relief valves on vessels
were assumedto be atmospheric-'_P_ssure(P_t.).The void pressure
in all cargo tanks was assumedto never falT below Patm"

The programwrittento perform the outflowcalculationsis capable of

modeling the ventingthrougha relief valve. However, specific information

was not obtained for the relief valves of the vessels analyzed. Incorrectly

modeling the reliefvalve could result in optimisticoutflow times.

For tankers, the pressure of the void space (Pvoid)was assumedto change

assuming ideal gas behavioruntil the Pvoidwas equal to Patm" Upon reaching

Patm' the Pvoidwas assumedto remain constant. No pressure loss was asso-
ciated with the reliefvalve.

For barges,ventingthrough the relief valve was completelyneglected

since the void space of barges is not initiallypressurized.

Some analyseswere conductedthat modeled the relief valve and evaluated

the qualitativeaffectsof ventingthrough the relief valve. The results are

presented in Section 2.4.

The void spaces of cargo tanks may be individuallyvented with separate

relief valves or manifoldedinto a single networkcontaininga single relief

valve. Details of the venting systems for the vessels analyzedwere not

obtained. To obtain a venting system for the qJalitativeanalyses,details

from other vesselswere incorporated.The Code of FederalRegulationsfor tank

ships was also consulted(46 CFR Part 32, Sections32.55-20 and 32.55-25).

2.6



Both individualtank ventingand manifold ventingwere analyzed. The

modeling of the relief valve in both cases assumedthe valve has a lO-inch

diameteropening when the v_Ive is open and a dischargecoefficientof 0.8.

No maximumthresholdpressurewas assumed. Calculationswere performed

assumingminimum thresholdpressuresof -0.25 psig and -0.5 psig.

The manifolded system assumed individualcargo tank vents 3 inches in

diameter. The volume of the manifold system was assumedequal to the volume

of the void spaces in the unpenetratedtanks. This is a valid assumption

since the relative volume of the manifold piping is small compared to the

cargo tank void spaces. No flow resistancewas modeledfrom the intact cargo

tank voids to the manifold. The flow resistancefrom the manifold to the

penetratedtanks was modeled. Also taken into accountwas air flow into the

manifold system via the penetrationin cases where the oil level drops below

the top of the penetration.

2.1.2 Assumptionsfor Cases of Groundinq

Assumptions 19 through30 apply to groundingsonly. The method for

determiningthe penetrationsize in the case of groundingis similarto the

method used by Det Norske Veritas (DnVC) in their comparativestudy of tanker

designs (Kohlerand Jorgensen1990). This methodwas prescribedfor this

study by the Coast Guard.

19. The vessel was assumedto have forward speed at the time of ground-
ing. Damage caused by the groundingwhile the ship was adrift,
executinga turn, or going astern was not considered.

20. Damage started at the forwardperpendicularof the vessel and pro-
pagated toward the stern.

21. Only the center tanks were penetratedduringthe groundingof
tankers.

The longitudinalbulkheadsseparatingthe tanks are capable of absorbing

a great deal of energy comparedto the longitudinalstiffeners. Because of

this, these bulkheadstend to limit the transversepropagationof a penetra-

tion. To ensure the largestpenetrationfor a given ship speed, it was
4

. assumedthat the longitudinalbulkheadsabsorb no energyduring a grounding.
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Becauseof the assumptionsmade in determiningthe size of the penetra-

tion createdduring a grounding, the penetrationof only wing tanks would

result in less oil being leaked than for the case of only centertanks; there-

fore, this case was neglected (referto Assumption 28).

22. Only one set of side tanks was penetratedduring the groundingof
an inlandwaterway barge.

Inland waterway barges only have two tanks in the transversedirection.

lt was assumedthat the center longitudinalbulkhead absorbedno energy during

a grounding (referto Assumption 21).

23. Outflowfrom ballast tanks was neglected_however,damage to bal-
last tanks was not necessarilyneglected. Therefore,if the bow
containedballasttanks, it was possible for a groundingcalcula-
tion to yield no damage to cargo tanks and no outflow°

24. The ship's trim did not change as a result of the grounding.

Any liftingof the vessel as a result of the vessel contactingthe

ground was neglected.

25. Penetrationsizes were calculatedfor tanker speeds of 5 knots
(low-energycase) and 10 knots (high-energycase) and barge speeds
of 4 knots (low-energycase) and 8 knots (high-energycase).

The Coast Guard prescribedthe values of 5 and 10 knots for low- and

high-energycases, respectively. The speedswere changedto 4 and 8 knots for

barges becausethe barges analyzedtraveled at maximum speeds of 8 knots.

26. The ship was grounded on a wedge-shapedrock that did not crush,
and a constantbreadth was assumedduring the groundingprocess.

This is an assumptionmade by DnVC and is consistentwith other analy-

ses. Groundingson sand or mud bottomswere not considered. This assumption

means the ground did not absorb any of the energy during the collision.

27. The verticalextent of damage due to grounding is determinedfrom
statisticalinformation. The maximumextent of verticaldamage is
assumedfor the entire length of the penetration. The damage
height was calculated from the followingrelationship:

Damage Height = 0.60512 • (Br)/15 (2.1)



where Br : Vessel'sBreadth (m)

The damage heightwas calculatedto determinethe damage breadth.

This equationwas developed from statisticaldata on bottom damage (Card

1975). The data consistedof 30 cases, of groundingsresultingin cargo out-

flow. Most of the cases involved vesselsless than 40,000 DWT with only four

vessels being greater. The vertical extentof the damage ranged from 0.16 -

8.2 ft. The mean value was 1.985 ft (0.60512m) with a standarddeviationof

1.25 ft.

Card's work showed that 90% of the 30 cases would have resultedin no

outflow if the vesselshad containeddoublebottomswith a depth equal to

Br/15. lt is from Card's work that the MARPOL assumptionof verticaldamage

equal to Br/15 is used in determininghypotheticaloutflowof oil for bottom

damage.

Card (1975)also pointed out that the 11 cases involvingvesselsbelow

3,000DWT had an averagevertical penetrationof 1.3 ft, and the 19 ships

greaterthan 10,000 DWT had an averageverticaldamage of 2.5 ft. However,

Card.also statesthat "the amount of verticaldamage sustainedby a tanker
involved in a bottom damaging casualty is not related to the size of the

_v

tanker" (Card 1975). Card did not discussthe relationshipbetweentan_er

velocity and bottom damage or bottomdamage and damage length.

The work of DnVC (Kohlerand Jorgensen1990) uses Card's work to esti-
.

mate the verticaldamage in cases of grounding,but it was not clear exactly

how Card's work is used. DnVC may have set the damage height equal to Br/15

or just used the average,which is 1.985 ft. DnVC's analysisis appliedto

40,000 DWT tankers.

Becauseit was not clear exactlyhow DnVC calculatedverticaldamage, a

reasonablemethod had to be selected. Becausethe verticaldamage is assumedL

to be constantfor the entire length of the penetration,increasingor

decreasingthe damage height shortensor lengthensthe penetrationfor the

same initialvessel energy. The majorityof Card's data fell in the range of

Br/15 = 0.5 - 1.7; therefore, it was decidedto set the verticaldamage equal
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to the mean at Br/15 = 1.0. This resulted in the verticaldamage for the four

tankers and four barges evaluatedranging from 3.3 ft to 7.1 ft and 1.5 ft to

3.06 ft, respectively.

The actual extent of verticaldamage in a groundingdepends on the ves-

sel velocity,the structuraldesign, the ground surfaceconditions,and the

ground positionwith respectto the vessel bottom, lt is difficultto use

statisticsfrom groundingsoccurringover a wide range of conditionsto accur-

ately determine the verticaldamage caused by a wedged rock that does not

yield.

The equation used for determiningthe verticaldamage height predicts

damage heightswithin the range of those observedfrom past groundings.

28. The damage breadth is 2.5 times the damage height. This is an
assumptionmade by MARPOL.

This is an assumptionalso used by DnVC. This damage breadth is assumed

constantover the entire length of the penetration. The origin of this value

for damage width is unknownto PNL.

29. The damage length is determinedfrom the followingrelationship: Q

Ld = 0.5 ms V2/(93369 Bd tpe + 33422 tpa ) (2.2)

i

where Ld = length of damage in longitudinal direction (m)

Bd = breadth of damage (m)

V = ship's velocity (m/s)

ms = ship's mass (kg)

tpa = actual thickness of bottom plating (mm)
t : equivalent thickness of bottom plating (mm) (accounts for
pe iongitudinal stiffeners and supporting beams and flanges).

The constants in Equation (2.2) have been converted from those used in the

original references (Kohler and Jorgensen 1990; Vaughan 1978) to account for a

change in units.

Equation (2.2) is known as the Vaughan Formula and was used by DnVC to
J

predict damage lengths in cases of grounding, The Vaughan Formula was
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developedfrom an anallysisof the kineticenergy lost during the collisionof

two Ships(Minorsky 19)59).Minorsky'swork developedan empiricalcorrelation

betweenthe resistanceto penetrationand the energy absorbedin a collision.

His work was intendedt,obe used as an aid for ship design. Minorsky's analy-

sis did not develop a r_.lationshlpfor the kineticenergy absorbedby either
,,

the struck or striking shipl it only relatedthe total kineticenergy absorbed

by both vessels.

Vaughan used Minorsky'swork as a basis for relatingthe initial kinetic

energy of a vessel to the_damage sustainedfrom the groundingof the vessel.

Vaughan'sFormulaequates the kineticenergy of the ship with the work

required to deform the ship's structure. The amount of work requiredto pene-

trate the ship's hull is assumedto consistof the work requiredto tear or

fracturethe bottom platingjof the ship and the work requiredto move and bend

the platingand supportingstructureas the ground enters the penetration.

The kineticenergy (Ke) of the ship = 0.5 ms V 2 (2.3)

The work required_topenetratethe hull (W) = CIAs + C2Vol (2.4)

where As : the area of the fracture

Vol = the volume of the platingand supportingstructuremoved

CI = the constant based on the energy functionper unit length
fracturedhull plating

C2 = the constant based on the energy functionper unit volume of
moved and bent (displaced)material.

i

As = Ldtpa (2.5)

Vol = LdBdtpe (2.6)
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Therefore, 0

0.5 msV2 = CiLdBdtpe+ C2Ldtpa (2.7)

The solutionof CI and C2 requiresthe aid of experimentaldata. Experimental

work performedinJapan simulatingactual ships (Akitaand Kitamura 1972) pro-

duced data that allowedVaughan to solve for the necessaryconstants,CI = 352

ton-knot2/m2,mm (93,369N/m.mm),C2 = !26 ton-knot2/m"mm (33,422N/mm). These

constants are only applicableassumingsteel structures.

Vaughan'sanalysis and DnVC's work have recently been comparedto a more

extensiveanalYSiSof ship damage resultingfrom grounding (Wierzbickiet al.

1990). Wierzbicki'sanalysis takes a more detailed look at the variousmodes

of structuralfailureoccurringduring a grounding. The predictionsof this

analysis correlatedwell with Vaughan'sand Minorsky'sempiricalformulas,but

only for specificratios of'the width to damage height (heightof the wedged-

shaped rock).

Wierzbickiet al. (1990)also concludethat by proving the correctness

of Vaughan'smethodnlogy,furthersupportis added to DnVC's study. However,

in Wierzbicki'sanalysis it is pointedout that by assuming a damage breadth

(Bd)equal to 2.5 times the damage height (Assumption27), it appearsDnVC's

analysis underestimatesthe resistingforce of the bottom structureby a fac-

tor of 1.9 (Wierzbicki1990). This almost doubles the predicteddamage

length.

However,DnVC's analysis assumesthe damage height is constantthrough-

out the grounding. Card's (1975) investigationof actualaccidents along with

other data from actual groundingshas shown that the maximumdamage height is

not maintained for the entire length of bottom damage. DnVC's damage height

assumptionclearly tends to reduce the predicteddamage length. Despite the

discrepanciesdiscussed, DnVC's work is still consideredvalid since it was a

comparative study of various ship designs.
i
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Most of the work done to date analyzingship damage has been initiated

to aid in the ,lesignof ships. Previouslymentionedworks have provided use-

ful informationin understandingand predictingvessel damage for design pur-

poses. However, the applicationof the presentmethods is uncertainfor

predictingpenetrationsizes for outflowcalculations.

Presentmethods for making damage estimatesare concernedwith sizes and

extent of structuraldamage. The problemwith using the estimatesof damage

size is that the size of damage is not necessarilycorrelatedto the size of

the penetration. Even if a large portionof a vessel's structurehas been

damaged to the point of havingno structuralintegrity,it may still providea

substantialamount of flow blockage. Leakingmay occur throughnumerous

cracks, but oil outflow is entirelydifferentif the entire damaged area is

void of structuralmaterial. The use of the entire damaged area for the pene.

trationsize should tend to greatly overestimatethe outflow area.

30. After running agroundover the wedge-shapedrock the ship was adrift.

No plugging due to the ground was assumed. In many groundingcases, the

vessel is strandedwith a portion of its hull still restingon the bottom. In

cases such as this, it is not unreasonableto assume the ground may plug as

much as 90% of the outflowarea of a penetration.

2.1.3 Assumptionsfor Cases of Collisions

Assumptions31 through34 apply only to cases of collision.

31. All penetrationswere assumedat the water line.

A penetrationat the water line gives worst-caseresults for oil outflow. A

worst-caseconditionwas defined as one in which the outflow rate of oil is

highestand the largestcumulativeamount of oil is leaked. Only when the

penetrationis at the water line will all of the oil be leaked from a tank

(AssumptionI is assumed). If the bottom of the penetrationis above the

water line, all of the oil below the penetrationwill remain in the tank. If

the top of the penetrationis below the water line_ a column of oil extending

from the height at which hydrostaticbalancingoccurreddown to the top of the

penetrationwill remain in the tank.
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The largest initialflow rate will result for a penetrationwith its

bottom positioned slightlybelowthe water line. The specificdistance

depends on the ratio of the oil and water densities.
,,,

If it is assumedthat a penetrationhas its top above the water line and
l

its bottom below the waterline, the lower the penetrationis positionedthe

smaller the initialoutflowrate. This is becausethe average back pressure

due to the water is ir,creasedwith increasingdepth. The higher the penetra-

ti'onis positioned,the smallerthe outflowrate during water ingestion. This

is becausethe availablepenetrationarea availablefor fluid transfer is

reducedas the height of the penetrationis increased.

The position of the penetrationat the water line does not affect the

oil outflow for small holes (>2 ft2). The significanceof the penetration's

position increaseswith penetrationsize.

For this analysis,the center of the penetrationwas positioned approx-

imately at the water line. This conditionallows for the outflow to be

approximatelya worst-caseconditionwhile at the same time reasonablyassumes

the positionof a penetrationcreated by a Strikingvessel.

32. Penetrationswill be positionedat the longitudinallocationsthat
yield worst-case conditions(i.e.,result in the lar.gestoil out-
flow). A worst-caseconditionis also consideredto be the case
that yields the largestinitial flow rate (referto Assumption 31).

Because all tanks are loaded to the same height,the largest oil outflow

case will also yield the maximuminitialoutflow. Therefore,penetrations

were longitudinallyplaced so that the two adjacenttanks with the largest

cumulativevolume were penetratedwith a single hole. The penetrationswere

centered between the two breachedtanks.

33. Due to a lack of an applicablemethod of determiningpenetration
sizes, outflow calculationswere performedover a range of penetra-
tion sizes.

For tankers, the penetrationsize varied from 0.5 to 72 ft2. For barges,

the penetrationsize varied from 0.5 to 8 ft2. The range of penetrationsizes

appliedto barges was smallerdue to the smallersize of the barges. Barge

penetrationsizes could not be increasedwithoutneglectingAssumption 18.
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If a method had been found for predicting actual collision damage for

the struck vessel, it would be difficult to determine for what general condi-

tions the analysis should be performed. Parameters to be determined include

striking vessel speed, bow shape, bow strength, mass, and draft.

34. All penetrations had a height-to-length ratio equal to 2.
/

This ratio was selected for a reasonable ratio that might be produced

when a V-bowed vessel collided with a tanker. This assumption assumes the

struck tanker has no velocity and that the velocity of the striking ship is

perpendicularto the struck tanker.

2.2 DATA SOURCES.

Most of the informationregardingship damage resultingfrom accidents

came from technicalliterature. Telephoneconversationswere held with sev-

eral individualsof DnVC. The methodologyused for determiningdamage sizes

in the case of groundingswas taken from previous work done by DnVC (see

Section 2.1.1).

For collisions,very little information,which was applicableto this

study,was found in the literature. Therefore, informationfrom individuals

within the industrywas used to help determinethe range of penetrationsizes

to be evaluatedin the study.

The methodsused in modeling the oil outflowcame from basic fluid dyna-

mics and work done by FranklinT. Dodge (Dodgeet al. 1980).

The most difficult informationto obtain was that regardingactual

tanker designs and specifications. Most of the individualscontactedregarded

this informationas propr.ietaryand hence declined to providethe information

to PNL. Sincere appreciationis given to the MaritimeAdministration'sDivi-

sion of Naval Architecturein assistingto make this,informationavailable.

The four tanker designs used for the analysisare ships that were either built

or renovatedfor the United States Government. The tanker sizes were selected

to cover the range of tanker sizes for which data were available. The speci-

fic tankers chosen were selected because all of the necessary data were
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obtained. The four tankers evaluatedwere of the followingsizes" 34,000

,DWT; 89 700 DWT; 225,000DWT; and _ _0_0 DWT. Schematicsof the four tankers

are shown in Figures 2.1 through 2.4.

The barge designs used in the analysiswere provided to PNL by private

shipping companiesoperating in the Gulf region and on the west coast. The

specific barge designsevaluatedwere selectedthe same as those for the

tankers. The four barge designs evaluatedconsisted of the followingsizes:

628 GT; 1,182 GT; 1,769 GT; and 2,713 GT. The first three barge sizes listed

are those of inlandwaterway vessels. The last barge listed is that of an

oceangoing barge. Two cases were evaluatedfor the 2,713 GT barge. The

amount of cargo that this design can carry depends on its certificationdate.

Those barges that have been grandfatheredcan carry cargo in all 15 cargo

tanks. Barges built after the regulationmustnot carry cargo in the three

bow tanks. (The exact date of the grandfatherclause was not obtained).

Schematicsof the four barges evaluatedare shown in Figures2.5 through 2.8.
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2.3 COMPUTATIONALMETHOD

The cumulative oil outflow and the oil outflow rate from the penetrated

tanks were determined by computing the transient conditions of the oil within

the tank. This was accomplished by balancing the mass and energy of the tank

throughout the transient event. The assumptions described in Section 2.1 were

appl i ed.

Oil outflow is dependent on the pressure difference across the penetra-

tion. The initial outflow of oil is caused by the difference in hydrostatic

pressure between the oil inside the tank and water or air outside the tank.

If the bottom of the penetration is below the water line, than water ingestion

will occur when the pressure difference across the penetration approaches

zero. The water ingestion is due to the buoyancy of oil in water. Water

ingestion will be completed when the water level in the tank reaches the top

of the penetration if the penetration is completely submerged, or the outside

water level if the penetration is only partially submerged.

In the case of grounding, water ingestion will not occur. If the bottom

penetration is assumed level, then there is no path for the oil to rise to thetop. In this case, oil outflow will cease when hydrostatic balancing is

achieved and the pressure difference across the penetration is zero. Only the

outflow of oil was a concern in this study; water inflow was not calculated.

Depending on initial conditions, it is possible for the water to flow into the

tank when the pressure outside the penetration exceeds the inside pressure.

In this study, such an event would simply result in no oil outflow.

To generate the time-dependent curves of the oil outflow and oil outflow

rate, a fortran program was written and run on a Sun Sparc-2 work station.

The program produced a detailed output file, a one-page summary of the output

file, and a plot of the cumulative oil volume lost and oil outflow rate with

respect to time. The plot was generated utilizing the UNIRASTM graphics

package.

In the case of grounding, the program calculates the penetration size

and determines the outflow area in each of the penetrated tanks. In the case

2.23



of collision, the total penetration size is input and the program determines

the outflow area in each of the penetrated tanks.
,

The time step is determined from an input value for the maximumfraction

of the tank's volume that is allowed to be discharged in a single time step

and from the initial mass flow rate calculated. The maximumallowable volume

is divided by the initial flow rate. This initial time step is then held con-

stant throughout the calculation. The time step could be optimized, but it

was not necessary. The sensitivity of the results with respect to the time

step was evaluated, lt was found that maximumvolume fractions less than

0.002 showed negligible differences in the results. These results assume that

the effects of the relief valve are ignored. The mass flow of air into the

tank is much more sensitive to the size of the time step. Therefore, a

smaller time step was applied to gas flows.

Water ingestion was assumed to commencewhen the pressure difference

across the penetration was equal to one hundredth of the atmospheric pressure.

This driving force for water ingestion was 'assumed to allow for a simple

numerical solution of the problem and comes from previous experimental work on

the subject (Dodge et al. 1980). During the numerical solution of the prob- Q
lem, all parameters were assumed constant throughout an entire time step. A

quasi-equilibrium was assumed in which water enters the tank lifting the oil,

increasing the hydrostatic head of the oil, and thus increasing the pressure

difference across the penetration. In response to the increased pressure dif-

ference, oil flows out of the tank.

The same method of calculating oil outflow was employed by Ross Environ-

mental Research LTD of Canada in their study of self-help countermeasures for

Arctic tankers (Ross 1983) Results from the calculations used in this study

agreed with those from the Ross study for similar c_ses.

The pressure difference across the penetration was calculated at the

center of the penetration. To allow for larger penetration sizes, the program

adjusted the assumed penetration size when the outflow area was reduced, such

as when th_ oil level fell below the top of the penetration.
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Calculations were only performed for side penetrations at the water

line. The program is capable of positioning the penetration at any elevation;

however, the program does not include an air ingestion model.

2.4 RESULTS

The following two sections present the results of the outflow calcula-

tions and discuss the qualitative effects of the relief valve venting. The '

results presented in this section have been summarized for all eight vessels

evaluated. Results for individual vessels are included in Appendix A

2.4.1 Groundinq

Figure 2.9 shows an example of the curves generated by this study. The

dotted-lined curve plots the oil outflow rate. The flow rate declines rapidly

as the void pressure decreases assuming ideal gas behavior. The void pressure

reaches atmospheric pressure and the void space is assumed vented to the atmo-

sphere with no limitations on the air inflow rate. The flow rate declines

linearly until the two tanks with penetrations running their entire length

become hydrostatically balanced. The flow rate continues to decline until the

final cargo tank, with a smaller penetration in the bottom, is hydrostatically

balanced. The solid line plots the cumulative oil outflow with respect to

time. Similar plots With corresponding tables for each vessel evaluated can

be found in Appendix A. However, if no oil leaked, there is no outflow plot.

Calculations for cases of grounding were performed for all eight ves-

sels. Each vessel was evaluated for a low- and a high-energy grounding.

Table 2.1 presents the results for groundings of tankers. The results show

that no cargo tanks were penetrated for the low-energy cases of the 34,000 and

89,700 DWTtankers while the high-energy case resulted in penetrated cargo

tanks for all the tankers.

The number of tanks penetrated depends not only on the energy dissipated

during the grounding but also on the configuration of the tanks. A vessel

could have three tanks penetrated and still sustain half the damage of another

with only one tank penetrated. A better comparison of damage is found by com-

paring damage areas. The damagewidths and lengths can be obtained from the
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Vessel Velocity = 10.0 knots Damage Length = 293.73 It,

3 Tanks penetrated Damage Width = 17.95 ft. U
Fraction of Penetration. Plugged by Reef = 0.00
Cumulative Oil Volume in Penetrated tank(s) = 17302738.0 gal.

Total OIIVolume Leaked from Vessel = 870984,2 gal.
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FIGURE2.9. Outflow Plot for Individual High-Energy Case of Vessel Grounding
for 262,000 DWTTanker

individual plots of each case found in Appendix A. Since this study was only

interested in oil outflow, damage length refers to the length of damage in the

penetrated tanks and does not account for damage to any bow ballast tanks.

However, the energy absorbed by these tanks is accounted for in the calcula-

tion of the damage length.

The penetration areas estimated in this study are quite large. They are

also assumed free of any obstructions that would reduce the flow (see Sec-

tion 2.1.1). This is the reason for the very short times required for hydro-

static balancing to be achieved. The effects of no blockage can be
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compensated for by assuming a certain fraction of the flow area is plugged.

The outflow time is inversely proportional to the area of the penetration

(i.e., reducing the penetration size by 90% increases the outflow time by a

factor of I0).

Very little data are available on actual penetration sizes resulting

from grounding or collision. Sol,le idea of penetration size was obtained

through discussions with individuals in the industry. For instance, one of

the most catastrophic tanker groundings to date resulted in a conservative

estimate of the sum of the ship's penetration areas being approximately

1,000 ftz; its damaged areas were considerably larger, lt was also stated

that the largest of these holes, of which there were several, was approx-

imately 120 ft 2. For a similar size ship, moving at approximately the same

speed, assuming a design similar to the vessels evaluated in this study, the

model predicted a penetration area of 7,500 ft 2. In comparing these values,

it should be noted that the model estimates damage assuming no longitudinal

bulkheads absorb any energy.

While the predicted penetration sizes and thus the estimated outflow

times are questionable, these parameters are independent of the estimation of

the total cargo volume lost. The percent of cargo lost in the Table 2.1

refers to the percentage of the total cargo contained in the penetrated tanks.

The percentage of cargo lost is also independent of the number of tanks pene-

trated as long as one tank is penetrated. The driving force for oil outflow

in the case of grounding is entirely due to the difference in hydrostatic

pressure between the oil and water. Since all of the tanks are loaded to the

same height, hydrostatic balancing in each tank will occur when the oil

reaches the same level. The size of the penetration has no effect on the vol-

ume of.oil that will leak from a single tank. lt only determines the time

required for outflow and the number of tanks that are penetrated.

lt is worth noting that the time required for hydrostatic balancing to

be achieved is somewhat independent of the penetration size. As the penetra-

tion size in a single tank increases, the time required for hydrostatic bal-

- ancing will be reduced. However, this does not continually hold for multiple

tanks. An example of this can be seen in Table 2.1 for the case of the
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22,500 DWT tanker. In the lower-:energycase, one tank is penetrated. In the

high-energycase, the penetrationis larger and threetanks are penetrated.

However, it takes 8.5 times longer,194 secondscomparedto 23 seconds, for

hydrostaticbalancingto occur in the high-energycase. The outflow time is

dictated by the size of the penetrationin the tank with only a fraction of

its length penetrated. Given two differentsize holes that penetratemultiple

tanks, the penetrationthat resultsin the smallestpenetrationto a single

tank relativeto the single tank's cross-sectionalarea will yield the longest

outflowtime.

Table 2.2 shows the results obtainedfor the barges evaluated. The same

resultswith respectto penetrationsizes were obtained for barges as were

obtained for tankers. The amount of damage sustainedin terms of the number

of tanks penetratedwas less for the barges than for the tankers. Only the

grandfatheredcase of the 2,713 GT barge had cargo tanks penetratedduring the

low-energycollision. No more than one tank was penetratedunder any of the

conditionsevaluated,and the 2,713 GT (notgrandfathered)barge never had a

cargo tank penetrated. The reduceddamage can be contributedto severalfac-

tors. All of the bargesexcept for the grandfathered2,713 GT have forward

rakes. The length of these rakes allow for a good deal of energy to be

absorbedbefore the cargo tanks are reached. Anotherfactor contributingto

the reduceddamage is the reducedmass with respectto cargo. A barge con-

tains no engines, crew, or supportingfacilities;therefore,a larger percen-

tage of its total mass is made up of cargo. This reducedmass with respect to

the size of the vessel results in the barge having less kineticenergy at the

time of grounding.

The smallertwo barges resulted in no carqo being lost even when cargo

tanks were penetrated. This is becausethe cargo tanks were loaded to a level

that resulted in the hydrostaticpressureof the water at the bottom of the

barge being greater than the hydrostaticpressureinside the tank. In such a

case, the tanks are referredto as being hydrostaticallybalanced. The barges

that did lose cargo lost cargo percentagessimilarto those of the tankers.
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The relief valves found on tankerswere not modeled;some calculations

were performed assuminga specific relief valve (referto Assumption 18) so

that the qualitativeeffectsof modeling the relief valve could be observed.

The inclusionof the venting model to the tanker groundingcases had a

large impact on the outflowtimes. The outflow time increasedanywhere from 2

to 30 times as long. The main reason for the large differencewas due to the

size of the hole. The large hole size resultsin an extremelyhigh'initial

flow rate of oil. The change in volume within the tank is much too large for

the relief valve to compensate;therefore,the pressureof the void space is

reduced rapidly,and the oil outflow becomesdependenton the inflowof air
i

through the relief valve. If the penetrationsize is reducedby assuming

blockage,the effects of the relief valve are greatlyreduced.

The relief valve does reduce the amount of oil leaked from the cargo

tank in the case of grounding. The lower the valve thresholdpressure the

lower the amountof oil released. The lower void pressure reducesthe

hydrostaticpressureof the oil at the penetrationand allows a higher column

of oil to exist when hydrostaticbalancingis achieved. In most cases, a

thresholdpressureof -0.25 psig resulted in 10% to 15% less oil being

reduced.

The actual penetrationsizes calculatedusing the-DnVCmethod are asso-

ciated with a lot of uncertainty. The resultsdo predictthe amount of oil

that may be leaked in the case of grounding. The groundingresultsalso show

which vessels are less likely to result in cargo spillage in the event of a

grounding.

2.4.2 Collision

The plots of collisionresultsfor individualscases are similarto

those found in Figure 2.9. This sectioncontainsthe overall resultsobtained

from the parametricstudy with respectto penetrationsize. Plots and corre-

sponding tables for penetrationsizes of 2, 8, and 50 ft2 for each tanker are

included in AppendixA. The same plots are includedin AppendixA for barges

with penetrationsizes of 0.5, 2, and 8 ft2.
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For the tankers,calculationswere performedfor penetrationsizes rang-

ing from 2 ft2 to 72 ft2. The results are presentedin Figures2.10 through

2.13 and Tables 2.3 through 2.6. Each plot relatesthe outflowtime to the

penetrationsize for a specificpercentageof cargo lost from the penetrated

tanks. The penetrationsize in each plot still refers to the total penetra-

tion size. The actual penetrationarea in each tank is half of this value.

The summationof the results in this form was done to aid in using the results

if additionalpenetrationsize data should become availablein the future.

The plots allow outflowtimes to be predictedfor a given quantityof oil and

a specifiedpenetrationarea. Estimationsof allowabledamage can also be

determined if a specifiedtime limit is given to save a correspondingamount

of oil.

Tables 2.3 through 2.6 correspondto Figures2.10 through 2.13, respec-

tively. Each table lists the points used to generate the plots. The rapid

dischargeof the first 20% of oil in the penetratedtanks is the result of the

hydrostatichead present in the tank initially. By the time 30% of the oil in

the penetrated tanks has been discharged,oil outflow is the result of water

ingestion. The driving force behind the water ingestionis much less than the

initialdriving force.

Figures2.14 through2.17 and Tables 2.7 through2.10 show the results

obtained for barges. As with the tankers,Tables 2.7 through 2.10 correspond

to Figures 2.14 through 2.17, respectively. A significantdifferencefound

with some of the barges is that the first 20% is not lost as quicklywhen com-

pared to the total outflow time. This is becausesome of the barges are

hydrostaticallyloaded;therefore,the initialhydrostaticpressurefound at

the water line is less comparedto that of tanker loads. This means water

ingestionoccurs after a smallerpercentageof cargo has leaked.

Table 2.11 lists the frequencyof hole occurrencefor six penetration

size ranges. Data relatedto actual penetrationand frequencyof occurrence

were found to be scarce. The actual source of data used to develop this dis-

tributionis based on unpublisheddata providedto PNL by the Coast Guard.

Table 2.11 shows that 55% of the penetrationsare less than 5 ft2. These

statisticaldata are very useful in helpingto determinerangesof times
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Tanker Size: 34000 DWT Penetration Centered on Waterline
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FIGURE 2.10. Plots of Outflow Time vs. PenetrationArea for a
34,000 DWT Tanker in the Case of Collision (with the
penetrationon the waterline)

TABLE 2.3. CalculatedOutflowTime for a 34,000 DWT Tanker in the
Case of Collision (with penetrationon the waterline)

Percentaqeof Carqo Lost from
PenetratedTaDKsla)

i0%(D) 20%1cj 30%Lai 50%(e)
PenetrationArea (ftz) (min) (min) (min) (min)

0.500 23.0 60.0 194 781
1.000 11.6 29.9 96.6 382
2.000 5.77 14.9 53.I 224
3.000 3.85 10.0 38.0 170
4.500 2.6 6.7 24.6 105
6.000 1.94 5.0 19.3 85.0
8.000 1.44 3.76 14.6 64.0

(a) Total Volume of Oil in PenetratedTanks: 825,000 gal
(b) 10% = 82,550 gal
(c) 20% = 165,100gal
(d) 30% = 247,650 gal
(e) 50% = 412,750 gal
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Tanker Size: 89700 Penetration Centered on Waterline
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FIGURE 2,11. Plot of Outflow Time vs. PenetrationArea for a
89,700 DWT Tanker in the Case of Collision (with
penetrationon the waterline)

TABLE 2.4. CalculatedOutflowTime for a 89,700 DIJTTanker in the
Case of Collision (with penetrationon the waterline)

Percentaqeof Carqo Los_)from
PenetratedTaDKs

I0%(b) 20%(c) 30Yo_ 50%1e)
PenetrationArea (ftz) Cmin) (min) (min) (min)

0.500 84.6 224 1,158 3,228
2.000 21 55.9 375 1,096
4.000 9.3 25 157 450
8.000 5.3 14 95 276
12.500 3.4 9.1 64 187
18.000 2.3 6.3 47 141
24.500 1.7 4.6 35 102
32.000 1.3 3.6 27 83
40.500 1.0 2.8 22 67
50.000 0.85 2.3 18 54
72.000 0.59 1.6 13 38

(a) Total Volume of Oil in Pene- (c) 20% = 599,000gal
trated Tanks: 2,995,000gal (d) 30% = 898,500gal

(b) 10% = 299,500gal (e) 50% = ],497,500gal.
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Tanker Size: 225000 Penetration Centered on Waterline
8O

Total Volume of Oil In Penetrated Tanks: 8452000 gal.

[_ Percentage of Cargo Lost

from Penetrated Tanks
• 10%,, 826200gal.60

t._ O 20%,, 1652400gal.vk

|

B

O
0 in, i • i , , i •

! ! U

o 20 40 60 80

Penetration Area (U- zt,)

FIGURE 2.12. Plot of OutflowTime vs. PenetrationArea for a
225,000 DWTTanker in the Case of Collision (with
penetration on the waterline)

TABLE 2.5. CalculatedOutflow Time for a 225,000DWT Tanker in the
Case of Collision (with penetrationon the waterline)

Percentaqeof Carqo LOS_a)from
PenetratedTaDks

i0%(b) 20%(c) 30%taj 50% (e)

PenetrationArea {ftz) (min) (min) (min) (min)
0.500 195.8 521 3,056 8,773
2.000 48.9 130 934 2,763
4.000 21.7 58 430 1,275
8.000 12.2 33 260 777
12.500 7.8 21 174 522
18.000 5.4 14.5 124 375
24.500 4.0 11 94 284
32.000 3.0 8.2 73 222
40.500 2.4 6.5 59 178
50.000 1.95 5.3 48 146
72.000 1.4 3.7 34 104

(a) Total Volume of Oil in Pene- (c) 20% = 1,652,400gal
trated Tanks: 8,262,000gal (d) 30% = 2,478,600gal

(b) 10% = 826,200 gal (e) 50% = 4,131,000gal.

e 2.35



Tanker Size: 262000 DWT Penetration Cmntered on Weterllr,,J
1O0

_ Total Volume of 011 in Penetrated Tanks: 7317000 gal.
\ Percentage o! Cargo Lost

___ from Penetrated Tanks
80 _. A 10%. 731700gal.
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FIGURE 2.13. Plot of OutflowTime vs. PenetrationArea For a
262,000DWT Tanker in the Case of Collision(with
penetrationon the waterline)

TABLE 2.6. CalculatedOutflowTime for a 262,000DWT Tanker in the
Case of Collision (with penetrationon the waterline)

Percentaqeof Cargo Los_)fromPenetratedTanksla
1'0%(D) 20%(c) 30%(0) 50%(e)

PenetrationArea (ftz) (min) _ (min) (min)
0.500 187 600 3,223 8,484
2.000 47 152 907 2,419
4.000 21 90 561 1,504
8.000 12 39 274 745
12.500 7.4 25 184 501
18.000 5.2 17 131 357
24.500 3.8 13 98 270
32.000 2.9 9.9 77 211
40.500 2.3 7.8 62 169
50.000 1.9 6.3 50 138
72.000 1.3 4.4 36 98

(a) Total Volume of Oil in Pene- (c) 20% = 1,463,400gal
trated Tanks: 7,317,000gal (d) 30% = 2,195,100gal

(b) 10% = 731,700gal (e) 50% = 3,658,500gal.
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Barge Size: 628 GT Penetration Centered on Waterline
60

Total Volume of OII in Penetrated Tanks: 135300 gel.

Percentage of Cargo Lost
from Penetrated Tanks
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FIGURE 2.14. Plot of Outflow Time vs. PenetrationArea for a

628 GT Barge (withpenetration on the waterline)

TABLE 2.7. CalculatedOutflowTime for a 628 GT Barge'inthe Case
of Collision (with penetrationon the waterline)

Percentaqeof Carqo Los_k)from_a
Pe,nctratedTaDks

I0% (b) 20%_c_ 30%1a) •50%(e)
PenetrationArea (ft2) (min) _ __min)

0.500 47 93 140 234
1.000 23 47 70 117
2.000 14 28 43 71
3.000 9.9 20 30 50
4.000 7.2 14 21 36
6.000 4.6 9.2 14 23
8.000 3.4 6.7 10 17
10.000 2.6 5.3 8.0 13

(a) Total Volume of Oil in Pene- (c) 20% = 27,060gal
tratedTanks" 135,300gal (d) 30% = 40,590gal

(b) 10% = 13,530gal (e) 50% = 67,650 gal.
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Barge Size: 1182 GT Penetration Centered on Waterline
80

Total Volume of OII In Penetrated Tenke: 214200 gal.

Percentage of Cargo Lost
from Penetrated Tanks

& 10%-21420gal,

60 0 20%. 42840gal,

[] 30%. 64260gal.
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FIGURE 2.15. Plot of Outflow Time vs. PenetrationArea for a
1,182 GT Barge (with penetrationon the waterline)

TABLE 2.8. CalculatedOutflow Time for a 1,182 GT Barge in the Case
of Collision (with penetrationon the waterline)

Percentaqe of Cargo Loslt)fromPenetrated TaDKsta
I0%(D) 20%(c) 30%Laj 50% (e)

Penetration Area (ft.!.) (min). _ (min) (min)
0.500 54 128 202 351
I .000 30 71 112 194
2.000 16 37 59 102
3.000 11 26 41 71
4.000 9.2 22 35 60
6°000 6.4 15 25 43
8.000 4.9 12 18 32

10.000 4.0 9.8 16 27

(a) Total Volume of Oil in Pene- (c) 20%: 42,840 gal
trated Tanks: 214,200 gal (d) 30%= 64,260 gal

(b) 10%= 21,420 gal (e) 50%= 107,100 gal.
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Barge Size: 1769 GT Penetration Centered on Waterline
6O

Total Volume of 011 in Penetrated Tanks: 259200 gal.

Percentage of Cargo Loet

50 _ from Penetrated Tanks

• 10%. 25920 gal,
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FIGURE 2.16. Plot of OutflowTime vs. PenetrationArea for a

O 1,769 GT Barge (with penetrationon the waterline)

TABLE 2.9. CalculatedOutflowTime for a 1,769 GT Barge in the Case
of Collision(with penetrationon the waterline)

Percentage of Carqo .,LOS_a)fromPenetrated TaDks
i_0%(b) 20%_c) 30%taj 50%(e)

PenetrationArea (ft2) _ (min) (min) (min)
0.500 16 50 139 318
1.000 8.2 26 75 175
2.000 4.2 13 39 91
3.000 2.8 9.2 27 63
4.000 2.0 7.0 22 53
6.000 1.4 4.7 16 38
8.000 1.0 3.6 12 28
10.000 0.85 2.9 9.9 24

(a) Total Volume of Oil in Pene- (c) 20% = 51,840 gal
trated Tanks: 259,200gal (d) 30% = 77,760 gal

(b) 10% = ?5,920 gal (e) 50% = 129,600gal.
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Barge Size: 2713 GT Penetration Centered on Waterline
40 Total Volume of Oil Irl Penetrated Tanks : 306000 gal.

Percentage of Cargo Lost
from Penetrated Tanks

• 10%- 30600get.
0 20%, 61200gal.

30 I-1 30%- 91800gal.
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FIGURE2,17... Plot of Outflow Time vs. Penetration Area for a
2,713 GT Barge (with penetration on the waterline)

TABLE 2.10. CalculatedOutflowTime for a 2,713 GT Barge in the Case
of Collision (with penetrationon the waterline)

Percentaqeof Cargo LOS_a)from
PenetratedTaDKs

_0%(D) 20%(c) 30%_o_ 50%(e)-
PenetrationArea (ft2) (min) (min) _._._ (min)

O.500 16 38 122 333
1.000 7.8 19 62 170
2.000 3.9 9.4 35 99
3.000 2.6 6.3 24 69
4.000 2.0 4.7 18 53
6.000 1.3 3.2 13 38
8.000 1.0 2.4 9.7 28
10.000 0.8 1.9 7.8 23

(a) Total Volume of Oil in Pene- (c) 20% = 61,200gal
trated Tanks" 306,000gal (d) 30% = 91,800gal

(b) 10% = 30,600 gal (e) 50% = 153,000gal.
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available in deploying self-help methods, lt must be emphasized that the out-

flow predictions obtained from the parametric study of penetration size are

best utilized in conjunction with either statistical data or some method of

predicting penetration size. Despite the short outflow times estimated for

some penetration sizes, Table 2.11 shows the probability of actually obtaining

these very short times is low.

Due to insufficient data, relief valves were not modeled for cases of

collision. Calculations were performed so that the qualitative effects of

reiief valves could be observed for both cases of independently vented tanks

and manifolded tanks. Relief valves help to lower the hydrostatic head of the

oil by reducing the gas pressure in the cargo tank's void space. Therefore,

the effects of the relief valve should only be observed prior to water

ingestion.

For this study, the initial flow rate will be the same regardless of the

relief valve because all tanks are assumed pressurized to 2 psig; therefore,

the same initial hydrostatic pressure at the penetration is present for all

relief valve scenarios. As oil leaks from a cargo tank, the void pressure of

the tank is reduced. Whenthe void pressure reaches the relief valve's mini-

mumthreshold pressure, the valve opens. The lower the threshold pressure the

lower the hydrostatic pressure of the tank.

Once the valve is open, outside air will enter the tank until the thres-

hold pressure is reached again, at which time the valve will close. The air

will not necessarily flow into the tank at the same volume flow rate as the

fluid flows out of the tank. This factor partially depends on the size of the

penetration with respect to the size of the relief valve flow area and the

pressure drop across the valve. The larger the penetration the harder it is

for the air flow to maintain the void pressure. In some cases the void pres-

sure will continue to drop even though the valve is open.

If the void pressure drops far enough, the pressure difference across

the penetration may approach zero even though the oil level is still above

that required for hydrostatic balancing. As the pressure difference

approaches zero, water ingestion may begin. The lower flow rate of oil, due

to water ingestion, or the reduction in hydrostatic head, allows the air flow
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through the valve to increase the void pressure, Eventually, the threshold

pressure of the valve will be reached and the valve will close. In some

instances the outflow may oscillate between, or be due to both, water inges-

tion and hydrostatic balancing until steady water ingestion commences.

Table 2.12 shows the results of calculations performed for the

89,700 DWTtanker for three different relief valve conditions for independ-

ently vented tanks. The venting conditions that neglect the relief valve

assume the same conditions used to calculate all the results in this study.

The void space is assumed initially pressurized at 2 psig. When the void

pressure drops to atmospheric pressure, the relief valve is assumed open and

no restrictions on the air inflow exists. The second and third cases model

the valve according to Assumption 18. Only the threshold pressure is dif-

ferent between these two cases.

The values calculated for Table 2.12 are only meant for qualitative pur-

poses. The actual design of the relief valves on the 89,700 DWTare unknown.

As expected, the differences in outflow time occur in the range of hydrostatic

balancing. Differences 'in the outflow times for 30% and 90% of the cargo are

just constant lag times carried over from the delays created during hydro-

static balancing.

Little difference is seen for the times required to leak the first 10%

of the oil. This lack of significant difference is because the initial flow

rate is the same for all three cases, and no difference in the flow rate

occurs until the void pressure reaches atmospheric pressure.

lt is during the time between the leaking of 10% and 30% of the cargo

that the most significant differences are found in the results for the modeled

relief valve. Despite the fact that for some cases the relative time differ-

ences are significant, there are no large real-time differences, lt is real

time that is a factor in evaluating self-help methods.

Table 2.13 shows the results of calculations performed assuming all of

the tank void spaces are manifolded together. Much of the discussion regard-

ing the results presented in Table 2.12 is also applicable to Table 2.13.

Very little difference is seen between the results of the two tables for
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TABLE 2.11. Distributionof PenetrationSizes in Actual Accidents

Penetration Frequencyof
Area (ft2) Hole Occurrence (%)

< I 40.8
1-2 4.1
2-3 3.2
3-5 6.7
5-10 12.9
10-100 32.3

TABLE 2.12. QualitativeEffectsof Venting _)a_Oil OutflowTime for
IndividuallyVented Cargo Tanks

% of Cargo

Leaked from Penetrate)dTanksPenetration 10%_D) 20%(c) 30%( - 90% (e)

Ventinq Conditions Area (ft2), (min) (min) (min) mLmj_n__
Relief valve not modeled 2 21 57 292 1846

= 8 5.3 14 75 463
PThresh PAtm 50 0.9 2.5 13 75

Relief valve 2 21 60 314 1868
Cn = 0.8 8 5.5 16 81 469
ameter = 10 inches 50 1.3 4.6 15 77

PThresh = -0.25 psig

Relief valve 2 22 80 338 1892
co: 0.8 8 s.7 22 87 475

ameter = 10 inches 50 1.3 5.3 16 78

PThresh : - O. 5 ps i g

(a) This is for a 89,700 DWTTanker in the case of collision with
penetration on the waterline. The initial void pressure is 2 psig.

(b) 10%= .299,500 gal
(c) 20% = 599,000 gal
(d) 30% = 898,500 gal
(e) 90% = 2,695,500 gal.
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TABLE 2.13 Qualitative Effects of Venting ona_il Outflow Time for
Tanks with Manifolded Void Spaces(

% of Cargo
Leaked from Penetrated Tanks

Penetration 10%(b) 20%(c) 30%(a) 90_o(e)

Ventinq Conditions Area (ft____ _ _ _
Relief valve 2 21 62 316 1870
C_ = 0.8 8 5.5 16 81 469
ameter = 10 inches 50 Io5 6.7 17 79

PThresh= -0.25 psig
2 22 83 341 1895

Relief valve 8 5.7 23 87 476
C_ = 0.8 50 1.5 6.9 17 79
D_ameter = i0 inches

PThresh= -0.5 psig

(a) This is for a 89,700 DWT Tanker in the case of collisionwith
penetrationon the waterline. The initialvoid pressure is 2 psig.

(b) 10% = 299,500gal
(c) 20% = 599,000gal
(d) 30% = 898,500 gal
(e) 90% = 2,695,500gal.

similarrelief valve conditions. One might expect the manifoldedvoid spaces

to yield smalleroutflowtimes due to the increasedvolume of cover gas ini-

tially at 2 psig. However, the tank vent leadingto the manifold creates a

large enough pressuredrop to negate the effectsof the increasedpressurized

volume as a driving force. The flow resistanceof the tank vent results in

conditions similarto that of a tank with an independentrelief valve.

Although the manifold system used in the calculationswas not designed

specificallyfor the 89,700 DWT, it is similarto systems aboard other vessels

and complieswith 46 CFR Part 32, Sections 32.55-20and 32.55-25.

2.5 CONCLUSIONS

The outflowcalculationsprovide relationshipsbetweenpenetrationsize

and time-dependentoutflowand informationto aid in determiningthe

requirementsof self-helpmethods.

In the case of groundings,the outflowtimes are extremely short due to

overly conservativemethodsof predictingpenetrationsizes. The outflow
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analysis clearly demonstrates the importance of distinguishing between damage

size and penetration size. The cumulative oil outflows calculated do provide

good estimates of the quantity of oil released in the event of a grounding.

The results of the collision analysis yields useful relationships

between penetration size and oil outflow that can be used with present or

future statistical studies of penetration sizes. These relationships along

with statistical data allow the prediction of outflows associated with small,

medium, and catastrophic accidents.

The outflow times calculated for collisions are conservative but realis-

tic. The assumptions tend to use realistic parameters that yield conservative

results, but no factors of safety were included in the modeling.

Modeling of the relief valve venting would further reduce conservatism.

Preliminary analyses show that predicted flow rates are conservative but

comparable to those obtained assuming various relief valve configurations.
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3.0 ENVIRONMENTALLIMITATIONS FOR SELF-HELPCOUNTERMEASURES

This section discusses typical environmental conditions that might limit

the effectiveness of self-help countermeasures to control the spread of oil

from tanker or tank barge spills. The section describes general physical

parameters and environmental scenarios representing typical conditions encoun-

tered along tanker routes and near oil terminals in U.S. waters. These sce-

narios were developed for the analysis performed in Section 5.0.

Because the effectiveness of self-help countermeasures are location and

situation specific, U.S. navigable waters are divided into nine zones that

include the estuaries where major oil terminals are located, offshore waters

from Demarcation Bay in the Alaskan Beaufort Sea to the Gulf of Maine, the

great lakes, and intracoastal weterways (see Section 3.2.3).

The environmental conditions for tankers and tank barges in each zone

are identical. The differences between the operational and safety character-

istics of tankers and tank barges are explained in detail elsewhere in this

report. In summary, the main differences are: I) barges cannot maneuver

without a towing/pushing vessel, 2) they have less freeboard than most tankers

working offshore waters, and 3) barges carry limited auxiliary equipment for

handling topside or over-the-side gear.

3.1 COUNTERMEASURETYPES

Table 3.1 lists 45 countermeasures proposed to the U.S. Coast Guard

Research and Development Center subsequent to the EXXONValdez spill in 1989.

These proposals were divided into six generic types and were given names to

identify them in this report. General descriptions of the generic types and

the environmental conditions that might reduce their effectiveness are given

below. Figure 3.1 is a graphic representation of these countermeasures.

Booms are flexible or segmented barriers for containing and limiting the

spread of oil slicks. They have flotation at the top and are weighted at the

boLtom so they will remain vertical when deployed. Spilled oil trapped by a

boom can be pumped into empty onboard or external tankage. Twenty of the 46
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TABLE3.1. Self-Help Countermeasures Proposed to the Coast Guard
Research and Development Center 1989-1991

Prop PNL
No. Classification Comments

I Boom Boom encircles tanker, skimmers remove oil

4 Boom Place absorbent material into ruptured tank &
deploy boom

12 Boom Booms, internal & external. Pumps & bladders

14 Boom Curtain dropped from deck & fastened to deck edge

15 Boom Encircling boom tethered to tanker

17 Boom Boomtethered to deck

18 Boom Enci rcl ing boom

21 Boom Encircl ing boom/envelope

23 Boom Tethered boom

25 Boom Encircl ing boom

28 Boom Tethered encircling boom

29 Boom Boom deployed by a small boat
32 Boom Boom & onboardskimmer

33 Boom Boom

34 Boom Tethered boom

36 Boom Encircling boom

41 Boom Booms

42 Boom Booms

44 Boom Encircling boom

45 Boom Encircling boom

3 Envelope Booms deployed by lifeboats& ocean surfacepumps
used to pick up spilledoil

9 Envelope Boom (w/o verticalextension)tethered to tanker

11 Envelope Externallining envelopingtanker

22 Envelope N/A

31 Envelope Encirclingboom

13 Skirt Curtaindropped from deck & fastenedto deck edge
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TABLE 3.i. (contd)

Prop PNL
No. Classification Comments

26 Skirt Skirt

5 Bladder Pump oil from rupturedtank into external bladder
so net flow is into tank

6 Bladder Pump oil from rupturedtank into external bladder

16 Bladder Pump oil out of rupturedcontainerso that net
flow is into tank. Pumpedoil is stored
internallyor externally

20 Bladder Oil transferredto other on deck tank or external
bladder

19 Patch with Pump attached to outsideof tanker rupture
Plumb

2 Liner Hull liner

10 Liner Hull design with trailingskimmer

40 Adsorbent Absorbentmaterial used to immobilizeoil

7 Unclassified N/A

8 Unclassified Not sufficientlydescribed

24 unclassified N/A

27 Unclassified N/A

30 Unclassified N/A

35 Unclassified Not sufficientlydescribed

37 Unclassified Not sufficientlydescribed

38 Unclassified Boom

39 Unclassified Not sufficientlydescribed

43 Unclassified Pumps & bladderssuppliedby another vessel
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FIGURE3.1. Self-Help Countermeasure Classifications

proposed technologies are of this generic type. Oceanographic and meteoro-

logical conditions that may negatively impact the effectiveness of booms are

strong currents, stormy winds, breaking waves, and ice. Strong currents and

breaking waves can mix oil and water below the boom, and allow it to escape

containment. The depth to which oil mixes is a function of oil properties,

mainly density and viscosity, water temperature, wave height, and current

speed.

To be effective, a boommust be placed so that spilled oil surfaces

within its perimeter. Factors that must be taken into consideration when
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deploying booms include the location(s) of punctured tankage Withrespect to

the water surface; the velocity of oil flow; the current, wind, and wave

directions; and vessel motion.

Skirts are flexible barriers deployed from the perimeter of a tanker

that remain attached to it. Two proposed technologies are of this generic

type. Unlike booms and envelopes, skirts are attached to and move with a

tanker and shield spilled oil from wind and wave action. Consequently, there

is nothing to prevent oil from escaping from the bottom of the skirt. Like

booms, skirts may not be effective if the oil surfaces beyond the perimeter of

the skirt.

Envelopes are flexible membranes that are deployed around the submerged

vessel hull. Oil trapped between the hull and the envelop can be pumped to

onboard or external tankage. Five proposed technologies are of this generic

type. Unlike booms and skirts, envelopes prevent oil from escaping at depth.

Envelopes are more complicated to deploy than booms and skirts, and they are

more difficult to control in currents and waves because they have larger sur-

face areas. Deployment in a grounding situation or when thick ice is present

would be very difficult.

Bladders provide a receptacle for oil pumped from punctured tankage or

spill containment devices. Four proposed technologies are of this generic

type. Successful use of bladders requires over-the-side deployment of equip-

ment (e.g., hoses, pipes), plumbing between the bladder and punctured tankage,

or spill containment devices (e.g., booms, skirts, envelopes). Current and

wave forces on a bladder can be large, particularly when it is nearly full.

Controlling a bladder in strong currents, large waves, and ice would require

special rigging and deck equipment (e.g., winches and cranes).

Patches with Plumbing. This type of countermeasure involves placing a

patch, with fittings for pump intakes, over punctures and pumping oil into

emergency tankage. One system of this generic type was proposed. The place-

ment of the pump may be difficult in rough seas or when thick ice is present.

Keeping a patch in place without auxiliary vessel support could be difficult

in rough seas and strong currents.
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Adsorbents are materials designed to immobilize spilled oil in or near a r

vessel. One proposed technology is of this generic type. The effectiveness

of adsorbent materials depends on water temperature and salinity, as well as

the type of spilled oil and its weathered state. Maintaining contact between

adsorbents and spilled oil depends on wind, wave, and current conditions.

Absorbents used without some form of containment system (a boom, skirt, or

envelope) might not contact oil long enough to adsorb it.

3.2 SCENARIODEVELOPMENT

The working definitionof an environmentalscenario is" a set of pre-

_cribed conditionsthat have a high probabilityof occurrinqand could reduce

the effectivenessof self-helpmeasures. An example scenariofor Norton Sound

in the Bering Sea in Januaryis" i/2-m thick first-yearice (30% coverage),

winds averaging 25 knots, air temperature-15°C,blowingsnow, 1-m wind waves,

and 4 hours of daylight. The scenariosare intendedto r_presentoceano-

graphicconditions for the coastalwaters of the United States out to 200 nm,

the Economic ExclusionZone (EEZ),estuaries, intracoastalwaterways, major

rivers, and parts of the Great Lakes where oil is transportedby tanker or

barge. Because U.S. coastalwaters encompassoceanographicregimes ranging

from ice-infested arctic seas (Beaufort, Chukchi, and Bering Seas) to the

tropical waters of southern Florida, a range of scenarios is required. In

addition, scenarios must represent conditions that are likely to occur. For

these reasons, oceanographic and climate statistics provide the basis for sce-

nario development.

Conditions that reduce the ability of the crew to operate deck equip-

ment, deploy and operate small boats, or to visually assess the immediate

surroundings of the vessel and extent of hull damage will reduce the effec-

tiveness of all the countermeasures described here to some degree. These

conditions include low visibility because of fog, rain, and snow and super-

structure icing. Other conditions affect specific countermeasures.

In developing scenarios, primary and secondary environmental conditions

were defined. Primary conditions limit the selection of equipment that can be

deployed and operated to contain spilled oil and have first-order effects on
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the behavior, spreading, and transport of the spilled oil. Secondary condi-

tions do not preclude specific countermeasures but may decrease their effec-

tiveness or make spilled oil difficult to track, contain, or recover.

3.2.1 Primary Environmental Conditions

Wind speed.. The speed of spilled oil transport away from a leaking ves-

sel and the surface current is directly related to wind speed. A method used

in oil-spill trajectory and surface-current forecasting is that the speed oF

oil transport and the surface current (neglecting tidal and other forces) is

2%to 3% of the wind speed. The rate of oil-water emulsification (mousse for-

mation) also increases with wind speed. Oil-water emulsification will change

the flow characteristics of spilled oil (Bridie et al. 1980) and limit the

selection of oil-recovery equipment. In addition, equipment handling charac-

teristics, deck and small boat safety, visibility, and local sea state are

also strongly influenced by wind conditions.

Sea state (sea and swell) influences vertical mixing of oil and water,

oil-water emulsification, dynamic loads on gear deployed over the side, and

personnel safety.

Current speed is a major environmental factor in transport, spreading,

and dispersion of spilled oil. Loads on gear deployed over the side and hand-

ling equipment required to control ground tackle and rigging are also affected

by currents and can make certain countermeasure equipment impossible to oper-

ate. Flow drag on submerged and floating equipment will increase by a factor

of about four as the current speed doubles. High current speeds can carry oil

away from the vicinity of a leaking vessel before it can be contained. The

effects of currents are most serious when a vessel is grounded, but even a

vessel adrift will have to contend with rapid oil dispersion and unpredictable

transport in a swift current.

Sea and lake ice also affect oil transport and dispersion, and handling

gear over the side. When thick ice is in contact with a vessel, it will be

extremely difficult to access the submerged hull. In addition to distributed

loads from hydrodynamic forces, ice can produce concentrated stresses
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approaching the failure strength of ice, 50 to 1,000 psi (API 1982). These

loads can cause fittings, lines, cables, and flexible barriers to fail and

allow oil to escape containment.

S_uperstructure icinq can render equipment inoperable or hazardous to

deck personnel. Icing occurs when air temperature is below freezing, wind

speed is high, and there is sufficient moisture and sea spray to add freeze to

vessel structures. Ice adds topside weight, covers equipment controls, and

makes rigging difficult to handle. In addition, icing of countermeasure

equipment deployed in the water can cause it to submerge or cease to operate

as designed.

3.2.2 Secondary Environmental Conditions

Tidal ranqe and short-term water-level fluctuations (a few meters in 12

hours}. Water-level fluctuations mainly effect grounded vessels. For

example, the pressure head in a leaking or receptacle tankage will change with

water level cap,sing problems with fluid handling systems. In addition, the

handling of booms, skirts, envelopes, and bladders can be adversely affected

by water-level fluctuations. For example, grounding during a falling tide can

make placement of countermeasure equipment difficult.

Low visibility and limited dayliqht negatively affect visual identifica-

tion of outflow points, tracking of spilled oil, and crew efficiency and

safety.

Precipitation (heavy snowfall, rain, or hail) contributes to low visi-

bility, hazards on deck, and affects the consistency of spilled oil.

Sea surface and air temperature affect oil evaporation, viscosity, and

gravitational spreading (Fay 1971).

3.2.3 Geographic Areas

U.S. coastal waters were divided into nine zones for the purpose of

gathering data. The zones are illustrated in Figure 3.2 and are as follows:

° Zone I, Eastport, Maine, to Cape Hatteras

• Zone 2, Cape Hatteras to Key West, Florida
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• Zone 3, Key West, Florida, to Brownsville,Texas

• Zone 4, San Diego to Eureka, California

• Zone 5, Eureka,Californiato Ketchikan,Alaska

. Zone 6, Ketchikanto Dutch Harbor

• Zone 7, Dutch Harbor to DemarcationBay (AlaskanBeaufortSea)

• Zone 8, The Great Lakes

• Zone 9, Intracoastalwaterways and rivers.

The IntracoastalWaterway connectscenters of maritime commerce from New

York to Brownsville,Texas, with a systemof protectedchannelsmore than

2,700 nm long. Major oil terminalsexist at a few locationsalong the water-

way (e.g., the lower Delaware,Atchafalayaand CalcasieuRivers, Port Arthur,

and GalvestonBay, Texas). The scenario for Zone 9 was developedfor the

lower Delaware River because the largestvolumes of crude oil are conveyed

there (WaterbourneCommerce 1989a).

Zone 7

D
46016

Zone 6

Zone 5 Zone 8

Zone 1

Zone 4

Zone 2
42001

$92o3056,1

FIGURE3.2. Nine Zones of U.S. Coastal Waters
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Very little crude oil and only limited quantities of refined product are

transported by tankers and tank barges on the Great Lakes (Waterbourne Com-

merce 1989b). Lake Michigan was selected for scenario development because it

is large, exposed to severe winter storms, and has sea states not unlike those

in coastal ocean waters.

3.2.4 Statistics and Data Sources

In mid- to high-latitudes, the severity of oceanographic and weather

conditions will depend strongly on the season. Generally, conditions at sea

will be less favorable for navigation, safe operation of small boats, deck

equipment, and rigging from late fall to early spring. Conditions for these

activities improve during the summer. Scenarios were developed to distinguish

two general situations that a tanker or barge crew could expect to cope with

during fair (summer) and inclement (winter) conditions at sea.

Oceanographic and climate statistics for each zone were extracted from

readily available data such as climate and oceanographic atlases, NOAA

National Data Buoy Center (NDBC) data summaries, and the U.S. Coast Pilots.

Whenever possible, statistics for currents, waves, and winds were derived from

multi-year records to avoid bias resulting from year-to-year variability.

Surface current statistics are the most unreliable in this regard because

long-term, near-surface measurements are not routinely made.

The basic statistical procedures for selecting wind speeds, current

speeds, and wave heights for most zones are the same. Cumulative frequency

distributions (CFDs) for these parameters were generated from observations at

fixed locations central to each zone. For example, Figure 3.3 shows wave

height CDFs for the Gulf of Alaska and the Gulf of Mexico. When several cur-

rent meter records from several locations over a multiyear period were avail-

able, the current speed CFDswere constructed from near-surface current meter

records ranging from a few months to 6 months. The CFDs for individual meters

were weighted by record length and combined to form a single CFD for the zone.

The combined CFDs thus represent a spatial and temporal average surface cur-

rent for the entire zone.
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FIGURE 3.3. Wave Height Cumulative Frequency Distributions
for the Gulf of Alaska and the Gulf of Mexico

Summer (fair)conditionswere representedby the 50th percentilesof the

CFDs, and winter (inclement)conditionswere representedby the 90th percen-

tiles. The 50th percentile is the wind/currentspeed, or wave height, that

was exceeded during half of the observations. The 90th percentile is the

value that was exceeded during 10% of the observations. CFDs providea good

base functionfor evaluatingsuccessand failure. For example,based on engi-

neeringdata, a thresholdparametervalue can be selectedfor a piece of

equipmentwhich if exceeded will cause it to fail or become ineffective. The

CFD for that parametercan then be used to estimate the percentof time the

failureconditionor inefficientoperationwill likely occur.
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Wind Speed: Cumulative frequency distributions for winds recorded by

NDBCbuoys (NOAA1990a) were used to estimate probable winter and summer wind

speeds. Summerwind speeds were estimated by the 50th cumulative percentile,

and winter wind speeds were estimated by the 90th cumulative percentile.

Because buoy data were not available for January and February for the Great

Lakes, annual CFDs could not be generated. Winter and summer wind and wave

statistics were, therefore, estimated with the 50th percentiles for December

and August data, respectively.

Wave Heiqht: Cumulative frequency distributions for significant wave

heights recorded by NDBCbuoys in offshore waters were used to estimate prob-

able summer and winter wave heights for each zone. Significant wave height is

the average height of the one-third largest waves in a sea. Summerwave

heights were estimated by the 50th cumulative percentile, and winter wave

heights were estimated by the 80th cumulative percentile. Wavedata of the

sort used to develop the offshore scenarios are not routinely measured in pro-

tected waters and were not readily available. The wave heights in the Zone 9

scenario are, therefore, based on personal observations.

Wave conditionsare less importantthan wind and current speeds in eval- I

uating self-helpmeasures for river navigation. On rivers and the intra-

coastal waterway,the sea state will depend heavilyon local wind and fetch

conditions. Fetch lengths can easily vary from severalhundredto several

thousandmeters over a period of a day or more as storm systemstransit a

navigationarea. But fetch length usuallylimitedwave growth,and wind-wave

periods are generallyless than 3 seconds in protectedwaters.

Surface Currents: Cumulativecurrent-speedfrequencydistributionswere

developed from multi-year,near-surfacecurrentmeter records. Summer current

speeds were estimatedby the 50th cumulativepercentile,and winter current

speeds were estimatedby the 90th percentile.

Surfacecurrentdata of the type used to analyze offshoreand tidal cur,

rent speed statisticsare limited for the Great Lakes. lt was, therefore,not

possible to geneYate CFDs. Surface circulationsin the Great Lakes differ

from offshorewaters becausethere are no densitygradientscaused by salinity

variationor significantastronomicaltides. Surfacecurrentsin the Great
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Lakes are driven mainly by the wind. Therefore, surface currents strong

enough to hinder self-help measures rarely occur in the absence of strong

winds, stormy weather, and moderate wind waves. During storms, surface cur-

rent velocities will be approximately 2% to 3% of the local wind velocity.

For example, when the average wind speed is 15 knots, the surface current will

be the range from 0.15 to 0.23 m/s (0.29 to 0.45 knots). The current speeds

given in the scenario for Zone 8 were estimated in this way with wind

statistics from NDBCBuoy data.

River currents flow in one direction, and current speed increases with

river stage dependent on the surface water hydrology of headwater and tribu-

tary rivers and streams. In general, the higher the river stage the higher

the average current speed will be. Very large changes in stage and current

speed can occur within a period of days when storms cause severe runoff and

flooding. Variations in surface currents from one location to another are

tremendous along a river navigation channel. The values given in the scenar-

ios for Zone 9 represent 50% and 100% bank-full surface current estimates

obtained from the U.S. Army Corps of Engineers measurements at Greenville,

Mississippi. This station is upstream from tidal influences during low-flow.

The Mississippi River was selected because it has a large volume of crude oil

transported by barges compared to other navigable, nontidal rivers.

Tidal Current speed statistics at harbor entrances leading to oil termi-

nal locations were with the program TIDE 2 (Micronautics 1991). Because the

year-to-year variation of tidal forces is very small, one year of predicted

data is sufficient to characterize current speeds for all years. TIDE 2 was

run to make hourly predictions for 1991, and a CFDwas calculated from the

resultant 8,760 speeds. The 50th percentiles for each location with heavy

tanker and barge traffic were determined from the CFDs and used in the sce-

nario descriptions. Although the analysis was not made for the Intracoastal

Waterway, tidal current speeds for the Waterway can be expected to fall within

the range of values for Zones I through 3.

Sea Ice: NASAsatellite passive-microwave observations were used to

assess sea ice coverage (Parkinson et al. 1987). Ice thickness data were also

used (Bilello 1980; Bauer and Martin 1980).
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Air and Sea-Surface Temperatures" The mean monthly temperatures

recorded by NDBCbuoys for January (March for Lake Michigan) and August were

used to estimate winter and summer values, respectively.

Visibility, Precipitation, Superstructure Icinq: The climatological

tables in the U.S. Coast Pilots were used to determine if low visibility (fog)

and precipitation are likely conditions in each zone. These conditions were

considered likely if either occur more than 50%of the days in December,

January, and February (winter), or July, August, September (summer). For

example, frequent summertime precipitation is commonin the Gulf of Mexico

(Zone 3). lt rains more than 0.01 inches in 24 hours 52 out of 92 days at

Fort Myers, Florida, during an average summer according to the Coast Pilot

Climatological summary. Therefore, precipitation was included in the summer

scenario for Zone 3. Likewise, fog is commonin the Alaskan Bering Sea,

Zone 7. Saint Paul Island has fog 69 out of 92 days during an average summer;

therefore, fog is included in the summer scenario. There are no climatologi-

cal data for superstructure icing in the Coast Pilots. However, the Coast

Pilots indicate that it should be of concern to mariners in the Bering Sea and

northern Great Lakes. For this reason, superstructure icing is included in

Zones 7 and 8.

Water-Level Fluctuations: TIDE I software was used to generate tidal

range statistics. The values given in the scenarios are the maximumtidals at

locations for each scenario. In the case of Zones 1 and 3, the minimum and

maximum tidal ranges for inlets with significant tanker traffic cre given. In

the case of Zone 2 and 7, there are no tidal inlets with significant tanker

traffic; therefore, no tidal ranges are given. The remaining zones have only

one inlet with significant tanker traffic.

3.3 SCENARIODESCRIPTIONS

This section presents the scenario descriptions developed from oceano-

graphic and weather statistics discussed above (see Tables 3.2 through 3.10).

The descriptions for each zone are divided into winter and summer conditions.

This was done because countermeasures that might be effective for a particular

zone during the summermay be marginally or completely ineffective, or too
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hazardousto consider in the winter. Conditionsthat have a low probability

of occurringin a zone, such as sea ice, superstruct_e icing, and low visi-

bility, are not listed.

The tables presentedin this section list weather and oceanographiccon-

ditions that are consideredlikely for U.S. navigablewaters. They provide a

way to factor physicalconditionsinto analysesof the effectivenessof self-

help countermeasures.

lt is importantto know the limitationsof these tables. First, the

numbers for wind and current speeds,wave heights,etc., do not represent

forecastsfor a particularlocationor time. Second, winter and summer are

generic scenariosbecause it is generallytrue that inclementweather and sea

conditionsoccur in winter, and milder conditionsoccur in summer in the mid

latitudes. Hurricanes,persistentdense fog, and torrentialrains are three

obviousexceptionsto the generic associationof summer with mild conditions.

The main utilityof the tables is for the selectionparameterranges for

analyzinghow well a particularcountermeasuremight perform in a particular

geographicarea. For example, skimmersdo not operateefficientlyin waves

greaterthan about 2.0 ft or currents faster than about 0.9 knots; however,

these conditionscan be expected in many zones, lt is thereforereasonableto

expect inefficientskimmeroperationsat many potentialspill sites in exposed

U.S. waters. Section5.0 and the model runs in Appendix D provide a more

detailed treatmentof how the informationin Tables 3.2 through3.10 can be

used in the evaluationof countermeasures.

3_4 SEA ANDLAKE ICE

Zone 7 is ice infested every winter. Oil from Prudhoe Bay is conveyed

by the Alyeska pipeline to the terminal at Valdez, Alaska, where glacial ice,

but no significant sea ice, is present. Although oil tankers and barges do

not currently service U.S. oil terminals in Zone 7, operations may occur in

the Bering, Chukchi, or Beaufort Seas if offshore reserves are developed, and

barge traffic on the Great Lakes may increase in the future. For these

reEsons, a general assessmentof the effects of sea ice on countermeasure

effectivenessis provided in this section.
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TABLE 3.2. Zone I, Eastport,Maine to Cape Hatteras

Winter Summer

Primary Conditions

J Wind Speed(a),_ 24 kn 13.5 kn
Sea State --,_.(Hs_._,") 3.57 m 1.5 m
Current Speed_''' 0.46 m/s (0.89 kn) 0.22 m/s (0.43 kn)

SecondaryConditions

Air Temperature(a) 7.5°C 23.8°C
Sea SurfBGe Temperature(a) 14.8°C 25.5°C
Daylight_cj 9.3 h/d 15.0 h/d

Tidal Range(c) 1.3 - 4.2 m
Tidal Current Speed(c) 0.33 - 0.64 m/s (0.64 - 1.24 kn)

(a) NDBC Buoy No. 44004 (NOAA 1990a).
(b) 106-mileSite. BattelleOcean Sciences. Draft. Winter

Survey of SelectedAreas in the New York Niqht in Support
of Designationof an AlternativeMud Dump Site.

(c) TIDE I and 2 (Micronautics1991).

TABLE 3.3. Zone 2, Cape Hatterasto Key West, Florida

Winter Summer

Primary Conditions

Wind Speed(a) 18 kn 9.7 kn
Sea State (Hs_(a) 2.6 m 1,3 m
Current Spee_'b) No Data 0.33 m/s (0.64 kn)

SecondaryConditions

Air Temperature(a) 19.5_C 27.9°C
Sea SurfBGeTemperature(a) 23.0°C 28.9°C
Daylighttcj 10 h/d 14 h/d
Precipitation(d) - >0.01 in. in 24 h

(a) NDBC Buoy No. 41006 (NOAA 1990a).
(b) BattelleOcean Sciences. Draft Final Report. The Physical

Oceanoqraphyof the U.S. Atlantic and EasternGulf of Mexico.
Volume II.

(c) TIDE I (Micronautics1991).
(d) NOAA 1989a.
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TABLE 3.4. Zone 3, Key West, Florida to Brownsville, Texas

Winter Summer

Primary Conditions

Wind Speed(a) 19 kn 10 kn
Sea State (H_ a) 1.9 m 0.7 m
Current Speed_' 0.40 m/s (0.78 kn) 0.26 m/s (0.51 kn)

Secondary Conditions

Air Temperature(a) 20.5°C 28.7°C
Sea SurfBqe Temperature(a) 23.8°C 29.6°C
Daylighttc_ 10.3 h/d 14 h/d

Precipitati_q(d) - >0.01 in. in 24 h
Tidal Range_cj 0.7 - 1.0 m
Tidal Current Speed(c) 0.34 - 0.46 m/s (0.66 - 0.89 kn)

(a) NDBC Buoy No. 42001 (NOAA 1990a).
(b) SAIC (1986, 1987, 1988, 1989).
(c) TIDE I and 2, Houston & New Orleans (Micronautics1991).
(d) NOP_A1989b.

TABLE 3.5. Zone 4, San Diego to Eureka,California

Winter Summer

Primary Conditions

Wind Speed(a) 17.5 kn 8.5 kn

Sea State _He l(b_) 3.0 m 1.6 mCurrent Sp _ 0.61 m/s (1.19 kn) 0.36 m/s (0.70 kn)

Secondary Conditions

Air Temperature (a) 11.1°C 13.7°C
Sea SurfBqe Temperature (a) 11.9°C 14.4°C
Daylight _cj 9.5 h/d 15.0 h/d

Tidal Range(c) 2.7 m
Tidal Current Speed(c) 0.81 m/s (I.57 kn)

(a) NDBCBuoy No. 46012 (NOAA1990a).
(b) EG&G(1989, 1990a, 1990b).
(c) TIDE 1 and 2, Golden Gate, CA, (Micronautics 1991).
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TABLE 3.6. Zone 5, Eureka,Californiato Ketchikan,Alaska

Winter Summer

PrimaryConditions

Wind Speed(a) 23.5 kn 13.5 kn
Sea State (Hs)(a) 4.4 m 2.1 m
Current Speea No data No data

SecondaryConditions

Air Temperature(a) 8°9% 15.3°C

Sea SurfbaceTemperature(a) 10o0°C 16.1°C
Daylight 8.4 h/d 16.2 h/d

Tidal Range(b) 3.3 m
Tidal Current Speed(b) 0.36 m/s (0.70 kn)

(a) NDBCBuoy No. 46005 (NOAA1990a).
(b) TIDE 1 and 2, Strait of Juan de Fuca, WA (Micronautics 1991).

TABLE 3.7. Zone 6, Ketchikanto Dutch Harbor,Alaska

Winter Summer 0
PrimaryConditions

Wind Speed(a) 27 kn 17 kn
Sea State __(Hs)(a) 4.5 m 2.2 m
CurrentSpeed No data No data

SecondaryConditions

Air Temperature(a) 3.3°C 12.4°C(a)
Sea Surface Temperature 4.7°C 12.9°C
Daylight'"' 6.8 h/d 18 h/d

Tidal Range(b) 5.4 m
Tidal CurrentSpeed(b) 0.31 m/s (0.60 kn)

(a) NDBCBuoy No. 46001 (NOAA1990a).
(b) TIDE I and 2, Prince William Sound entrance, Cape Bear, Alaska

(Micronautics 1991).
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TABLE 3.8. Zone 7, Dutch Harbor to DemarcationBay (AlaskanBeaufortSea)

Winter Summer

Primar_zC._nditions
,i , ,/ ,,

,,,,.'_....'v_'_;',',' 23 kn 13 kn

Sea :'_taltI_ CHs)(b) No Data 2.2 m
Current Spee_l_b) No Data 0.25 m/s (0.49 kn)
Superstrqcture Icing Yes No Data
Sea Ice tcj I m/60% No Data

Secondary Conditions

Air Temperature (a) -14.1°C 7.4°C
Sea Surface Temperature (d) 2.5°C II.O°C
Daylight tej 4 h/d 22 h/d

Visibility (d) - Fog
Precipitation (d) - >0.01 in. in 24 h
Snow Yes -

(a) NDBCBuoy No. 46016 (NOAA1990a).
(b) EG&G. 1985. Meteoroloqical and Oceanoqraphic Monitoring in St.

George Basin, Summer-Fall 1984 RATNo. I Weil. ARCOAlaska, Inc.,
Anchorage, Alaska.
NORTEC. 1985. Meteoroloqical& Oceanoqraphic Data Acquisition
Program. OCS-Y-586, Package #I Navarin Basin, Bering Sea, Alaska
ARCOAlaska, Inc., Anchorage, Alaska.

(c) Parkinson et al. 1987.
(d) NOAA1989c.
(e) TIDE 1 (Micronautics 1991).

f
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TABLE 3.9. Zone 8, Great Lakes

Winter Summer

Primary Conditions

Wind Speed(a) 13.4 kn 8.2 kn
Sea State (H_ a) 1.1 m <0.5 m
Current Speea_"j 0.20 m/s (0.29 kn) 0.12 m/s (0.23 kn)
Superstructure Icing Yes -
Ice _c) 0.3 m/20% -

Secondary Conditions

Air Temperature (a) 2.3°C 21.5°C
Water Temperature (a) 2.6°C 22.0°C
DayljghttdJ 9 h/d 13.5 h/d
Snow tej Yes -

(a) NDBCBuoy No. 45007 (NOAA1990a).
(b) Average Wind Speed X 0.03.
(c) NOAA1983.
(d) TIDE 1 (Mi cronauti cs 1991).
(e) NOAA 1991b.

TABLE3.10. Zone 9, Intracoastal Waterways and Rivers

Winter Summer

Pr'i]n_arv Condi tions

Wind Speed(a) 13.4 kn 8.2 kn
Sea !_tate (Hs_(_) <0.5 m <0.25 m

Cur_rent Spee_tcj (m/s) 0.50 m/s (_. _ m/_i) 0o50 m/s (2 _ m/_i)Current Speed(c) (kn) 0 97 kn (4 6 kn 0 97 kn (4o6 kn

Sec!Z!].dar.y Condi t i ons

Air Temperature (a) 0.8°C 23.8°C
Watl:!!r Temperature (a) 2.3°C 26. O°C
Day"llight'_' 9.4 h/d 13.1 h/d

(a) NOAA1991a.
(b) Personal Observations.
(c) TIDE I & 2, Wilmington, Delaware (Micronautics 1991).
(d) Median surface current speed of the lower Mississippi River; Ron

Wooley, WES, Personal communication.
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The effectiveness of countermeasures on the behavior of oil spilled in

ice-infested waters depends on ice thickness, coverage, motion, as well as the

type and amount of spilled oil. The annual cycle of sea ice formation begins

when ice crystals and snow consolidate into 0.01- to 0.l-m thick elastic

sheets, called grease ice. Wave and current action break these sheets into

circular pieces 0.3 to 3 m in diameter called pancake ice. Once ice reaches a

thickness of approximately 0.3 m it is called first-year ice and becomes a

significant hazard to navigation. Ice that survives for morethan one season

is called multiyear ice.

First-year and multiyear ice break into irregular masses called floes.

Maximum first-year thickness in Alaskan arctic seas ranges from 1.75 to 2.25 m

(Bilello 1980). Multi-year ice attains an equilibrium thickness of approxi-

mately 3 m in the central Arctic Ocean (Maykut and Untersteiner 1971). Pres-

sure ridging and rafting can locally thicken sea ice to as much as ten times

the equilibrium thickness. Melting and breakup begins in April in the south-

ern Bering Sea, and the western Beaufort Sea is free of shorefast ice by late

July during most years.

3.4.1 Sea Ice Distribut.ion in th_ Berinq_ Chukchi, and B.eaufort Seas

Winter in the Arctic lasts for 8 months (November-June) during which

time multiyear ice covers most of the area between the North Pole and the

North America (Parkinson et al. 1987). Ice thickness and coverage in the

Beaufort Sea varies form year-to-year, but minimum ice coverage usually occurs

in September.

Approximately a third of the Bering Sea is ice infested from January to

May. Ice formation begins in the northern regions of the Bering as early as

November. Ice coverage grows rapidly during the months of December and Jan-

uary; the maximum extent of ice coverage is reached during March and April.

Ice coverage decreases rapidly after Apri!_ and by June only traces of ice

remain in the northern coastal regions of Norton Sound. At the maximumcover-

age, ice thickness ranges from about 1.5 m at the northern boundary to 0.2 m

at the southern edge of pack ice (Bauer and Martin 1980). The ice thickness

in Cook inlet is highly variable as a result of continuous motion and inter-

action with the bottom caused by very strong tidal current and an extreme
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tidal range. Dynamic forces resulting from such motion are a major safety

factor navigation and vessel engineering. In Prince William Sound there is no

significant sea ice formation. However, icebergs calved from several glaciers

flowing into the Sound are a safety concern for both navigation and the opera-

tion of self-help countermeasures.

3.4.2 l_e in The Great Lakes

Ice begins to form in shallowcoves and inletsof the Great Lakes begin-

ning in December and persists until early April. Winter winds blow ice floes

offshorewhere they can be a hazard to navigation. Average ice thickness and

percent coverage in the offshorewaters are considerablyless severe than for

Zone 7; however, the possibilityof encounteringice during winter should be

considered in the evaluatingself-helpmeasures for Zone 8. In shallow, pro-

tected waters, ice concentrationscan exceed 50% and ice can be as much as I m

thick as a result of rafting and ridging(NOAA 1983).

3.4.3 Oil Behavior in Ice-lnfestedWaters

In ice-freewaters,the major processeseffectingspilled,-oilbehavior

are gravitationalspreading,advectionby surfacecurrents,transportby wind

stress, and evaporation(Payne et al. 1987). Because it forms a partial bar-

rier to spreadingand wind transport,sea ice has a major effect on the'oil

behaviorwhen the percent coverageis larger than about 30%. Oil composition,

air and water temperature,and near-surfaceturbulenceall exert secondary

effects on oil transportwhen there is wind, waves, and currentsat a spill

site. Evaporativelosses of fuels and volatile componentsof crude oil are

substantialwithin the first 24-48 hours followinga spill.

Sea ice is a major factor in countermeasuredesign becauseof its direct

effect,on spilled-oilbehavior and the limitationsit imposeson tileselection

and deploymentof equipmentover the side. Each prospectiveself-helptech_

nology must be evaluated for multiplescenarioswhere the surfaceextent,

thickness,and mixtul'eof ice types are varied. The proximityof the sea ice

to the tanker may bar deploymentand/oreffectiveoperationof a given
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countermeasure. Moreover,the efficacy of a particulartechnologymay depend

on whether oil is spilleddirectly onto, beneath,or immediatelyadjacent to

an ice floe.

The ,spreadingbehavior of oil spilleddirectly opto ice is affectedpri-

marily by the surfaceroughnessof the ice and the volume of spilledoil. In

the case of small spills,the oil may be adequatelycontainedby surface

irregularities. The effects of low temperaturearld/orice salinitymay be

importantfor self-helptechnologieswhich are sensitiveto changesin oil

viscosity. Oil releasedbeneath ice tends to float into cavitiesin ice bot-

tom. Within a matter of only a few days this uil will be entombedby the

growth of new ice and will remain essentiallyunweathereduntil the ice begins

melt and breakup (Ross 1983; NORCOR 1975). At this time, trappedoil will

migrate to the surfacethrough fracturesand channels. Effectivecontainment

of oil spilledonto or underneathof ice may be furtherconfoundedby the

movement of the floe.(a) Temporal and spatialvariabilityin the formation

and breakupof ice and the velocity and trajectoryof floe movementcontribute

additionaluncertaintyin planning effectivecountermeasurestrategies.

In the absenceof waves and high currents, spilled open
oil in water

will not be carriedbeneath floes, but ratherwill be_herdedagainstthe ice

resultingin a relativelygreater thicknessof oil than that which would be

achievedwhen ice is not present (Ross 1983). The extent to which this may

aid in the initialcontainmentof oil dependslargely on whethersubsequent

efforts to recover the oil are physicallyinhibitedby the nature and prox-

imity of the ice.

Turbulencegenerated by wind stresses,waves, and currentsproduce a

stable oil-wateremulsioncalled "mousse." Mousse can be producedwithin a

matter of hours followinga spill (Bridieet al. 1980). The processesassoci-

ated with ice formationand movementmay enhanceboth the rates of dispersion

(a) Information obtained from a presentation handout prepared in 1989 by
Engineering Computer Optecnomics, Inc., for the Alaska Oil Spill
Commission, Ancherage, Alaska. The handout title is "An Overview of
Spill Response in the Alaska Arctic-Bering Strait to the Canadian
Border."
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and emulsification, while at the same time inhibiting rates of microbial

degradation (Payne et al. 1987). The physical properties and spreading

behavior of mousse are substantially different than those of fresh crudes and

must be considered in evaluating different self-help alternatives (Payne et

al. 1987).

The net impactof sea ice-oilinteractionson the utiiityof different

containment/cleanuptechnologiesis difficultto predict. Much of this uncer-

tainty can be attributedto the variable effect of sea ice on oil movement.

Ice can act as a physicalbarriereffectivelyrestrainingthe movement of oil,

or greatly enhancetransportand dispersion in cases where oil is entrained

within moving ice floes. Effectsof temperatureand brine incorporationon

the chemical and physicalpropertiesof oil may be importantfor some counter-

measures,especiallythose which are based on oil absorption.

3.5 DISCUSSION

Environmental scenarios for U.S. offshore, inland, and intracoastal

waters represent a wide range of environmental conditions that can be factored

into evaluations of self-help countermeasures. Wind, waves, currents, sea

ice, and superstructure icing could have the most significant influence on

• ' countermeasure effectiveness. The ranges of primary conditions for U.S.

waters (all zones and all seasons) are shown in Table 3.11.

Upper values of the ranges for winds, waves_ and currents have about a

10% chance of occurring in certain zones based on the data analyzed. The

minimum values for these conditions will be exceeded about 50% of the time in

U.S. waters.

Two conditions, low visibility and superstructure icing, will reduce the

performance of all the proposed countermeasures to some degree. The fate and

physical consistency of spilled oil, as well as oil transport, spreading, and

vertical mixing, are dr_ven by environmental conditions that ships crew will

be unable to control. In addition, wind, current, and ice loads could pro-

hibit effective deployment and control of self-help equipment and ultimately

lead to equipment and rigging failure in some situations.
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TABLE 3.11. The Ranges of Primary Conditions for U.S. Waters

Primary Conditions Ranqes

Wind Speed 8.2 to 27 kn
Sea State (Hs) <0.5 to 4.5 m
Current speed 0.12 to 2.4 m/s (0.23 to 4.66 kn)
Sea/lake ice None to 60% coverage of l-m ice
SuperstructureIcing None to 50% chance of occurrence

Seasonal and geographicvariationof conditionsin U.S. waters probably

warrants region-specificsystemdesigns. Systemsthat will be effectivefor

all seas and all seasons seem impractical. The determinationof critical

environmentalconditions that could render the performanceof a particular

countermeasureunacceptableinvolvescomplex and interrelatedsystem and

design attributes. For this reason,the environmentalscenariosdevelopedfor

this study should be used with other criteria, includingflow rates, naviga-

tion situation,and human factorsto evaluate countermeasureefficacy.
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4.0 HUMANFACTORS

This section of the report discusses the human factors engineering

aspects of onboard countermeasures. As defined by the Coast Guard Navigation

and Inspection Circular 4-89, human factors engineering is the discipline

devoted to safe and effective human-machine systems. Proper human factors

will ensure that equipment and software are designed to match the capabilities

and limitations of personnel who operate them. Since a number of the proposed

countermeasure technologies involve intervention by the crew, a human factors

assessmentis necessary.

lt is particularlyimportantto conductsuch an assessmentin the early

stages of countermeasuredevelopmentto identifypotentialmismatches between

countermeasurerequirementsand crew knowledge,skill, and ability. An over-

riding question in this study is the extent to which existing or reducedcrew

would be able to perform additionalpollutioncontroltasks during damage

control.

4.1 APPROACH

The principalaim of the human factorsportionof this study is to

determinethe extent to which proposedcountermeasuretechnologiescan be

employed by the existing crew of a tanker or tug. A correspondinggoal is to

determinethe impact of reducedmanningscales on the potentialutilityof

onboard countermeasures.

To address these questions,it was necessaryto undertakea preliminary

Functionand task analysisof emergencyoperationsas conductedaboard tankers

and barges. Functionand task analysis identifiesthe major activitiesand

their componentsperformedby variouscrew membersduring "damagecontroland

salvageoperations." Further,such an analysiscan be used to identifysafety

and training issues associatedwith performance,and any new requirementsthat

may result from onboardcountermeasures. The general processof functionand

task analysis is shown in Figure4.1.
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FIGURE 4.1. Human FactorsApproachto Oil Spill CountermeasureEvaluation

The main tools employed in the preliminaryfunctionand task analysis

were literaturereview, interviewswith experts, and human factors analysisof

the proposedtechnologies. Source literaturewas identifiedthrough a search

on the DIALOG system and through a bibliographicsearch in the Universityof

Washingtonlibrary system. Documentswere retrievedby staff in the Human

AffairsResearch Center (HARC) libraryand throughcontactswith the Marine

Board of the National Academyof Sciences.

Interviewswith expertswere set up through a processof networking

throughthe Seattle maritime community,based on initialcontactswith the
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Coast Guard 13th District,the SeattleCommunityCollegeMaritimeTraining

Program, and personalcontactswithin the maritime industry. The following

personnelwere interviewed:

• newly licensedchief mate unlimitedwith tanker experience

• area operationscoordinatorsof two major oil shipping companies
(one formermaster unlimited)

• one 2nd mate unlimitedwith tanker experience

• one master unlimitedwith primarilycargo ship experience

• one master unlimitedemployed by a major oil shipping company
(onboardtanker interview)

• the fleet servicesmanager, seniormarine advisor,engineeringand
electricalsupporthead, the regulatorycomplianceand environ-
mental coordinatoradvisor, and the governmentrelationshead of a
major oil shippingcompany (grouptelel)honeinterview)

• the assistantfleet manager and the safety,training,and environ-
ment manager of a major oil shippingcompany (grouptelephone
interview)

• Chief of the Marine Safety Division,Marine Safety Office,Seattle

• Chief of the InspectionsDepartment,Marine Safety Office,Seattle

• Captain of the Port, U.S. Coast Guard 13th District

• presidentof a Seattle-basedmarine salvagecompany

• tug boat captainwith extensivebarge and cleanup experience

• director of bulk petroleumproductsfor a major towing company

• safe_y and trainingdirector for a major towing company.

The interviewformat evolved from a fairly unstructureddiscussion,in

order to learn what questionsto ask, to a structuredprotocol. The questions

from this protocolare as follows:

I. What is the typicalcrew structureof your company'stankers (tugs)?
Please also considerpotentialreductionsin manning as a result of
automation.

2. What damage controland salvageactivitiesdo each of the crew members
perform in the event of an emergency,such zs a collisionor grounding?
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3. What types of trainingare providedto the variouscrew members in the
area of emergencyresponse and pollutioncontrol?

4. In the event that shipboarddamage has been controlled,what activities
would the crew be engaged in?

5. Does your companycurrentlyutilizeany onboardself-helpoil spill
countermeasures?

6. What are the physicallimitations (e.g.,ship size, structure)in the
use of potentialonboardcountermeasures? Where is the limitationin
crew structure--supervisionor labor?

7. Are there any potentialonboard self-helpcountermeasuresthat you can
suggest, and under what circumstanceswould they be employed?

The followingsectionspresent the resultsof the literaturereview and

the interviewsthat have been conductedto date. Appendix B contains details

of the human factorsanalysisof the proposedcountermeasures.

4.2 HUMAN FACTORSAND SAFETY IN MARITIME OPERATIONS

The literaturereview identifieda large number of sourcesconcerned

with the general issue of human factorsand safety in maritime operations.

While a completereview of this material is beyondthe scope of the current

project, it is worthwhileto brieflyconsider some of the major human factors

issues associatedwith maritimeoperations,since these will have a bearingon

the safety of tanker operations.

Safety analysesconductedby the MaritimeAdministrationand the

NationalResearch Councilin the middle 1970s and early 1980s suggestthat

human error contributesto 85% of maritime accidents. In 1976, the Maritime

TransportationResearchBoard reported an initialinvestigationinto human

factors in marine accidents(MTRB 1976). Inattentionwas listed on a survey

o_ mariners as an importantcause of accidents. Thirteen categoriesof human

error were identified,but were not ranked accordingto _requencyof the cause

or the types of accidentsmost likely to result. A subsequentstudy by the

same organizationpublishedin 1981 developedmore detail on maritimetasks,

the potentialhuman errors, and research requirementsto alleviateerror

potential(MTRB 1981).
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An analysis of maritime accidentsby the NationalTransportationSafety

Board (1981)analyzed the causes of 82 major marine accidents,and recommended

an enhanced research programto better identifythe contributionof the human

operator. More recentwork by the NationalResearchCouncil (1991) indicates

that overall safety in the maritime industryis improving,but the human fac-

tor Y'emainslargely ignored. Despitethe earlierdemonstrationsof the need

for research to develop solutionsto human factors problems,government and

industrydid not respondwith a vigorousprogram. The 1991 report reiterates

the need for such research-basedsolutionsand proposes a relativelycompre-

hensive approach. The basis of the researchprogramwould be a functional

analysisof shipboardoperations,developmentof a task-basedtool for manning

decisions,developmentof user-centeredautomationto ensure proper operation,

and implementationof watch assignmentsthat would reducefatigue.

4.2.1 ShipboardOperations

Research into shipboardoperationshas focused almostexclusivelyon the

physical tasks performedby the crew, such as cargo loadingand unloading,

record keeping, equipmentmaintenance,and navigation. However, as previous

researchhas shown, coqnitivefactorsare often implicatedin groundings and

collisions. For example, inattentionduring a watch or the improperplotting

of a course or position can have disastrousconsequences. Similarly,oper-

ation of highly sophisticatedequipmentthat has multiplemodes (e.g., auto-

pilot) can lead to errors due to lack of proper feedback or misinterpretation

of operation. Future research in huF n factors in maritime operations will

need to focus more on the cognitive tasks involved in operations such as navi-

gation and tank loading that may lead to groundings, collisions, or pollution.

The following paragraphs briefly discuss the impact of manning scales, auto-

mation, and fatigue on shipboard operations.

4.2.1.I Manning Scales

Shipboard manning is an area of developing concern with the increasing

economic and technological pressure to reduce crew size; however, relatively

little information is available with which to make decisions. Over the past

30 years, crew sizes have decreased from the mid 40s to the low 20s on Ameri-

can ships, and are substantially smaller on some modern foreign vessels.
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Table 4.1 illustrates the manning levels for typical American, German and

Japanese ships. The primary areas where American ships differ from the

foreign counterparts are in the assignment of unlicensed deck and engine room

personnel, and in junior-level licensed positions in the deck and engineering

departments. In all these areas, the radio officer function will likely be

assumed by another crew member, since communications equipment now requires

relatively little training. The training requirements for the licensed and

rating level personnel are specified in 46 CFR parts i0-12.

The crew levels shown for U.S. ships are deemed necessary to meet the

regulatory requirements of the three watch system. Ironically, foreign ships

entering U.S. waters are required to be sufficiently manned for safe opera-

tion, but the country of certification determines watc.h systems and positions

for the particular ship. One of the most important unresolved question in the

area of manning scales has to do with emergency operations (i.e., in an "all

hands" type of situation such as fire or flood, are a sufficient number of

crew members available to respond effectively?). Recent analyses of several

fire scenarios on U.S. tanker and cargo ships suggest that a crew size of 14

would be sufficient to handle the emergencies, although no details were given

regarding the source of the data (NRC 1991). At present, the Marine Board

recommends that an internationally applicable task analytic tool be developed

so that manning scales can be designed on a more rational basis, lt should

also be pointed out that Coast Guard manning standards are designed to ensure

safe navigation of the vessel, and do not account for the many other job func-

t ions performed by crew members when not on watch (USCG1989b).

4.2.1.2 Automation

One of the driving factors in manning scale' reduction, has been the

introduction of automation over the past 35 years. Goldenschuh (1991) pro-

vides a summary of manning reductions related to automation introduced since

the 1950s; it is clear from his discussion that the staff reductions are

related principally to the reduced neeo for engine room personnel, because of

the development of technologies such as self-regulating steam boilers, fully

automated boilers with pilothouse controls, and the replacement of steam



TABLE4.1. Manning Scales for United States, Federal Republic
of Germany, and Japan (NRC1991)

German "Ship of the
Future Desi gn"

Early 1980s

Federal Japanese
Republic "Pioneer"

of United Ship Design
Germany States Late 1980s

Master i I I

Chief Mate I I

2nd Mate i I

3rd Mate i

Unlicenseddeck 6
personnel

Chief Engineer i I I

Ist Asst. Eng. I I

2nd Asst. Eng. I

3rd Asst. Eng. I

Electrician I

Boatswain I

Unlicensedeng. 3
personnel

Maintenance personnel

General purpose crew 4 4

Dual-licensed officer 4

Stewards/catering
personnel 2 3 I

Radio officer i I

TOTAL 14 21 11
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propulsion with diesel. Deckdepartment reductions have been achieved princi-

pally through the introduction of maintenance personnel (Qualified Members of

the Engineering Department (QMEDs).

These advances in engine room automation have reduced the number of per-

sonnel necessary to physically monitor and operate ship propulsion equipment.

However, there appears to have been a corresponding increase in the number of

monitorin_ activities and the number of potential decisions required by deck

officers. This is in addition to an increased mental workload resulting from

new navigation electronics, automated steering systems, and collision avoid-

ance radar. Additional automation that is specific to tankers includes such

systems as centralized pumprooms and cargo loading computers. These systems

are typically the responsibility of licensed deck officers. Thus, while the

actual number of personnel may be reduced, it appears that the technological

changes over the years have actually increased the mental workload of deck

officers.

One potential implication of the engine department staff reductions is

that the increase in automated systems will overload the deck officers, whose

numbers have remained constant. A number of interview respondents have

reported that there is little training associated with the introduction of

automation. Similarly, in situations where a reduced engineering staff leads

to more frequent monitoring of propulsion system data by deck officers, poten-

tial anomalies may be undetected or misinterpreted. This can be especially

important during emergency operations, where the deck officers take charge of

response teams.

4.2.1.3 Fatigue

While the aforementioned increase in mental workload for deck officers

applies to ships in general, the implications are perhaps more important for

tankers. This is because the deck officers are responsible for cargo opera-

tions, which is a protracted task. As described in the National Transporta-

tion Safety Board (NTSB) analysis of the Exxon Valdez accident, there were no

deck officers available fer departure that were considered fully rested,
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because of the activities they were engaged in during port operations.

Fatigue is a commonly reported problem amongmariners, that can lead to

degraded performance.

The recent introduction of the work hour limitations of the Oil Pollu-

tion Act of 1990 (OPA 1990) for tankship personnel should have a positive

effect on this situation, by generally limiting to 12 hours (as implemented by

the shipping companies) the time worked during any 24-hour period. However,

work hour limitations do not apply during emergency operations, with the

potential for acute fatigue to develop. This must be a consideration when

evaluating potential self-help countermeasures, since the complexity and

riskiness of the technology may be exacerbated by a fatigued operator. For

example, many boom systems require the launching of a work boat over the side

of the vessel to emplace and connect boom segments. This strenuous and

dangerous activity can be much more dangerous if performed by a fatigued crew,

and could lead to personnel injury or fatality.

4.3 HUMANFACTORSANDSAFETYIN TANKERANDTUG/BARGEOPERATIONS

While a respectable amount of human factors literature describes general

shipboard operations, and by implication a portion of tanker and barge oper-

ations, there have been very few human factors studies specifically directed

at tanker safety. This is reflected in the more general lack of published

descriptions of tanker and barge operations, lt appears that many of the

operational pl_actices aboard ships are grounded in experience that is passed

along to new crew members who are trained in individual company and ship pro-

cedures. The discussion that follows is based both on the few published
sources available and interviews.

4.3.1 Tanker Manninq Scales

The manning scales for tanker ships are similar to those previously dis-

cussed and illustrated in Table 4.1. On a tanker, it is a requirement that a

certain number of crew members (specified on the vessel's certificate of

inspection) have additional training as tankermen, as specified in 46 CFR

part 12.10, although by virtue of having a master or mate certified for

vessels over 200 tons, ships are exempted from this requirement. Thus, the
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tankermantrainingrequirementappliesto barges, in practice. No additional

certificationsare required for officerlicensingbeyond the 1600 GT level.

As a recent study by the Tanker SafetyStudy Group (USCG 1989b)points out, it

is no longer the case that a master of a coastal tanker is qualifiedto

command a liquid na!turalgas (LNG) or ultra-largecrude carrier (ULCC) ship.

Thus, the currentlicensing system "does not reflectthe qualificationsof the

individualholdingthe license." The shipping industryhas taken

responsibilityfor ensuringthat the crew is qualifiedfor their positions.

Tanker size has little impact on the crew size of U.S. ships. The

tankersobserved for this study wereqO,O00 DWT and 810 feet long, and main-

tained a crew of 24 (2 more stewarddepartmentpersonnelthan typical);this

crew size may be the same or smalleron more modern larger ships, since newer

ships can be certifiedfor unattendedengine room operation,and would have

more modern cookingfacilities.

Discussionswith the various intervieweesindicatedthat they did not

anticipateany reductionsin manning scales for their ships in the near

future. The largestcrew size observedwas the one mentionedabove--24

(CompanyA}; the other two oil shippingcompaniesmaintainedcrew sizes of

19--25 (CompanyB and C), dependingon ship design,trade location,and trad-

ing pattern. CompanyC had recentlyadded three crew members (an able-bodied

seaman,engineer,and steward)to reach the crew size of 19; this recent

additionof crew memberswas done in order to meet the requirementsof

OPA 1990 statingthat no crew member shall work more than 15 hours within a

24-hourperiod,or 36 hours within a 72-hourperiod. CompanyA maintainsa

maximum 12-hourday for all personnelin order to accommodatethe OPA 1990

requirement.

The Tanker Safety Study Group (USCG 1989b) discussedsome of the prob-

lems with currentmanning practicesbased on the changingtask demands of

navigationand cargo operations. For example, a two-manbridgeteam (watch

officer and helmsman)may be sufficientfor open sea sailing,but may be

quickly over'ioadedby informatio'nin areas where a pilot is not required.

Such informationwould includesmall craft traffic,vessel trafficsystem
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(VTS) communications, radar tracking, and maintaining a navigational fix.

Transitions from information underload to overload particula'rly can lead to
errors.

4.3.2 _Tuq/Barge Manning Scales

The manning scales applied to tugs are much more complex than those

applied to tankers. As mentioned above, the crew size of a tanker depends

more on automation than size. This is not the case with tug boats. The Coast

Guard Marine Safety Manual delineates three principal types of vessels that

may be engaged in transporting oil via barge: Inspected Tugs and Dual-Mode

Integrated Tug-Barges, Inspected Push-Mode Integrated Tug-Barges, and Unin-

spected Tugs and Integrated Tug-Barges.

For the size of barge being considered in this study, the uninspected

tugs are the most relevant. Typical manning for an oceangoing vessel includes

a captain, a mate, an engineer, two able-bodied seamen, a cook, and a

tankerman.

Smaller tugs for coastal runs use a combined deckhand/engineer and

deckhand/cook, plus captain, mate, and tankerman. Of those interviewed, the

minimum crew size used on the tugs is four persons, with a tankerman who

travels by land or air between load and offload points. Additional modifica-

tions to crew size may occur on the basis of voyage length (i.e., less than or

greater than 600 miles).

4.3.3 Normal Carqo QperaLions for Tankers

Normal cargo operations on a crude oil tanker fall into three functional

categories: I) loading, 2) discharging, and 3) tank cleaning. Most tanker

spills occur during loading (Hayler 1989). In general, normal cargo opera-

tions are among the most crew intensive activities, because of the requirement

for rapid turn-around times in port and because of crew structures that lead

to crew shortages during round-the-clock cargo operations. The cycle of nor-

mal operations for a tanker is shown in Figure 4.2 (USCG1989a).

A self-help measure that would reduce spillage from normal cargo opera-

tions is a pump and piping system designed to remove spills from the afterdeck

of the ship. Current Coast Guard regulations require a barrier on the aft end
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FIGURE4.2. Flow Diagram of Normal Operations of an 0il Tanker (USCG1989a)

of the ship to contain spillage,but these are easily breached,and a great

deal of time is requiredto pump the oil from the deck to slop tanks. One

captain suggesteda retrofitsystem involvinga below-deckpiping arrangement

that would be relativelylow-cost.

4.3.4 Normal Cargo Operationsfor Tug,/Barqes

As with normal tanker operations,cargo activitiesfor tug/barges

involvethe activitiesof loadingand discharging. After the barge is secured

to the terminal by the tug crew, the tankermanlines up the barge manifolds

with the refineryheader,ensuringthat a proper fit is achieved. Improper

fittingof these couplingsis the single largestcause of spills. A filling

sequence is establishedby the tankerman (this is much less complex than for

tank ships, which use computers),and communicationis establishedbetweenthe

tank barge and pump operators. Communicationis criticalbecausethe flow

must be reduced and then stoppedas the cargo reachesthe top of the tanks.
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During the filling procedure, the tankerman monitors the tank fi'lling, and as
i

the tanks approach their capacity, he opens relief valves to blelid pressure.

4.3.5 Emergency Operations and Pollution Control for Tankers jt
I

The conditions under which self-help measures would be empl_yed (i.e.,

groundings and collisions) would result in the mobilization of emergency

I

operating procedures aboard ships. One of the primary issues in,Pestigated in
i

the interviews was the nature of these emergency operations, and the potential

availability of crew for the operation of self-help measures.

According to long-held tradition in the maritime industry, 'lhe master of
the vessel responds in an emergency according to three prioritie::_ I) saving

human life, 2)saving the ship, and 3) saving the cargo, or in the case of

tankers, pollution control (Hayler 1989). These priorities dictate the
I

actions taken by vessel captains ill emergency circumstances. Any procedure or
iregulation that interferes with these priorities is likely to re ult in

"selective compliance."

The literature review revealed virtually no information con,perning the
functions and tasks of crew members during emergency operations On any ship,

including tankers. Further, discussions with industry personnel stress that

most of the training and drilling focuses on prevention of accidents and pol-

lution, rather than response to pollution as a result of an accident. There-
l

fore, the interviews focused on investigating the damage control actions and

limited salvage activities taken by tanker crews in the event oflan accident.
!

This took the form of discussing the general functions performed by each of

the crew members, developing a function and task list, and revie_iJing the

station bills ef crew members during an emergency.

The main steps in emergency response for tanker accidents are shown in

Figu','e 4.3. Specific crew activities and the crew members performing emer-

gency response tasks are shown in Table 4.2. This Table identifies major

functional areas of tanker emergency response, component tasks tO accomplish

those functions, and the crew members likely to be performing those functions.

As outlined in Figure 4.3, initially the crew is mustered into dlimage control

teams at designated locations (e.g., the damage control lockers).i There are
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e
variationsin the number and compositionof teams from one companyto the

next. Some are organizedinto port and starboardteams,with deck, engineer-

ing, and rating personnelon each team. Others are organized into similarly

composed primary,secondary,and tertiaryteams. Finally,anothercompany is

organizedinto a seamanship/deckteam composedof membersof the deck depart-

ment, a technicalteam composedof membersof the engineeringdepartment,and

a health and welfaresupportteam with multiple specialties. In this latter

organization,cross training of the crew members for each of the teams is

done.

The next step shown in Figure 4.3 (i.e.,assessmentof damage) involves

personnelfrom both the engineeringand deck departments. The master of the

ship will be on the bridge, usuallywith another licensedofficer (e.g., the

third mate). On most ships, the chief engineerand an assistantwill be sta-

tioned in the engine room. Damage assessmentmay involvean on-siteevalu-

ation of the problem,in which case the chief mate, assisted by engineering
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personnel and seamen, would physically move to the site to observe it. lt

should be noted that since tankers are essentially sealed containers, any dam-

age below decks would need to be inferred from indicators in the pumproom.

Additional "executive" activities involved in damage assessment and control

include specifying the equipment needed for repair, supervising repair/

salvage, and shifting ballast to alleviate stress on the vessel, lt may also

be necessary to take soundings to verify depth.

Additional functions shown in Table 4.2 include communications by vari-

ous means, which will depend on personnel location and the power situation.

The movement and operation of equipment for repair/salvage will involve both

deck and engineering personnel. In the domain of fire control (really a sub-

function of damage assessment and control, but sufficiently important to

classify on its own), both deck and engineering licensed and rating personnel

are involved. The entire cycle of emergency response operations depicted in

Figure 4.3 is estimated to require approximately 25 minutes, possibly less

depending on damage severity and environmental conditions. This estimate is

based on the timeline of the Exxon Valdez accident, in which the grounding

occurred shortly after midnight, and by 12:30 a.m., the chief mate hed

assessed Lhe damage and made initial stability calculations. Although a

general alarm mustering of the crew was not initiated in this accident, that

would likely be the step accomplished most quickly, if the Exxon Valdez crew

followed the procedure outlined in Figure 4.3.

In the area of pollution control, the principal activity performed by

the crew is to pump oil from a damaged tank to an alternate tank, if one is

available, and to prepare for the emergency transfer of cargo to another

vessel. Ali three oil shipping companies interviewed carry onboard response

equipment for the cleanup of small deck spills, and one company carries oil

sorbent disposable booms to be used in the event of a small spill alongside

the ship, presumably in port. The description of the operation of these booms

is that they are to be lowered over the side, supported at each end, and

agitated in any oil lying alongside the ship. They would then be brought back

aboard and stowed in drums for subsequent disposal ashore. Since this type of
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operation is intended to be done from the ship, such a technology and its crew

requirements may be extended to larger spills resulting from groundings and

collisions.

One of the companies interviewed provided a copy of its contingency plan

for oil spills. The following action list describes what the t,,_ster must do:

1. ensure that steps are taken to minimize the oil spill, including

• confirming that the ship is stable and not in danger of foundering

• segregating the source of the oil spill from the remainder of the
oil on board

2. notify the local government

3. notify the Fleet Manager

4. contain as much of the spill on board as possible.

The oil shipping industries have recently provided responses to the

Coast Guard in response to an Advance Notice of Proposed Rulemaking under

33 CFR Part 155, covering Vessel Response Plans and Carriage and Inspection of

Discharge-Removal Equipment. The interviews with oil company personnel indi-
cated a uniform opinion that ship crews not be required to carry out any

actions other than controlling or stopping the discharge and reporting the

incident, lt is believed that existing countermeasure technologies would be

largely ineffective and potentially unsafe if the ship crew were required to

use them. However, it was clear from "the interviews that if properly engi-

neered technologies were available crews would be available to operate the

technologies if they could be used from the ship. The interview with a cur-

rent tanker master also indicated an availability of crew. This conclusion

can be reached by reviewing the manning structure for emergency operations

depicted in Table 4.2. Even with three emergency teams of 3 persons each with

the master on the bridge with a helmsman (11 total), there would be 10 crew

members available to perform some function, lt was also stated by one of the

respondents that while his company felt that the crew should not be involved

in spill containment/mitigation, that more time could be spent training the

crew in damage control (i.e., problem identification and mitigation). This

latter suggestion was also contained in a Coast Guard study (1989a) entitled
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"Development and Assessment of Measures to Reduce Accidental Oil Outflow From

Tank Ships," and was described as an initial step toward requiring onboard

response equipment.

The foregoing analysis of emergency response crew structure was based on

a current standard crew size of 21 persons. The reduced manning scales shown

in Table 4.1 (i.e., 14 and 11) would be less likely to result in available

personnel to operate pollution control equipment. The scale of 14 crew

members would result in 3 available persons, assuming current damage control

team structures were used. However, the manning scale of 11 used by the

Japanese offers no spare manpower for pollution control or other unforeseen

emergency response requirements.

4.3.6 EmercIenc.yResponse and Pollution Prevention for Tuq/Barqes

As in the case of tankers, the primary emphasis in training for tug

crews is pollution prevention. However, unlike tankers, the tugs employed by

the companies interviewed in the Northwest carry pollution abatement packages.

These packages are not a response to regulation, but instead the result of

increasing public and industry concern about pollution. Additionally, because

tug boats are more maneuve!able and closer to the water, it is generally more

feasible to use self-help oil spill countermeasures. While there are a

variety of shore-based cleanup cooperatives that can be mobilized depending on

the spill size, it was unnecessary to investigate these in the context of the

current work, since the towing companies are implementing self-help measures.

The pollution abatement equipment is generally carried in a container

stored on the barge. A generic list of equipment includes a containment boom,

oil sorbents, oil skimmers, pumps and hoses, and hand tool kits. Work boats

are carried on the tug, or as part of the containerized package on the barge.

Training in the use of the pollution abatement equipment is provided on a
semi-annual basis.

The operational sequence of activities in the event of a spill from a

barge is similar to that of a tanker spill, with the addition of deploying

pollution control measures. The following sequence is from one of the towing

companies interviewed:
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I. evaluate any potentialsafetyrisks

2. establishsafety zone and level of personalprotectionequipment

3. stop source ef spill,if possible

4. shut down and isolateoperations

5. notify Coast Guard, state,and company responseteams

6. initiatecontainmentand recovery procedures.

The personnelinvolvedin this type of responsewill be virtuallyevery-

one on the tugboat. The captain stays on the tug, with an engineer,to main-

tain a comm_.ndcenter and maneuveras necessary. Two or more deckhandsboard

the barge and open the containerof pollutioncontrolequipment. Details of

equipmentdeploymentdepend on the nature of the spill.

Two persons, preferablythree, are the minimumcrew required for deploy-

ment of the self-helpmeasures. One crew member lifts and manipulatesequip-

ment, while anotheroperatesthe workboat. Since the smallestcrew size for a

tug reported in this study was five persuns, it appearsthat tugs are ade-

quatelymanned for deployingself-helpoil spill countermeasures.

4.4 CONCLUSIONSOF HUMANFACTORSANALYSIS

The human factors analysis of the proposed countermeasures was conducted

by a human factors engineering expert familiar with crew structures and func-

tions aboard tankers and tugs. The analysis was guided by existing maritime

industry human factors guidelines and standards. The conclusions are pre-

sented here. Specific details of the analysis are given in Appendix B.

(Table 3.1 in Section 3.0 contains the classification number, classification

and comments for Each countermeasure.)

The Coast Guard provideddescriptionsof 45 self-helpoil spill counter-

measures. Of these, 37 were reviewedfor potentialapplicability. The

remaining8 were not classifiedinto any particularcategory because of lack

of detail. The 37 countermeasuresreviewed from the human factors standpoint

yielded 13 with insufficientdetail for evaluation (i.e.,no descriptionof

how the technologyoperates,making a crew resourceassessmentimpossible);
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10 countermeasures required a workboat, and 14 appeared to be operable from

the deck of the ship, if they required human intervention at all.

Use of a workboat for countermeasure deployment is not considered to be

a problem by the tug/barge industry. This is a standard procedure that is

routinely trained in existingpollution prevention and mitigation programs.

lt is clear that there will be limits on the utility of workboats, primarily

in the form of weather. Although specificthresholds for prohibiting the

deployment of workboats were not identified in the course of this work, the

judgment of the tug master preva!Is. If the safety of the crew were to be

threatened by deployment of countermeasure technologies, then the prudent

course will be adopted of waiting for shore-based assistance.

There is considerable sentiment within the tank ship industry that putt-

ing crew members over the side of the ship is unacceptable in any conditions.

This relates principally to the amount of freeboard that would have to be

negotiated and the potential impact of weather. Additionally, launching a

workboat from a tanker not equipped to do so would require rigging a boom.

However, it may be feasible to establish guidelines for countermeasure deploy-

ment that take both weather and workboat storage/launching into account. For

example, refitting tankers with workboats for easy deployment would cost rela-

tively little; of course, this would increase the routine maintenance load.

Of the 14 countermeasures that appeared to be operable from the deck of

the ship, two seemed to offer some immediate potential. Countermeasure No. 14

requires minimal crew training, can be activated by 2 persons (one on either

side of the ship), and requires no active control, since the curtain is held

in place by bottom weights. Countermeasure No. 23 involves a similar mecha-

nism, although the boom is composed of self-inflating segments, lt requires

the additional crew intervention of tethering the boom to the ship, which

would likely require periodic attention. With both countermeasures, there are

issues of safety associated with entrapping significant quantities of oil next

to the ship, both in terms of fire hazards and toxic fumes. The remaining 12

countermeasures operable from the deck represent either variants of these two

technologies, or do not require much human intervention, as with hull liners.

4.20



The results of the analysis presented in this chapter suggest that self-

help oil spill countermeasures are a viable technology from a human factors

perspective, although further engineering is required for unobtrus_ue intro-

duction aboard tanker ships. One of the principal goals of such design should

be to minimize the exposure requirements of the crew, since rough weather is

highly likely. Since it is unlikely that one countermeasure will encompass

all situations, it would be worthwhile to consider developing a series cr

countermeasures that have applicability in different situations. From the

standpoint of crew resources, there are personnel available to operate coun-

termeasures, assuming that other damage assessment and control activities have
been accommodated.
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5.0 ASSESSMENTOF TANKERSELF-HELPOIL SPILL CONTROLSYSTEMS

The objective of this effort is to review and evaluate self-help con-

cepts for oil tankers, to eliminate or reduce their spillage following an

accident.

5.1 APPROACH

To aid in reviewing the large number of self-help concepts proposed for

oil tankers, the concepts were grouped into categories based on similar

traits. During the categorizing process, concepts were reviewed to verify

that they were indeed self-help concepts, and not actually tanker vessel

design. Those concepts that required substantial modification to the tanker

were not considered for this evaluation. The resulting self-help categories

are shown in Table 5.1. (Note that each category is further divided according

to whether the concept acts inside or outside the ship.)

Once categorized, a more detailed review was conducted. Since the con-

cepts within a category were similar, they could be easily compared and eval-

uated against each other. During this comparison, superior features of

TABLE5.1. Categories of Self-Help Oil Spill Concepts

Cateqory Internal Equipment External Equipment

Containment None Booms
Skirts

Bulk Treatment Gels Absorbing Material
Absorbing Material Gels/Dispersants/Sinking Agents

Combustion
Bioremediation

Closure Clogging/Jamming Patch
Patch Clogging/Jamming
Local Sheet Local Sheet (Diaper)
Liner

Collection Tank to Tank External to Tank
Tank to Bladder External to External Bladder
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concepts within a category were identified. Also identified were those con-

cepts with featuresconsideredas possessingmajor engineeringor safety

constraints.

"Notional"conceptswere created for each categoryby comparingcon-

cepts. These notional conceptsare self-helpsystemsthoughtto best repre-

sent their particularcategory. These notionalconcepts have drawn heavily

from related ideas found in the literatureand in the Coast Guard submissions,

and they have been put together incorporatingthe needed and superiorfea-

tures, while avoidingobviouspitfalls.

Next, the notional systemswere defined in enough detail to allow their

evaluation. This was an importantrequirementfor the notional systemsas

none of the systemsencounteredin the literature,nor those suppliedby the

Coast Guard, were sufficientlydetailed for this purpose, lt should be noted,

however,that no claim is made that these notionalsystemsare optimal. The

intent has been to establisha baseline for furtherevaluation,by experts in

the field, of the relativemerits of one or anotherof the techniques

described.

Finally,the abilityof each of the notionalsystemsto contain oil

spillswas evaluatedusing a computer simulation. This simulationwas per-

formed for several spill scenarios,rangingover a varietyof environmental

conditions. Graphs illustratingthe total volume of oil released as a func-

tion of time are includedin Appendix D.

The notionalconceptmust be evaluatedin a context. We define this

contextas the combinationof three sets of data; one of which describes the

ship on which equipmentis mounted and its cargo (Ship Data Set); the second

for the location and conditionsat, and just after, the time of the casualty

(casualtyScene Data Set); and the last, the informationwhich describes the

extentof the damage (CasualtySeverityData Set). Figure 5.1 illustrateshow

the various sub-categorieswithin the data sets combine to form scenarios. In

particular,the heavy line that traversesthe chart indicatesthe actual com-

binationsof conditionsfor which we conductedsimulations. These combina-

tions were selectedso as to presentcases that were both real and severe,





thus groudingswere not studied,s'qce a more severe case is a hole at the

waterline,which has the potentialfor releasingall of the stored oil.

5.2 CONTAINMENT

In this report, "oil containment"means the equipmentand/or procedures

used to sequesterspilledoil (or oil in danger of being spilled)in some form

of enclosure,therebypreventing (or at the least, retarding)the spreadof

oil into the environment.

In this study, there are four main types of external containment: boom,

skirt, curtain, and bladder. A descriptionof each type is given in

Table 5.2. The first three are size scaledvariants of one another. These

three "fence"type barrierscan remaincompletelypassive,once deployed. The

fourth type (bladder)must have an auxiliarypower sourceworking to pump oil

into it, and unless coupledwith anothercontainmentmeans would only retard

oil flow into the environment. The bladderhas fundamentaldifferencesfrom

the "fence"type systems, so it will be discussedseparately(underthe

heading "pumping").

TABLE 5.2. OutboardContainmentTypes

Name Characteristics

Boom • Essentiallya line of buoyancy
• traps thin layer of oi'i: thickness< I ft
• Encloseslarge pond area
• Current/SeaState limited

Skirt • Boom plus short width of pendantmaterial
• Traps moderate layer of oil: I ft < thickness< 5 ft
• Enclosesmoderatepond area
• Primarilycurrentlimited

Curtain • Boom plus wide pendantmaterial
• Traps very deep volume of oil: 5 ft < thickness < 20 ft
• Pond area only slightly larger than ship platform
• Only moderately sensitive to current

Bladder • Alternative storage reservoir(s) for oil from damaged
holds
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In the following, we commonly use the term "boom" as a generic name for any of

the fence-type containment systems not otherwise specified.

Oil booms have been in use for decades, but typically have been staged

and deployed from shore. Since tankers congregate at ports, harbors,

estuaries, and offshore loading facilities, it was natural to concentrate the

pollution control equipment in contiguous areas. The question to be answered

here is: does a role exist for onboard booms or similar equipment in pollu-

tion control?

Most of the oil boom systems built to date were made to address the need

for containment or oil exclusion in relatively calm or protected waters that

could be subjected to high currents. As a result, these systems tend to be

fairly shallow draft, modular, stoutly built, meant to be anchored, and fre-

quently deployed by hand, or by power assist from alongside wurk boats (with

notable air dropped and other automatic deployment exceptions). Analysis,

experience, and trial and error have led to designs that function reasonably

well in calm conditions.

The conditions on a tanker in distress (i.e., just after a collision or

grounding) that is rapidly losing oil will influence containment system

design. For one, the ship itself will act as an "anchor," as far as the con-

tainment means is concerned, even if both are drifting, and so bottom interac-

tion is neither necessary nor desired. Also, it seems impossible to guarantee

that there will be ample man-power available to help with the physical deploy-

ment and securing of the gear; most or all bf thil; part of the evolution must
be done automatically and very reliably, lt is a!jso unlikely that there will

be time or wherewithal to assemble modules of gear together to attack the

specific casualty; the system must be preassembled, and sufficiently general

in configuration and capacity to handle accidents wherever they may occur up

to the design maximumsize. Finally, the gear must not hamper the safe evac-

uation of crew from the stricken vessel, neither by requiring too much

attention during and after deployment, nor by blocking free passage of life

boats, nor finally by impeding rescue efforts.
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5.2.1 Storage II

The various concepts investigatedfor outboardcontainmentof (_ilvary
L

widely in the manner in which they store the containmentequipment,i Fig-

ure 5.2 provides a conciseview of the optionsencountered.

5.2.1.1 Continuousand Circumferential
I

I

Continuousand circumferentialstoragewas the most frequently!cited

preferredmethod for storageof containmentequipment, lt involvescompletely

surroundingthe ship near the gunwalewith a connectedlength of bo_pm,skirt,
I

or curtain. Some concepts advocatedstorage outboardof the deck e,_ge,which
f
I

avoids deck obstruction,but puts the containmentin jeopardydurin,_)a coili-

sion. Other systemsutilizedeck-edgespace for storage,and the efficacy of

this approach is not established,given the need for clear passageif people

and equipmentover the side.

5.2.1.2 MultiD_leEquipmentCaches

Some of the literatureresearchedadvocatedmultiple equipmentcaches.

With caches, the deployment is heavily dominatedby manual activities. On

larger ships, the amountof boom that must be handled is substantial,and

dividing the boom into 10 boxes means no box need be over about 10 ft3. This

method allows for free passageof equipmentand personnelover the Bide. This

may be a cost-effectiveway of handlingsmall spills in stable,protected

conditions;however, for spillsof considerablemagnitude,the need for con-

siderablemanned interactionlimits the effectivenessof this storagemethod.

5.2.!.3 Single-PointStoraqeLocker

The single locker describedin some conceptswas usuallylocatedat the

stern, either on the fantail,or in a specialpurposehold below the main

deck; (some concepts deployedtwo booms from the same general locat'onat the

stern, to port and starboard). In either case, long lengthsof boom must be

pulled from one location,so some form of mechanicalpower augmentationwas

necessary. This was frequentlyin the form of an auxiliaryboat, or by means

of a tugger cable led along the gunwale from a winch at the bow.
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5.2.2 Deployment O
Although the modeof storage will have logistical and operational impli-

cations, deployment has the potential to cause the most problems. Figure 5.3

shows the most commonly proposed methods in schematic form.

5.2.2.1 Gravity

In the gravity deployment methods, the containment is stored either

overhanging the gunwale, fastened to the hull outboard of the gunwale, or

slightly inboard on a downwardly slanting platform, so that when some form of

trigger is actuated, the boom-retaining means is released, and the equipment

falls free to the ocean surface. The general idea is attractive for a number

of reasons: first, a single conscious decision by a responsible member of the

crew can set in motion the most difficult part of containing spilled oil; sec-

ond, the actuation means (gravity) is always present and cannot deteriorate;

and third, deployment goes to completion without human intervention. On the

other hand, some issues need to be researched and refined such as the diffi-

culty of simultaneous deployment all around the ship; the #roblem of tumbling,

fouling, and tearing of the containment means during descent along the side of

the ship; a reliable way to handle embedded slack; and a method for freeing

hang-ups.

5.2.2.2 Propelled

Propelled systems are similar to gravity systems, except that the con-

tainment means is forcibly pushed away from the side of the ship, so that the

system hits the water at a distance from the side of the ship, closer to its

final configuration. The presumed advantage of this approach is that oil that

has begun to leak will more likely be captured by a widely flung net than one

dropped along side. The mechanisms presented seem to be relatively far

fetched (e.g., cannon balls attached at intervals along the boom, fired simul-

taneously)o A fast-acting gravity system, with even moderate depth should

capture most of the initial outflow of oil, whose pressure should push it

slowly away from ship side. lt may prove useful to ensure that a modest

clearance distance is maintained, primarily as a way of regularizing the
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deployment, avoiding unpredictable interaction with the hull on descent, and

avoiding the worst of the existing oil jet.

5.2.2.3 Winch-around

In the winch-around concept, a leader wire is permanently installed just

outboard each gunwale and retained in breakaway clips. When triggered, two

winches mounted in the bow pull the port and starboard wires forward along the

ship, breaking free of the clips as 'they go. The aft end of each wire is

attached to the forward end of a containment boom, stored in a protected bin

in the fantail area. A variation of this method could include paravanes at

the leading end of the containment boom, to tend it out from the hull.

Deployment seems to rely too heavily on tenuous features. For example, a boom

pulled along the length of the tanker for such a long deployment would put the

containment in danger of tumbling, fouling, tangling, or tearing, so that once

established around the tanker, it might not be rigged out properly. The gen-

eral idea of collecting all of the containment gear in one protected place is

attractive, but the deployment schemes reviewed to date are not thoroughly

convincing.

5.2.2.4 Auxiliary Boat Q

A number of concepts utilize small boats, lowered from the deck of the

tanker, to actually deploy the containment. A variant would provide a small

boat with a cargo of containment boom so that the bitter end may be fixed to

the tanker, and the small boat pays it out as it goes, thus avoiding the prob-

lems associated with dragging the boom. Modular lengths could be loaded out

on each boat, such that, for example, two boats would provide a tight contain-

ment for small leaks, and four or six would be used to enclose large spills.

This technique is probably the closest to existing boomdeployment methods,

and so has the advantage of prior experience. On the other hand, deploying

auxiliary boats will be difficult at best in heavy seas and high winds. Also,

dragging a boom360o around a large tanker without causing damagewill be

nearly impossible to guarantee; accordingly, either two lengths (port and

starboard) and two boats, or two excursions with a link up will be needed as a

minimum. The most serious concerns with using these boats are the high level

of crew involvement required and the time required for deployment.
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5.2.2.5 Travelinq Dispenser

A variant of the winch-around and auxiliary boat deployment concepts

involves the movement of a container holding the boom around the periphery of

the ship at (or just outboard of) the deck edge, that pays out the boom as it

moves. For the larger super tankers this would be a sizable container (on the

order of a 24 ft3), ' although it could be split into two units, port and star-

board. Mechanization of such a system to move along an at-side track is cer-

tainly possible, but cumbersome, and problems of interference with the ship's

routine and logistics would have to be worked out. Such a system seems to

offer few advantages over the winch-around concept.

5.2.2.6 Manual

A few deployment concepts relied on crew members to handle, couple, and

deploy the containment gear. Members of the crew would unload, connect, and

deploy segments of containment over the side from discrete lockers arranged

along the deck just inboard of the gunwale. Most manual methods use some kind

of power assist, such as air tugger winches, but still require men doing the

O actual work. A problem with manual deployment is that an accident may placethe lives of the crew in immediate danger (e.g., a fire), where such lengthy

boomdeployment procedures would simply be out of the question. Similarly,

heavy seas, high winds, precipitation, fog, or other weather conditions, which

might well have been proximate causes of the accident, could make a largely

manual deployment nearly impossible, or slow it sufficiently as to render it

ineffective. Therefore, such a labor-intensive method will not be a general

deployment solution.

5.2.3 Operation

The containment systems reviewed are essentially passive devices, acting

only to corral the spilled oil, but most also allow for additional remedia-

tion, such as skimming or pumping of the oil out of the impoundment area.

Someconcepts gave considerable attention to tending the boom once installed

so that it remained located properly with respect to the tanker. This was

accomplished usually by a network of tether lines running from the ship to

locations along the length of the boom. Someeven brought lines back to the
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ship from the keel of the boom to help maintain the proper shape of the under-

water portion of the skirt or curtain against the disruptive forces of cur-

rent. Those systems installed in segments usually provided accommodation for

boat passage by means of opening and re-sealing the containment, but most

descriptions did not include this important point. In most cases, the con-

cepts were acknowledged to be temporary, useful until more rugged and perma-

nent containment can be deployed from a land-based depot. None described the

process of replacing their temporary containment with a more permanent system.

5.2.4 Recovery

Almost all concepts reviewed either did not mention salvage and recovery

of the boom or expected that the system would be recovered, cleaned, and

reused. None expected their system to be expendable. Only one concept (for

an existing boom) was complete enough to include details on reel-up, cleaning,

and refurbishment. Expendable systems may be cost effective, especially con-

sidering that these systems may not be as rugged as a land-based systeni. A

life-cycle cost analysis could show that a less rugged, disposable system is

cheaper in the long run than the cost of designing one to withstand rough han-

dling and refurbishment, plus the costs of returning it to service. This Q
option merits further exploration.

5.2.5 Size Optimization Analysis
i

In order to gain some insight into the possible optimal copfigurations,

volumes, and lengths of containment booms, skirts, and curtains, we conducted

a parametric analysis of the variation of the shape, circumference, and total

volume of these various containment configurations as a function of ship and

oil spill size. This analysis is first order only, and involves a number of

assumptions, detailed below, lt does not purport to be definitive, but merely

gives some idea of trends and order of magnitude sizes. Ship sizes examined

were: 628; 1,182; and 2,113 GT coastal barges; and 34,000; 89,700; and

262,000 DWTtankers. In each case, it was assumed that the "design spill"

(i.e., the amount to be contained) was represented by the total loss of all

oil in the two largest tanks on the vessel. The general co_ifiguration of the

_ containment was uniform throughout, and as follows: each is fitted with a

buoyancy float of 4-ft 2 cross-sectional area, a below water skirt of depth
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130% of the still water depth of the trapped oil, and an above water height of

130% of the height of the oil above the sea surface. The thickness of the

skirt was taken as 3-inch,es, partly to account for packing inefficiency. A

computer program then figE_uredout the volume, perimeter, and depth of the

containment needed to satiisfy all conditions.

An interesting result is that, even though the oil spill volume varies

by a factor of over 50:1 (from about 20,000 ft 3 on the coastal barge to almost

1,000,000 ft 3 on the DWTta_nker), the volume of containment varies only by a

factor of 7. The boom cross section (stowed) is close to 5 ft 2 irl all cases.

Clearly, this is a very rea(;ily manageable unit volume, even at double this

value. This optimization rou/tine is imbedded in the simulation, which is

described later.

5.2.6 Containment Notional Ctoncept Description

A containment system must be designed to handle a variety of spills in a

variety of environments. Figure 5.4 shows our notional concept for the con-

tainment system to be evaluated in the barge simulation. Figure 5.5 shows our

notional concept for the contaimment system to be evaluated in the tanker

simulation.

Table 5.3 is an attribute comparison chart that enumerates the various

features found in the containment concepts reviewed, and briefly states their

advantages and disadvantages, and whether they have been included in the

notional concept.

In summary, the containment scheme modeled consists of a completely

circumferential "fence" (i.e., medium depth skirt) barrier that will be stored

in a protective housing just inboard of the gunwale, using gravity for the

primary motive deployment force. A boom, each to port and starboard, helps to

keep the deployed system away from contact with the hull, at least in the

forward area. This general description applies to both tanker and barge, but

the barge also would utilize a riser curtain from the waterline to the gunwale

in an attempt to trap more outflowing oil. While such a system would work

best on a single barge, rafts of barges could still be protected by a similar

system where the curtain on each barge would be segmented, and all
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of the outboard segments ranged along the gunwales of each barge would be

coupled together forming a closed periphery around the raft.

5.3 BULK TREATMENT

Bulk treatment of oil is here-in defined as all those methods of

responding to an oil spill that mitigate the impacts through the immobiliza-

tion, dispersal, or compositional change of the oil. Several methods of bulk

5,15



,- o o o o o o o :,-_- o
p



treatment have been developed for mitigating the effects of oil spills; some

development has been limited to laboratory testing and analysis, while others

have actually been used in the field. Those treatment methods which fall

within the classification of bulk treatments are"

• Sorbent Material • Sinking Agents

• Gels/Coagulants • Combustion

• Dispersants • Bioremediation

An overview of each of these bulk treatment methods, a description of

the performance attributes, and an analysis of the current state of develop-

ment are included in the following sections.

5.3.1 Sorbent Material

Absorbents soak up oil and adsorbents fix oil on the surface of parti-

cles. Collectively, absorbents and adsorbents are referred to as sorbent

materials, which include straw, polyurethane foams, sawdust, and rubber.

Sorbents can be divided into three categories" natural products, modified or

treated natural products, and synthetic or manmadeproducts. In general it

has been found that the lower the density of the sorbent material, the more

oil it can pick up per unit weight (Mile 1970).

5.3.1.1 Performance Attributes

Large-scale tests have been performed on numerous candidate sorbent

materials (Mile 1970). The most effective sorbent material identified during

these tests was polyurethane foam scraps I to 2 inches thick in various shapes

and sizes up to i ft by 4 ft. The oil-to-sorbent ratio by weight was 46:1.

Polyurethane, which has been ground to particles approximately I/2 inch in

diameter, proved effective in oil removal as weil, with ratios of at least

28:1, although insufficient oil was present to completely characterize the

total oil absorption capacity for these particles.

The following key factors should be considered for sorbent material

usage:
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• The sorbent must be distributed over the floating oil and, in all
probability, agitated so that it absorbs the maximumamount of oil.
Wind can be a deterrent to the spreading of the sorbent material.

. • Sorbents can present pollution problems if not removed from the
water.

• Polyurethane in its unmixed state (polyol and MDI components)
presents a health hazard.

• Onboard storage requirements of the sorbent materials must be
considered.

• The ability of a particular sorbent to pick up oil may be a func-
tion of the weight/type Of oil.

• Some sorbents need to be treated prior to use to cause them to have
a higher affinity for oil than water.

• Many sorbents absorb water and become waterlogged with time, and
some actually sink (closed-cell polyurethane foam is an exception).

• Compared with other oil spill cleanup techniques, sorbents are
costly (although cost varies with the efficiency and type of the
sorbent material used).

5.3.1.2 State of Development

Internal Usage'- The idea of using sorbent pillows that drop into the

interior of an oil holding tank from the deck above has been patented. A

description of the patent is included in Appendix C. This patent description

does not specify a particular type of sorbent material to be used in the

pillows. No evidence of implementation of this system onto a tanker or barge
could be found.

External Usage - Testing and evaluation of numerous sorbent materials

have been performed. Implementation of sorbent material has occurred in

actual spill scenarios. Straw was used extensively to clean the beaches at

Santa Barbara, where it was applied by blowing it out from straw mulching

machines. The straw was removed from the beach by hand, which was a very

labor intensive process. Sorbents are not generally being used for oil spills
at sea.
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5.3.2 Gels/Coaqulants/SolidifyinqAqents
Gelling agents or coagulantshave been consideredfor preventingthe

rapid spread of oil. In the ideal case, the oil becomesthick enough to stop

up the rupture or hole from which it is spilling. In general,the formation

of a gel requiresthe additionof an appropriatechemicalagent (i.e.,fatty

acids, treatedcolloidalsilicas,polymer systems)to the oil.

5.3.2.1 PerformanceAttributes

In addition,for any of these agents to be effective,they must take

action rapidly (e.g., between5 to 10 minutes). For a gelling agent to be

effectivegenerallyrequiresthat it be well mixed in the oil. lt takes

approximately10 hours before the oil startsto set when mixed with gelling

agents. This time restrictionwould make it nearly impossibleto develop a

gelling system that could be used after the oil is actuallyspilledonto the

water surface,and for internalusage a gelling systen,would be effectiveonly

for combatingsmall openingswith a very slow leak'ratefrom the ship.

In the report A Study of Onboard Self-HelpOil Spill Countermeasuresfor

Arctic Tankers, the conclusionwas made that solidifyingagents may be of some

use because of their fast-actingnature (Ross 1983). Solidifierscause oil to

begin solidifyingwithin about 10 minutes. Again, the solidifyingagentsmust

be well mixed with the oil,and they requirea mixing ratio of approximately

30% to 40% polymerand other additivesby weight be added to the oil.

5.3.2.2 State of Development

InternalUse - Gelling agents have not been used operationallyfor the

treatmentof oil, but BritishPetroleumis investigatingthe use of solidify-

ing agents at or near leaks in tank walls. Analysis indicatesthat mixing

solidifyingagentsthroughthe use of air spargingor nozzle jets could result

in solidificationin 20 to 70 minutes. This solidifiedoil will not flow from

holes with an area of approximately0.01 m2 or less.

External Use - lt is felt that the external treatmentof oil on Lhe

surfaceof water would not be feasiblebecauseof the need to thoroughlymix

tilechemical agent with the oil to cause gelling. No researchwas found dis-

cussingthe feasibilityof treatingoil using a gellingor solidifyingagent
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while the oil is containedwithin a boom or skirt, lt has been noted that

gelled oil would presentadditionaldifficultiesin clean-up.

5.3.3 Dispersants

The purposeof dispersingoil is to minimize damage from an unrecover-

able oil spill. When a volume of oil is spilledonto the surfaceof water,

the oil has a driving force to spread. The tendencyto spread is affected by

the surfacetensionof the water, oil, and interfacialtensionbetween the

two. Dispersantstend to lower the interfacialtensionbetweenthe oil and

water (surfaceactive agent or "surfactant"). For the surfactantto be effec-

tive, it must also preventthe coalescenceof the dispersedoil droplets after
',,

they are formnd. Oil that is properlydispersedwith a chemicalsurfa,Ftant
will not stick to solid surfaces.

lliL

Where the recovery of oil is not feasible, the following incentiwis
Ii

exist for chemically dispersing oil"

• The rate of biodegradation of oil is increased (I tu 2 orders of
magnitude).

• Damage to marine life is minimized.

° The fire hazard is minimized.

• The spilled oil is prevented from wetting beach sand.

• The formation of tar-like residue is prevented.

• The formation of gelatinous water-in-oil emulsions is prevented.

5.3.3.1 Performance Attributes

To be effective, the dispersant must be well mixed with the oil. Wind

and wave action is sometimes sufficient for mixing. The manufacturers listed

the volume to volume ratio of dispersants to oil as approximately 1"10, but

EPA field experience indicates that the necessary dosage is often 1'I or 1'2.

There is significant concern over the toxicity of the chemicals that are used

as dispersants. United States regulations forbid the use of chemicals except

in unusual circumstances (Miles 1970). On-Scene Coordinators of the cleanup

operation have the authority to approve the use of chemical agents if the

spill will endanger human life or waterfowl, or presents a fire hazard.

5.20



Some form of solventgenerallyneeds to be added to the surfactantto

reduce its viscosityto allow application. Stabilizersare also added, which

help to fix the emulsiononce it is formed and increasestabilityof the mix-

ture. The cost of dispersantsis about $2.00 to $5.00 a gallon.

Figure 5,6 shows the relative effectivenessfor variousoils and four

differentdispersants, lt can be seen that the effectivenessfor these tests

can be as low as 5% to as high as 90%, dependingon the dispersantand oil

involvedin the testing.

5.3.3.2 State of Development

InternalUse - The injectionof chemicaldispersantsinto a cargo tank

will not stop the outflowof oil, but most likelywill reduce the amount of
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dispersant required outside of the tank. As with solidifying agents, it would

take between 10 and 60 minutes to achieve the desired mixing level. An alter-

nate proposed method is to locate distribution piping within the cargo hold,

which would break when the ship ran aground or was involved in a collision.

This piping would then automatically distribute the dispersant at the point of

tank/hull rupture.

External Use - External application is possible, but the required

application rate of the dispersant will be a function of the leak size,

thereby necessitating knowledge of the leak size and adequate operator train-

ing. External application systems generally use spray application techniques.

These may not be effective where there are large variations in the thicknesses

of the oil layer.

5.3.4 Sinking Agents

Commonsinking agents include sand, cement, ash, and clay. The oil

adheres to the surface of these agents that then sink to the sea floor. Envi-

ronmental concerns exist due to the deleterious effect the oil has on marine

life at the sea floor.

5.3.4.1 Performance Attributes

Sinking agents require a weight of sinking agent to weight of oil

treated application ratios of 1:1 or higher. As with dispersants, sinking

agents are not to be used without approval of the On-Scene Coordinator (due to

the hazard to marine life caused by oil on the sea floor). Sinking agents are

most efficient on thick, heavy, and weathered oil. Many sinking agents

release oil after sinking; therefore, sinking may extend the time that aquatic

life is exposed tu oil.

5.3.4.2 State of Development

Internal Use - Not Viable.

External Use - The French used sinking agents to sink oil that had

escaped the Torrey Canyon in the Bay of Biscay. Three thousand tons of cal-

cium carbonate were applied to the sea surface with some success. The
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long-termeffects on the bottom life in this area have not been adequately

analyzed (Mile 1970). The existingEPA policy restrictstheir use to waters

exceeding100 m in depth.

5.3.5 Combustion

One method proposed for the removalof oil from water is by burning.

For this method of removal to be successful,the firemust be providedwith

sufficientoxygen to burn and must be kept hot enough to sustainburning.

5.3.5.1 PerformanceAttributes

The burningof oil from the surfaceof the water:

• can result in complete removal/eliminationof oil spilled

• resultsin air pollution

• may create a fire hazard

• is difficultfor thin layers of oil due to the coolingeffect of
water sublayers (0.12 inches or more required)

• may be difficult as time progressesbecausethe material quickly
loses its volatile componentsand ignitionis difficult;(the
heaviercrude is most difficultto burn, and it is also the most
difficultto remove from beachesand the environment.)

• may result in death, injury,or loss of ship.

5.3.5.2 State of Development

Internal- Not viable.

External- Burning has been used for strickentankers (i.e.,Torrey

Canyon in 1967) with effectiveness, lt was used as a "last resort"by the

BritishGovernmentto remove the 15,000 to 20,000 tons of crude oil from the

severelydamaged tanker. Air dropped starterswere used that contained sodium

metal, calciumcarbide, and oil impregnatedsawdust. There were no crew

members onboardthe tanker when the burningof the oil was initiated.

Commercialburning agents are availablefor promotingcombustionof an

oil slick, and patents have been filed for wick type devices that can be

placed on a floating oil mass to providesustainedburningpoints. Although

burningmay be an effectiveway to dispose of oil on the water in certain
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special cases, it is impossible to conclude that this method would ever be

willingly used by crew aboard a tanker leaking oil as the self-help method of

choice.

5.3.6 Bioremediation

The process of bioremediation for oil spill treatment involves the

injection of cultured bacteria, nutrients, or both to convert oil into a

neutral substance. Oil is broken down when the enzymatic protein-like sub-

stances in the cells of bacteria act as organic catalysts in initiating the

chemical reactions that break down hydrocarbon chains. Bioremediation was

employed in the marine environment for the first time for the shoreline

cleanup in Galveston Bay, Texas, and Prince William Sound, Alaska, and on

crude oil spilled on the open sea of Galveston from the Mega Borg. Some

people project that bioremediation will be the primary or secondary treatment

method for both small and large oil spills in the marine environment (LeBlance

and Fitzgerald 1990).

5.3.6.1 Performance Attributes

Questions and concerns relating to the bioremediation process include
the following:

• The possible toxic effect of additives (i.e., nutrients, surfac-
tants, emulsifiers) has not been fully explored.

• The effectiveness and behavior of microbes are unknown when applied
to oil that has had a dispersant previously applied to it.

• The nutrients and agents that promote or retard the growth of the
bacteria have not been fully defined.

• Someconcern exists that the introduction of bacteria into an area
may cause harmful environmental effects.

For the bacteria to multiply and continue the breakdown of the hydro-

carbon chain, a supply of nitrogen, phosphorous, and oxygen must be present.

If the hydrocarbon material or any of these elements becomes unavailable, the

population will decline and the break-down will cease. In marine applica-

tions, usually sufficient amounts of nitrogen and phosphorus are dissolved in

the seawater to sustain the reaction (LeBlance and Fitzgerald 1990) which

5.24



allows the applicationof three productformulations: (I) bacteria only,

which would use existingnutrients;(2) nutrients,only which would cause the

indigenousspeciesto multiplymore rapidly;or (3) both.

In controlledtestingdone on productsfrom the Mega Borg spill, a bac-

teria and nutrientmixturewas applied at a rate of 3 Ib/acrewith good suc-

cess in breakingdown weatheredmousse.(a)

Differenttypes of bacteriadegradeoil compoundswith varying effi-

ciency dependingon the type of oil compound. There are nearly 200,000dif-

ferent compounds in crude oil, and fewer and fewer speciesof bacteriaare

able to consume the hydrocarbonsas the molecularchain lengthsof the hydro-

carbons increase (LeBlanceand Fitzgerald1990).

5.3.6.2 State of Development

Internal - No systemshave been developedto apply this technologyto

internaluse.

External - Bioremediationwas used successfullyfor the removalof oil

during shorelinetestingat PrinceWilliam Sound,Alaska, and also in the Gulf

of Mexico followingthe spill from the Mega Borg.

5.3.7 Bulk TreatmentNotionalSystem Selection

As previouslydiscussed,severalmethodscan be used for the bulk treat-

ment of oil. Of these_ severalare not viable tanker self-helpmethods due to

logistic,technological,regulatory,or operationalissues. The bulk treat-

ment systemsthat are deemed unfeasibleare gels/coagulants,dispersants,

sinkingagents, and combustion(which are discussedpreviously).

Sorbentmaterial and bioremediationare the two bulk treatment processes

deemed worthy of furtherinvestigationas tankerself-helpsystems. The two

notional systemsare similarin many regards,but the logisticsassociated

with handling the raw product,the amount of productrequired,and the

(a) This information is referenced in .MegaBorg Spill off the Texas Coast:
An Open Water Bioremediation Test by the Texas General Land Office
(Grary Mauro, Commissioner; Texas Water Commission, B. J. Wynne, III,
Chairman).
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notional methods of application are different enough to warrant that these

methods be analyzed individually. .

5.3.7.1 Sorbent Notional System

Based on the test data reviewed, the sorbent notional system initially

selected for analysis is a polyurethane foam system that dispenses chopped/

shredded closed-cell foam over the edge of a ship or barge. A polyurethane

foam dispensing machine was selected because it has a high oil to sorbent

absorption ratio. (Ratios of 46"I by weight have been observed during large-

scale tests in which polyurethane foam chunks were used.)

The notional system consists of the following components'

• heated holding tanks for the raw chemicals (polyol and isocyanate)
that mix to form polyurethanefoam

• pumps and mixing heads to mix the chemicalsinto a foam that
expands to about 30 times the volume of the unmixedchemicals

• shreddingequipmentto apply the polyurethanefoam to the spill
over the side of the ship.

The mixing machine selected for this notional system is a 60 horsepower
delivery system that processes a maximumof 260 Ib/min of raw chemicals.

Given an absorbent ratio of 46'I, a single foam dispensing system operating at

100%efficiency could distribute enough foam to absorb oil leaking at a rate

of about 24,000 Ib/min (3,200 gal/min). The ratio of 46"I has been selected

for this notional system, as it is the best representation to date. For

higher initial oil flow rates, multiple systems could be used to increase the

application rate. The ability to apply the foam evenly to the surface of a

spill is affected by weather conditions such as wind and rain. lt was assumed

for this system that the polyurethane chips would be blown through a large

diameter hose from the foam generator/shredder to the point of application.
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The attributes of this system are as follows"
Performance Characteristics (per mixinq unit)

Chemical Storage Requirements 2%of volume of spill

MaximumApplication Rate (Per Applicator) 70 gpm (520 Ibm/min)

Absorption Ratio (weight oil:weight sorbent) 46:1

Power (Per Applicator) , 60 Horsepower

Time to Deploy Estimate 25 minutes

Non-PerformanceFactors

° Chemicalsare toxic in unmixedform.

• Chemicalviscositypresentsa pumpingproblem if temperaturesare
too low.

• Some degree of trainingwill be requiredto operatethe application
machinery.

• Three peoplemay be requiredto operate each pumpingmachine.

• Clean-upof the sorbentmaterialis necessary following
application.

• Wind or rain could hamper the effectiveness with which the sorbent
is applied.

Notwithstanding the potential for reasonably successful bulk treatment

using polyurethane sorbents, the fact that the chemicals are toxic in their

unmixed form, makes this system questionable for self-help use. Therisks to

both the environment and personnel that are associated with potential chemical

spillage are high, and the need to heat the chemicals and to clean up the

polyurethane following application also complicate this notional system. The

polyurethane foam system can be considered a contender pending further devel-

opment but not as the most recommended bulk treatment concept.

5,3.7.2 BioremediationNotionalSystem

As previouslydiscussed,bioremediationof spilledoil makes use of bac-

teria to transformhydrocarbonsto a non-oilsubstancevia microbialaction.

When bioremediationis used as an oil treatment,no attempt'ismade to phys-

ically removethe bacteria from the sea followingapplication.The product

that is appliedto the spilledoil consistsof a mixed cultureof naturally
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occurring hydrocarbon degrading bacteria, inorganic nutrients, and growth

factors. This mixture has a shelf life of up to a year, and can be applied as

either a powder or mixed with water and applied to the surface of the oil

(i.e., via a firefighting system).

Several factors affect the performance of the bioremediation process,

and thus the system design. The decomposition reactions require the presence

of hydrocarbons, microbes, nutrients, water, and oxygen. If any of these are

present in inadequate amounts, the bacteria will die. The application ratio

(i.e., weight of microbes and nutrients to weight of oil) is also important.

If there are insufficient bioremediation products, the spill will not be effi-

ciently converted to a non-oil substance, as there is a symbiotic relationship

between the bacteria which enhances reproduction and oil decomposition. If

too much product is applied to the oil spill, the reactions can become self-

limiting (i.e., anoxic conditions could result which would result in the death

of the microbes). The results of the research performed on bioremediation do

not conclusively indicate what the proper application ratio for the bioprod-

ucts should be, although one manufacturer stated that it should be possible to

treat oil with a weight percentage of bioproduct to oil of 2%. I

In addition, the bioproducts can be applied either by premixing with

water and spraying over tle spill, or the powder can be applied directly to

the surface. The product t_'pically is in the form of a corn-meal textured

powder, thus factors such as wind or rain could degrade the application effec-

tiveness if applied in the powder form.

Since the bioproducts are cultured on a given type of oil, they are more

effective on that specific type of oil than on others. This means that for

maximumeffectiveness, the microbes should be cultured on the specific type of

oil in each ship. The application ratios will also be adjusted depending on

what type of oil is spilled.

For the notional system developed and for the simulation, the assump-

tions were made that the application ratio of 2% is valid, and also that the

bacteria were cultured for the type of oil transported.
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The notional system consists of the following elements.

e • A deck-mounted container or containers which would hold the bio-
products. These containers could be changed out if the ship was
moved to a different shipping region and thus needed different
microbes for optimization of the bioremediation process.

° A feed system that would meter out the product at a controlled
rate. The optimal rate of metering and the application pattern
(i.e, large area application versus small area application) would
be a function of the spill rate and manner in which the oil is
leaking from the ship. A control system for both metering and
adjusting the application pattern would therefore be required to
optimize this system. A venturi feed system that uses high-
pressure seawater as the motive force for the movement of the
bacteria/nutrients from the storage container was selected as the
physical method of dispensing the product as shown in Figure 5.7

Deck Mounted
Storage

Containers

Trainable
Spray Olspenslon

Nozzles

I,

/
I

\

" _ ManifoldPiping

FIGURE5.7. Bulk Treatment Notional Concept
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The attributes and operating sequence of this system areas follows:

Performance Characteristics

Chemical Storage Requirements 2%of spill volume

Bioproduct Application Rate (Per Applicator) 480 Ibm/min

Time to Deploy Estimate 25 minutes

Horsepower Estimate 90 Horsepower

Application Range (Per Applicator) 200 Feet

Non-Performance Factors

• Microbes can be stored for up to I year.

• Manufacturer states that the bioproducts are not hazardous to
personnel.

• Sometraining will be required to operate the application
machinery.

• Estimated that two people will be required for system operation.

• Wind or rain could hamper the effectiveness with which the bacteria
are applied.

5.3.7.2.1 Prerequisites. The following requirements are expected to be

met to ensure that the system operates properly when required for treatment of

an oil spill.

• Periodic maintenance must be performed on pumping and storage
equipment.

• Bioproduct "expiration" dates will not be exceeded, The bio-
products must be replaced within the shipboard containers as
required by manufacturers' recommendations.

• A supervisor trained in bioproduct application must be onboard
whenever the ship is underway.

° Periodic training exercises will have been performed to ensure all
personnel are able to respond properly to the spill,

5.3.7.2.2 Operating Sequence. The following steps are envisioned as

occurring in order to apply the bioproducts to the spill:

• The extent of damage and estimates of the leak rate must be deter-
mined prior to the initiation of treatment.
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• The bioproduct feed rate into the application stream must be set
based on the spill rate. lt is envisioned that this would require
one operator located at the bioproduct storage/feed station.

• The application stations must be manned, lt is anticipated that a
maximumof three spray application stations would be manned at a
time. These application stations are located along the gunwales of
the ship.

• Supervisory control of the application will be required to ensure
the application is occurring in an optimum fashion. The supervisor
will maintain the local decision-making responsibility regarding
the spray/application technique to be used. The supervisor must be
trained in all factors affecting bioproduct application including
coverage patterns, volume, and location.

5.4 CLOSUREMECHANISMS

Closure mechanisms are defined as those devices or systems that act to

stop the flow of oil at a localized point of rupture or mechanical failure.

The methods of closure typically involve plugging or patching at the point of

failure. Proposed methods of plugging or patching a hole typically use

devices that either act from the inside of the tank or are applied from the

outside of the tank. Examples of proposed patching methods are included in

Appendix C.

Various concepts for patching and plugging of holes in a tanker were

reviewed, and a technical assessment of the merits of these concepts was

performed. Of the concepts reviewed, it was concluded that manual localized

patching or plugging of holes in a tanker was not viable. The problems

associated with localized plugging or patching include"

• Significant pressure can be exerted on an external patch by small
holes, thus making the patch difficult to ir _.all. For example,
given an oil level within a hold 7 ft above the waterline, a hole
with an area of 5 ft 2 will exert a force of over 2,500 Ib against an
externally applied patch. The pressure applied by the oil on this
patch requires that reactionary forces be generated to hold it
tightly against the ship. If the hydrostatic head of the oil has
equilibrated with the hydrostatic head of the surrounding water,
the driving forces against an externally applied patch will be
minimal.
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• The geometry of a tear, hole'', or rupture is generally unknown fol-
lowing a collision or grounding. Patches and plugs typically have
a geometry that does not make them suitable for all types of leaks.

• The location of the tear, hole, or rupture must be determined prior
to the application of a patch. For leaks occurring below the
waterline, the only indication of the leak location may be the
presence or flow of oil on the surface of the water. This will be
affected by the local water conditions such as current and waves.

• Internally applied patches also require knowledge of the leak loca-
tion, and must be configured to cover the leak area. Unlike
externally applied patches, the flow of oil from the ship could
actually be used to seat the plug or patch.

The concept of using a high-strength tank liner, which is permanently

located in a tank and acts passively to patch a hole, has been proposed in

numerous forms. The National Research Council assessed the practical

obstaclesassociatedwith such a liner or membraneto be insurmountable.

Internaltank structureand equipmentare not physicallyconduciveto the

fitting of liners. The presenceof piping,pumps, heatingcoils, washing

machinery, and laddersinterferewith the incorporationof suc',:a system.

Cargo pumping and crude oil wash systemscould damage such liners. Liners

could also inhibitthe performanceof normal hull inspections. The National

Research Councildid concludethat liners could possibly be incorporatedinto

tanks that have fewer obstructionsor operatingconstraintsthan cargo tanks.

For this report,linerswill not be furtheranalyzedas they are not seen as

self-helpsystems,but as a large-scaletankerdesign modification.

5.5 PUMPINGZCOLLECTION

The major category of pumping/collection was selected as a self-help

concept for spill minimization. Included in this major category are all con-

cepts that attempt to collect the oil and deposit it in a storage reservoir.

Pumping oil from a damaged cargo tank into a secure holding location is

a very basic approach to minimizing oil spill size. This operation is per-

formed on most oil spills by "lightering," or transferring the oil from the

damaged tanker to an empty tanker ship prior to moving the damaged tanker.
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Some of the self-helpcollection/pumpingconceptsuse the ship's exist-

ing cargo transferpumps and piping. Other systemsoperateusing a hydrosta-

tic head to pump the oil. Still other approachesemploy pumps (and power)

that are completelyindependentof the ship's existingequipmentin case the

ship's systems are damaged during the accident.

Various containershave been proposedfor temporarystoragereservoirs

for the pumping systems. Some of the concepts dependon the availabilityof
J

additionalstoragespace in the ship's ballasttanks or in other empty (and

undamaged)cargo tanks. Other system conceptsprovidethis storagevolume

with expandablebladders.

For the purposesof this review,two major subcategories(and thus two

notionalsystems)were created;one that collectsthe oil from insidethe dam-

aged cargo tank, and a secondthat collectsthe oil from the surfaceof the

water beside the tanker. For both of these conceptspumping is provided by

pumpingand power systemsthat are independentof the ship's systems,to

provide some additionalassurancethat the equipmentwill not be damaged

during the accident. Also, for both conceptsa temporarystoragereservoiris

assumedto be carriedon the ship, so that it too will be availablewhen

needed.

5.5.1 InteriorCollection/Pumping

This concept is made up of the followingequipment:

• one or more deepwell pumps, which are sized such that they can be
manually loweredthrough the standardtank openings into the dam-
aged cargo tank

• a combinationof hose and hard piping (pre-plumbed)to carry the
pumped oil to the temporarystorage reservoir

• a temporarystoragereservoirfor holdingthe oil until it can be
off-loadedto anothertanker. This bladderis storedcompressed in
a containerat the stern of the ship. Upon activation,the reserv-
oir is self-deployingwith gravity.

The flowrate of existing self-poweredpumpingsystems (e.g.,ADAPTS) is

in the range of 1200-1500gal/min, when drawingout of a cargo tank and

through a reasonablerun of piping to a storagereservoir. In order to
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accommodatevarious amounts of oil, multiple storagereservoirsmay be carried

on large tankers. For those tankerswith multiple storagereservoirs,a dis-

tributionvalve at the stern of the ship selectswhich reservoiris being

filled.

5.5.2 PumpincI/SkimminqMethods

One method of dealing with oil after a leak occurs as a result of

grounding,collision,or structuralfailure is to move the oil from its exist-

ing location (i.e., the tank from which it is leaking,the volume contained

behind a boom, or directly from the sea surface) to a storage location. This

movement of oil can take place by directly pumpingfrom one location to

another,or in the case of removalfrom the sea surface,removalmay be cou-

pled with skimmingdevices that concentratethe oil prior to pumping.

For the purposeof this study,pumping has been divided into distinct

categories. The first category analyzedfor tanker self-helpis pumping from

a locationexternal to the ship'shull to a holdingtank or bladder (the hold-

ing tank or bladderexistingeither internaloI'externalto the ship), and the

second category is the pumping from the leakingtank(s)to a holdingtank or

bladder. Each of these categoriespossessesunique capabilities.

Pumpingoil that has escapedfrom the confines of the ship to a storage

locationtypicallyrequiresthat the oil be concentratedprior to pumping, in

order to avoid pumpinglarge quantitiesof water to the holdinglocation.

Mechanicaltreatment includessuch techniquesas:

• skimming/pumpingwith a suctiondevice

• skimming/pumping with a weir

• pickup via rotating drums or endless belt sorbent devices.

The descriptions of several patented systems and concepts that perform these

functions are contained in Appendix C. The ideal oil skimmer should be

designed for:

• easy handling

• easy operation
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• low maintenance

• abilityto withstand rough handling

• versatilityto operate in variouswave and current situations

• abilityto skim oil at a high oil-to-waterratio.

Skimmersgenerallyconsistof a pickuphead, a pumping section,and an

oil/waterseparator. The most significantvariationin these systems is the

pickup head configuration. The threemost popularpickup heads (that part of

the oil removaldevice in contactwith the oil) for oil skimmersare the weir,

floating suction,and adsorbentsurfacetypes. One state-of-the-artweir sys-

tem is said to be able to collectoil at a rate of 400 gpm (MachineDesign

1991). For a weir syste_,ito operateefficiently,the oil slick thickness

should be maintainedat greaterthan 0.25 inches,and the water must typically

be calm to preventwater from spillingover the weir. A weir skimmer is not

as sensitiveto variationsin the oil type as long as the oil thicknesscan be

maintainedand the seas are relativelycalm. Floating suctiondevices are

sensitiveto the type of oil they are pumping. Heavy oils tend to clog

intakes and flow passages,thereby renderingthe devices inoperable. Again

the operationdependson having a sufficientthicknessof oil to preventwater

entrainment. Sufficientlift must be providedto move the oil from the sea

surface to the point where oil/waterseparationtakes place.

Adsorbentsurfacetypes of skimmersrequirerelativelycalm seas to

operate efficiently. The oleophilicpropertiesof the sorbentare degraded by

the conti_luouswettingwith water, which may occur in the presenceof waves.

Sorbent skimmersare usually more expensiveand as with the previouslymen-

tioned pickup heads,the mechanicalcomplexitymay requirethat the system be

operated by adequatelytrainedpersonnel.

Off-hull skimmingdevicesare only marginallysuitableas self-help

countermeasures. Tests and experienceshave indicatedthat skimmersgenerally

do not operateefficientlyin wave heightsgreater than 1.5 to 2.0 ft or in

currents greaterthan 1.0 to 1.5 ft/s (0.6 to 0.9 knots). This limitation

limits their use to calm or protectedareas. Other detrimentalaspects of
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skimming systems that make them unattractive as self-help devices are their

cost, complexity, difficulty in deployment, and low-volumetric removal rates.

There may be some merit in using skimming devices in conjunction with

containment devices that are able to concentrate the oil, thereby increasing

its thickness to the point where efficient pumping could occur, but the com-

plexity and coordination necessary would probably not make this a realistic

self-help approach for ships to undertake.

State of Development

Internal Use - Not Applicable

External Use - Skimmers have most often been used for oil removal in

protected areas such as harbors and estuaries, but they have been developed

for open ocean use as weil. One skimmer (BP Vikoma Skimmer) is said to have a

recovery rate of I00 tons per hour with oils of medium viscosity. The unit is

suitable for attachment to the deck of a small tanker or tug, and is designed

to work in conjunction with a boom that can increase the thickness of the oil

to several inches.

5.5.3 Pumping Notional System

This concept shown in Figure 5.8 is made up of the following equipment:

• one or more skimmers, attached to self-powered portable pumps
located on the deck

• a combination of hose and hard piping (pre-plumbed) to carry the
pumped oil to the temporary storage reservoir

• a temporary storage reservoir for holding the oil until it can be
offloaded to another tanker. This bladder is the same one as was
described for the interior pumping notional concept.

The flowrate selected for the self-powered pumps of this concept is the

same as that of the internal pumping concept. Similar to the internal pumping

concept, multiple storage reservoirs may be carried on large tankers.
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FIGURE 5.8. Pumping/Recovery Notional Concept

Tests and experiences indicate that skimmers generally do not operate

efficiently in wave heights greater then 1.5 to 2.0 ft or in currents greater

than 0.6 to 0.9 knots. Overtipping of the device is _he primary cause of'

performance degradation; therefore, the device is more sensitive to wave

action and rocking than to increases in current. Both of these influences on

skimmer effectiveness have been approximated by curves, and are included in

the computer simulation of the self-help system.
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A third pumping concept was modeled and simulated but found to be rela-

tively ineffective, lt has been suggested that pumping from the spill pool

back into the damaged hold, in lieu of any other locations, might be a useful

stop gap measure. The modeling suggests that this is actually

counterproduct i ve.

5.6 SIMULATIONDESCRIPTION

The analysts decided early in the study that definitive evaluation of

self-help concepts would be prematt_re, given the state of development of this

technology, but categorization into meaningful groups was possible. The con-

struction of "notional concepts," combining features of specific concepts by

category, was also possible; parametric comparisons amongand between these

notional concepts should yield insights, and possibly point the way toward

optimizing strategies. The simulation model developed here can be continu-

ously refined and upgraded, becoming a powerful evaluation tool, when real-

world systems must be considered.

The objective has been to develop a realistic means of simulating

tankers using self-help methods to limit oil lost to the environment. The

simulation should account for first-order relevant pilysical and human phen-

omenon, lt must operate over the range of specified carriers, cargos, envi-

ronments, and casualty scenarios. The amount of oil that escapes, untreated,

into the environment was chosen as the singular evaluation criteria, since

other possible parameters, such as life cycle costs, reliability, development

risk, and safety were judged too difficult to quantify with confidence at this

level of analysis.

As part of our study, especially in the simulation, it was important to

know what was happening to the oil and to be able to trace its history from

the tank through the various self help devices, until finally it was lost to

the environment, or recaptured. Figure 5.9 portrays, by means of a Venn
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FIGURE 5.9. Oil Spill Venn Diagram

diagram, the multiplicity of states in the which the oil can exist throughout

the spill event. Ali such conditions have been captured in the simulation
model.

The simulations have been limited to the three categories established

earlier; Containment, Bulk Treatment, and Pumping. Figure 5.1 illustrates the

large number of potential scenarios that could develop in an arbitrary

casualty situation. In order to limit the amount of simulation to a useful

_evel, we have selected one set of conditions, representing worst-case

conditions; specifically'
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• All accidents are breaches at the waterline, since this always
results in complete loss of oil in the tank if no action is taken.

• Two adjacent tanks are taken to be holed.

• The carrier is assumed to be free of any entanglements, at least by
the time the self-help system has been actuated.

• The carrier is assumed to be holding station in the water, head to
current and wind.

• The self-help system is evaluated as to total loss of untreated oil
for 10 hours after the casualty.

• Ali self-help equipment has been assumed undamaged by the event.

The notional concepts are each modeled on the Macintosh computer, using

the simulation program ithink TM by High Performance Systems, Inc. As shown in

Appendix D, the process is represented diagrammatically by a series of inter-

' connected "reservoirs" (rectangles). The reservoirs are fed and drained by

flows (double line arrows), which are in turn regulated by "valves" (circles

with handles). "Converters" (other circles) specify functionality. In

Appendix D, the diagrams are broken into functional groupings called sectors.

The model tracks the flow of oil from the damaged tank, out the puncture, into

the water, and then through any containment, skimming, or bulk treatment proc-

esses employed, until it is finally recaptured, treated, or lost. Processes

may be discrete, or continuous and functionally controlled. Even ill-defined

or poorly understood causal relationships may be i,qcluded as "sketched-in"

functions, and refined as more data become available. Simulations may be run

with explicit input data sets (as used here), or by using statistical

protocols, such as Monte Carlo simulation, Normal or Poisson distribution,

etc. Output may be either graphical or tabular.

Three separate models were constructed, one for each of the three main

self-help methods' Containment, Bulk Treatment, and Pumping. These models

were then exercised in simulation runs over a reduced design space to capture

the essence of the variations caused by environment, carrier, and self-help

methodology. Table 5.4 shows the data sets used in the runs.
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Inputs for each of the data sets were obtained from: the outflow cal-

culations, representative environmental scenarios, manning and response time

estimates, and the nature of the notional concepts. Both quantitative rela-

tionships from the technical literature as well as more qualitative relation-

ships, where precise mathematical equations were unavailable, were set up in
the model.

The same set of environmental conditions, tankers, barges, cargo mixes,

and casualties were used to exercise the model for all self-help systems. A

short description of each of the major data sets is included below.

5.6.1 Environmental Data Set Selection

The environmental data collected from nine geographic areas were used to

analyze the various notional systems. The data sets used for analysis were

selected to ensure the concepts were analyzed over the full range of environ-

mental conditions that could _realistically be encountered. The data sets were

compiled, and environmental scenarios were selected for analysis that repre-

sented the most benign, most severe, and also moderate conditions for both

freshwater and saltwater, providing us with six zones for analysis (see

Table 5.5). Details of the environmental conditions associated with these

areas can be found in Section 3.0.

TABLE 5.5. Six Analysis Zones

Scenario Locale

I. Benign Freshwater Intracoastal Waterways and Rivers, Summer

2. Moderate Freshwater Great Lakes, Winter

3. Severe Freshwater Intracoastal Waterways and Rivers, Winter

4. Benign Saltwater Key West, FL to Brownsville, TX, Summer

5. Moderate Saltwater San Diego, CA to Eureka, CA, Winter

6. Severe Saltwater Ketchikan, AK to Dutch Harbor, AK, Winter
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5.6.2 Model Parameters

Ship parameters describe the essential elements of the carrier and the

cargo hold which were modeled as breached. The actual carriers used are the

same as selected for the outflow analysis. As above, we have selected fewer

carriers to investigate, and the inactive cases are shown with asterisks in

Table 5.4.

For the simulations, all punctures are rectangular, _entered slightly

below the waterline, and of aspect ratio 2 (height/width) which is the same

modeling approach used by the engineers who calculated the outflow results.

The flow area increases by a factor of six with each scale increment. A flow

coefficient of 0.61, as in the outflow calculations, has been used. A slight

departure, of no ultimate significance to the evaluation, is that only one

tank has been punctured for the simulation, whereas in the earlier outflow

calculations, two tanks were assumed breached. The configuration and size of

the single tank is equal to both tanks, which are treated as one in the out-

flow calculations.

"Bulk treatment" is conceived of as generic enough that the model may be

used whether for the application of bio-remediation products, or sorbents. In

either case, parameters affecting the ability to apply these materials will

have to be built into the model, as well as a "conversion efficiency" which is

expressed as a ratio of weight of successfully treated oil to weight of

applied bulk treatment product. For the present, it is assumed that the

agents are sprayed from high-pressure nozzles out onto the slick using a water

carrier, and that these nozzles, however arranged, can cover an area from the

breach (taken as amidship) to the stern and 200 ft out from the side of the

ship. Other parameters used as input include the assumed time to start appli-

cation under ideal conditions, and the length of time for which spraying can
continue.

Three types of pumping are provided, and in each case we have set a

nominal start time and a pumping rate in gallons per minute (GPM). Each pump

may be set on or off on any given simulation run. A "Drain" pump may be

operating, which pumps oil from the holed tank to some other (unspecified)

location. The second pump is one which moves oil, as a stop gap measure, from
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the spilled pool back into the stricken tank, and the third pumpmoves oil

from the pool to some other location (unspecified). (Note that pumping back

into the damaged tank had been suggested in some of the submissions;

therefore, the model was constructed to evaluate this concept.)

An optimization subroutine established the length, height, draft, and

freeboard of a notional containment barrier, which is taken to go completely

around the carrier. The only input for this sector is the nominal time to

complete deployment of the system in ideal conditions. Operation by a crew of

men or by automatic means may be selected, and this will affect the deployment

time used by the model.

5.6.3 Model Characterizations

Each of the three models developed is broken up into linked "sectors."

The following describes the key assumptions made in the modeling, features

modeled, and aspects not modeled.

Outflow Characterization Sector

Key modeling premises"

• A single tank is punctured slightly (I ft) below water line.

• Tank overpressure is vented when it reaches atmospheric.

• Cargo tank is taken to be a rectangular prism.

• Puncture is rectangular with height-to-width = 2.

• Discharge coefficient = 0.61.

• Water flows into the tank and settles to the bottom (driving out
more oil) when the driving pressure differential reaches 0.01 ATA.

Key features"

• tankage overpressure (or underpressure) as a function of oil level
and/or time

• bi-modal outflow' gravit_ driven (stage I), density difference
driven (stage 2)

• type of cargo keyed to carrier type and water of operation (i.e.,
fresh or salt).
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Effects not modeled:

• effects of variations in oil viscosity

• effects of multiple, arbitrary holes

• effect of plugging of hole (e.g., as by a colliding vessel).

Containment Characterization Sector

Key modeling premises:

, Barrier behavior and environmental effects are taken from the
technical literature.

• Carrier is streamed into current.

• Containment encloses carrier and forms an oblong shape down stream.

• If carrier' is assumed to JDemo.ored, then current is true maximum
current; 'if carrier is taken to be drifting, then current is rela-
tive current at the containment.

• Deep water conditions apply.

• Deployment is not complicated by the presence of vessel or other

obstruction. 0
Key features:

• time to complete deployment of containment

• current induced set up against barrier

• effect of waves on degrading performance of barrier

• Containment failure mode checking and consequent oil loss
calculation:

- drainage under the barrier

- Entrainment of oil by current.

Effects not modeled:

• flow field distortion caused by carrier

• full three-dimensional effects around barrier

• wave overtopping

• loads or mechanical failure.
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Pumpi_ Sector

Key modeling premises"

• Once started, pumping is continuous until oil available to pump is
gone.

• Ali pumping nominal rates set to 600 GPMor 1200 GPM.

Key features"

• Three modes available" Drainage of the damaged tank to another
tank onboard or a storage bladder; pumping from the contained oil
pool back into the damaged tank; and pumping from the pool to an
off-board storage site (e.g., Dracone, or bladder, or another
tanker).

• Environment affects both response time of men on deck, as well as
efficiency of the skimmers working in the spill pool.

Effects not modeled"

• flow variations with head

• passive drainage from damaged tank into separate holding tank.

Bulk Treatment Sector

Key modeling premises'

• The bulk treatment medium is sprayed out over the spilling oil.

• Oil that has spilled and spread beyond the spray envelope is
counted lost and untreated at the time spraying begins.

• Oil lost from the ship after spraying stops is counted as lost and
untreated.

• A fixed stock of treatment material is available.

• Oil jetting from the side forms a plume that moves to the side and
aft with the current.

• Oil spreading relations taken from the literature.

• The puncture occurs amidship.

• Spray coverage is uniform over a rectangular area equal to the half
length of the ship and 200 ft out from the side in no wind.
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Key features" 0
• "Treatment" is envisaged to bi., bioremediation, but may be other.

• Efficiency of distribution depends on wind and waves.

• Conversion efficiency (weight of oil "neutralized"/weight of
treatment applied) is taken as 50:1.

Effects not modeled:

• post deposition spreading of treatment on oil or into water.

• how well the treatment actually mixes with and neutralizes the oil.

Oil Fate Trackinq Sector (will be somewhat different for each concept modeled)

Key modeling premises:

• Ali oil will be accounted for.

• Oil does not change its character by evolving volatiles, weather-
ing, or sinking up to the point it is lost irretrievably.

• A shore based response time of 10 hours is assumed for all
simulations for comparing amount of total lost oil.

Key features:

• Both treated and untreated oil are tracked.

• Treated oil pumped back into the tank loses its treated attribute.

Effects not modeled:

• As above, no degradation or water column dispersion of oil is
modeled.

• Spreading pattern after escape not modeled in either the Contain-
ment or the Pumping case, and is modeled as a current swept plume
in the Bulk Treatment case.

Input Control Panel

Key modeling premises:

• "Ghosted" elements are simply displaced clones of original entry
element_ and are a programming device to reduce diagram clutter.

• Ali data entry takes place in the parameter boxes, not the Func-
tional Relation spaces.
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Key features:

• pumping parameters

- start times for all pumps (min)

- all pump rates (GPM)

• Containment parameters

• Deployment time under ideal conditions (min)

• Environment

- wind speed in knots

- relative current at the containment in ft/sec

- tidal current in ft/sec

- significant wave height (ft)

- temperature of air (°F)

- water type (fresh/salt) with conversion to weight density
(Ib/ft °)

e - snow and ice marker establishes presence or absence of same
• Ship parameters

Carrier type - barge or tanker. Has connections to: ullage
space overpressure determination (2 psig for tankers, 0 psig
for barges); Sp. Gr. of cargo oil: (keyed to carrier - 0.86
for tankers, 0.92 for barges); Ullage Fraction: (keyed to
carrier - 2% for tankers, 5% for barges).

- Zw: Height of W.L. above tank bottom in ft

- Lship: Length of carrier in ft

- Wship: Max. beam of carrier in ft

- Tank Height: total internal height of damaged tank in ft

- Tank Area: total plan area of spilling oil in damaged tank(s)
i n ft_

- V oil init: a calculated volume of oil available to spill in
gal.
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• Bulk Treatment parameters

- Tt: Time to start spraying under ideal conditions (min)

- Treatment spray rate: (Ibm/min) of active ingredient in spray

- Conversion factor: Ibm of oil "neutral ized"/Ibm of active
ingredient used, applied under ideal conditions.

• Puncture Characteristics

Zp: Height of top of puncture above bottom of tank in ft

- H puncture: Vertical extent of puncture in ft

- L puncture: Horizontal extent of puncture in ft

- Cd: Coefficient of discharge.

• Containment Functional Relations

- automatic: toggle that designates method of deployment as
"automatic" or "manual"

- containment length and depth optimization subroutine, based on
minimizing volume of material used

- actual flowing area of puncture subroutine to account for oil
levels dropping below top of penetration

effects of waves and currents on ability of boom to retain oil

effects of wind, temperature, snow and ice on personnel
response times.

sizing subroutine to determine maximumamount of oil that can
be contained behind a boom, and compare against actual volume
available

degradation effects for containment calculated from technical
Iiterature.

• Pumping Functional Relations

effects of waves and current on ability of pumps deployed in
the spilled oil pool to move oil

human factors eifects due to wind, temperature and snow or ice
on response times; human factors degradation effects due to
wind, temperature, snow and ice are "sketched-in" at this
point
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- degradation effects for pumping estimated from reports in the
Iiterature.

• Bulk Treatment Functional Relations

- Automatic: toggle that designates method of deployment as
"automatic" or "manual." Human factors degradation effects
due to wind, temperature, snow and ice are "sketched-in" at
this point.

- Effects of wind and waves on spray effectiveness. Degradation
relations for spray effects have been estimated based on
simple dispersion models.

5.7 SIMULATIONRESULTS

5.7.1 General

The results of the simulation runs are in Appendix D. The graphs in the

appendix show the amount of oil that has escaped to the environment for each
&,

scenario. In the Bulk Treatment case, the amount of untreated oil that

escapes is reported. At the top of each page is the graphical output for the

run set, and beneath it is a tabular summary of the key variables that have

been changed between each run. Usually, four runs have been made, and the

results superimposed on one graph. In all cases run #i represents the case

without any form of self-help being applied. (This is accomplished by setting

• the response time to I0,000 minutes.) Ali runs on one sheet of paper share at

least two commonattributes: they are for the same carrier (and damaged

tank), and for the same sized hole. Thus, curve number "I" shows the outflow

characteristics for that carrier and the hole size, and if there is sufficient

time within the lO-hour cut off, a flat top represents the capacity of that

tank, since all oil will be lost eventually from a waterline holing. Run #2|

represents the most benign case in the run set, and can be interpreted as

representing the most optimistic results for likely scenarios. Runs #3 and #4

are the moderate and most severe environmental cases examined, lt must be

stressed that "moderate" and "severe" are nominal; in any situation the scheme

being modeled might react more unfavorably to the "moderate" environment than

to the "severe" environment.
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The abscissa is the elapsed time from the casualty in minutes, and the

ordinate of the graph represents the amount of oil lost in gallons. The lower

a numbered run is on the graph relative to the line for run #i, the more

effective the system for that set of environmental conditions. The Appendix

is arranged in three packets, by category: Containment, Bulk Treatment, and

Pumping. Within each packet, sheets progress by groups based on tonnage, with

the smallest carrier first. Within each carrier size, there will be at least

three sheets for the three nominal hole sizes (2,12, and 72 ft2). More sheets

are occasionally included to examine sensitivity to other parameter variations

not otherwise explored.

Somesimilarities in the graphs need to be understood. Each of the

unimpeded outflow lines consists of three parts. The first is a swift outflow

until the oil inside the tank is just a little above the water outside.

(Sometimes this is sd fast that, at the scale shown for 600 minutes it is

indistinguishable from the ordinate.) Next comes a slower loss representing

the outflow due to density difference between water and oil, in which water

flows into the tank and sinks to the bottom, displacing oil and pushing it out

through the hole; this is the diagonal line visible on most graphs. The last

portion of the curve is a flat horizontal line, showing that all oil has been

lost. For the smallest holes, this point is occasionally not reached in
10 hours.

5.7.2 Containment Evaluation

From consultation with our HumanFactors engineers, a value of 25 min-

utes seemed a reasonable nominal time at which to activate most systems, and

this has been pre-set into the model. Graphs D.6 - D.29 illustrate the

following:

• The small hole in the benign environment can be handled reasonable
well (only about 25% of oil lost).

• On the small carriers, anything bigger than the smallest hole is a
severe challenge to the system; the only way to get ahead is to
respond more rapidly. Even this is almost hopeless on the largest
hole.
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° The more severe environments,especiallythose with high currents,
will fail the containmentby drainageor entrainmentof oil under
the lower edge, although it will remain partiallyeffectiveif it
can be deployedearly.

° The largestcarrierswill swamp the containmentin almost all
cases, but usuallyafter a considerabletime. They are effective,
but time to bring in outsidehelp is critical.

° In the large carriercase, a more rapid responsein settingthe ;:
containmentin place will only delay the inevitableloss of a
certain amount of oil, not prevent it.

5.7.3 Bulk TreatmentEvaluation

(Note" a computationalproblem seems to be occurringwith the largest

hole, and these resultsare not to be trusted.)

° Bulk treatmentis most heavilydependenton speed of response. Oil
spilled in the first few minuteswill move rapidly away from the
ship and be unreachableby the spray system.

° The outflowfrom smallerholes will, of course,be the easiestto
treat, except that if the bulk treatmentmaterial is not managed
properly, it can be exhaustedwhile oil is still leakingout. A
dual set point flow might be adequateat an early high rate to
catch the initialoutflow,and then cut back to cope with the
density flow.

5.7.4 P.umDinqEvaluation

• A characteristicof many of the charts in this segmentof Appen-
dix D is that oil can be seen being recoveredafter having been
"lost." This is certainlyencouraging,but note that the model is
not constructedto assess how well the oil may be pulled back up
from a slick that is still spreading,so curves which return to the
abscissaare clearlytoo optimistic;some degradationin effective-
ness is to be anticipated. Note also that curve #4 in most cases
levels out, either at the full tank capacity (i.e., completely
ineffective)or somewhatbelow. We believethis effect represents
the situationwhere the head of oil insidethe tank has been
drained down below the lip of the puncture(by the internal "drain-
ing" pump) faster than the water can back flow into the tank and
displace the oil out into the environment.

• Another seeminglyanomalouseffect can be seen in a graph in
Appendix D. The pumping system in the most benign environment
appearsto be performingmore poorly than the same system in the
more severe environments! We believethat the model is showing
that as oil is pumped back into the damagedtank, it inadvertently
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keeps the relative oil-to-water head higher than it would otherwise
be. Thus, the flow remains in the higher flow rate regime for
longer. As the environment worsens, the ability of return (and
off-board) pumps to be effective is significantly degraded, so less
and less oil is available to "top off" the tank, and the onboard
drain pump has a chance to stay up with the outflow. This effect
may benefit from a more thorough study. With the return pumping
shut off, the more benign environment results in the most oil
saved.

5.7.5 SummaryDiscussion

The simulation model and results described above are early indications

of the eventual utility of such a system. The simulation is a tool that can

be refined and updated as more theoretical and empirical results are reported,

and used as a commonyardstick of performance. At this stage in its develop-

ment, it should be viewed as a prototype. Validation and checking of results

by independent parties would be desirable, and a number of the special purpose

relationships "sketched" into the model should be investigated. For example,

the loss of efficiency of skimming equipment is known to depend on both wind

and waves, but we could not uncover an explicit relationship that handled the

interaction effects. Finally, the models for each of the main categories

should be combined into one global model, so that the effect of using combined

systems may be investigated.

No clear winner was apparent in these simulation runs, but the following

has emerged:

• Containment is extremely sensitive to relative current. In simu-
lations, it was assumed that full environmental currents would be
acting on the containment, whereas in many cases, the ship might
well be drifting and net relative current would be low. In these
circumstances, a containment barrier seems attractive, at least as
an interim measure.

• Bulk treatment, especially bio-remediation, may offer the best hope
for long-term solution, through genetic engineering of more effec-
tive microbes, and better dispersal equipment and methods.

° Pumping is the only method with at least the chance of recovering
some of the oil inside the (self-imposed) 10-hour time limit for
self help. But it is unlikely to be effective by itself; combining
a pumping solution with some form of containment holds the most
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promise for achieving a real capability for ships within the next
decade and should be the first system to be investigated using a
global model.
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6.0 CONCLUSIONSAND RECOMMENDATIONSFORFUTURERESEARCH

Based on the information provided in the foregoing sections, the follow-

ing is concluded:

• Most spills in U.S. waters occur in inland waters.

• No analytical method appears to be readily available for predicting
the penetration size in a vessel as a result of collision, given
currently available casualty data.

• The parametric approach based on hole size, as used in this study
to determine oil outflow in the case of collision, appears to be
validated for small holes by the results obtained independently by
S. L. Ross (Ross 1983).

• MARPOLassumptions are not applicable to time-dependent oil outflow
analysis.

• In cases of grounding, the oil outflow rates determined in this
study are probcbly overly conservative The methodology developed
by DnVCfor predicting bottom damage when performing design compar-
isons was prescribed by the Coast Guard as a means of analyzing
both the high-energy and low-energy grounding cases. DnVC's equa-
tions for determining penetration size depend on a vessel's kinetic
energy and structural design, and they apply MARPOLassumptions for
determining the extent of vertical and transverse damage. MARPOL
assumptions for bottom damage are not dependent on a vessel's
structural design or its kinetic energy at the time of grounding,
so the methodology was used in this study for' the lack of a better
approach. Because this methodology was not intended for this
application, no allowance was made for the energy that is dissi-
pated irl breaking/deforming the ground or in changing the trim of
the vessel as it rides up and becomes hard aground. Consideration
of these factors would result is a smaller hole size. Also, no
allowance was made for the plugging action of the ground. Consid-
eration of this factor would also result in a smaller hole size and
hence further reduce the rate of outflow. Moreover, this metilodol-
ogy does not distinguish between damage area and penetration area.
Only penetration area is significant in this case.

• Ground plugging has a significant effect on oil outflow in the case
of grounding.

• Sea ice is a major factor in countermeasure design; however, the
net impact of interactions between sea ice and oil on the utility
of different containment/cleanup technologies is difficult to
pred i ct.
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• Two conditions, low visibility and superstructure icing, will
reduce the performance of all proposed countermeasures to some
degree.

° Seasonal and geographic variation of conditions in U.S. waters may
warrant region-specific system designs.

° Based on a standard crew size of 21 persons, personnel would be
available on tankers to operate properly engineered countermeasures
from the ship, assuming other damage assessment and control activ-
ities have been accommodated. However, if the manning scale is
reduced, sufficient personnel may not be available. In the case of
barges, personnel would also be available to operate countermeas-
ures. Crew training would be required in the case of some counter-
measure concepts.

• The simulation model used in this study appears to be a viable tool
for predicting the performance of self-help countermeasures. How-
ever, at this stage of development, it should be viewed as a proto-
type. This tool can be refined and updated as more theoretical and
empirical results are reported. One such refinement would be the
incorporation of an improved/refined model for determining the
time-dependant outflow of oil, which would improve the accuracy of
the countermeasure performance prediction.

• No clear winner is apparent from the simulation runs made in the
course of this study. However, the results do suggest that a pump-
ing solution in conjunction with some form of containment has the
most promise for achieving a real self-help capability for ships
within the near term.

6.1 RECOMMENDATIONSFORFUTURERESEARCH

6.1.1 Pumpinq-Containment

Based on the findings of this investigation, it is recommended that

research pertaining to onboard self-help countermeasure concepts focus on the

pumping-containment category of concepts.

A pumping-containment concept that holds considerable promise as a

near-term solution is internal transfer. Strong justification exists for

exploring in detail the feasibility of pumping oil from a penetrated cargo

tank(s) to some other compartment within the vessel (e.g., undamaged dedicated

clean ballast tanks, slop tanks, and/or other available onboard containment,

such as the ullage of undamaged cargo tanks, in the case of vessels that are

hydrostatically loaded). At an information exchange meeting in Toronto,
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Canada, representatives of the tanker industry expressed an interest in this

concept. Moreover, one of these representatives stated that his company was

currently transporting crude in tank vessels that were hydrostatically loaded.

Another pumping-containment concept that should be explored further is

pumping-over-the-top from a penetrated cargo tank to overboard containment

(DRACONES/bladder) that has been deployed from the vessel. The representa-

tives of the tanker industry at the Toronto meeting preferred the internal

transfer concept to this concept; however, they agreed with PNL that this

concept may be applicable to barges.

lt is recommended that a research program designed to explore in detail

the feasibility of each of the two foregoing concepts be conducted and that it

include the following elements:

• Concept Analysis and Technical Considerations: This element would
include identifying functional requirements; determining extent of
retrofit required; and conducting an assessment of.potential relia-
bility, inspectibility, and maintainability, together with an
assessment of the potential effectiveness (based on amount of oil
retained) of each concept.

• Benefit-Cost Analysis: This element would compare the estimated
life-cycle cost for each concept with the estimated potential cost
avoidance realized.

• Safety Considerations: This element would assess the potential for
fire and explosion together with ship stability and structure con-
siderations associated with the concepts.

• Human Factors Considerations: This element would cover the
requirements for manning, training, and skills/seamanship and would
include a function and task analysis for each concept considered.

• Regulatory Constraints: This element would consider the regulatory
requirements/constraints applicable to the proposed concepts as set
forth in U.S. Code of Federal Regulations, 33 CFRSubchapter 0 and
46 CFRSubchapter D.

• Operational Considerations: This element would consider the impact
of the proposed concepts on the ability to perform damage assess-
ment, salvage, lightering, removal and recovery of oil from the
water, and subsequent cleaning of contaminated areas, such as dedi-
cated clean ballast and pumping systems.
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° Environmental Constraints: This element would assess the effec-
tiveness of the proposed concepts in relation to the environmental
scenarios set forth in this report.

6.1.2 Develop the Oil Outflow Model

To obtain more realistic oil outflow times, especially in the case of

grounding, it is recommendedthat the oil-outflowmodel employedin supportof

this study be furtherdeveloped. This developmentwould includereplacingthe

existingmethod for computingoutflow in the case of groundingwith a para-

metric approach,similarto what is used for collision. In addition,the

revisionwould expand the model to considermanifoldingtank vents, ground

plugging effect,and dissipationof energy in breaking/deformingthe ground

and in alteringthe trim of the ship. The model would also be providedwith a

capabilityfor distinguishingbetweenhull penetrationand hull damage. Also,

during the course of development,the model would be made moreuser friendly.

To facilitateassessmentof the potentialeffectivenessof the proposed

pumping-containmentself-helpscenarios,and associatedcontingencyplans, the

enhanced outflowmodel would be used to determinethe maximumallowable

responsetime and correspondinghole size as a result of groundingand/or col-

lision. A databasecontainingcasualty (ship damage) data would also be

developed to supportthis assessment. This database would be used in deter-

mining the most probable range of hole sizes that should be consideredfor

varioustanker/bargesizes. Also, this databasewould be used in validating/

verifyingthe enhancedmodel.

6.1.3 Develop FunctionalCriteriafor Onboard Self-HelpCountermeaSure
Systems

Based on the findingsof this study,developmentof functionalcriteria

for onboard self-helpcountermeasuresis recommended. These criteriawould

provide a basis for developingand evaluatingconceptualdesignsof onboard

self-help countermeasure systems, including the aforementioned proposed

concepts.

6.1.4 Develop a Global Simulation Model

The simulation models developed for assessing each of the self-help

categories considered in this study would be combined into a global simulation
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model to assess the effectiveness of combining self-help categories/system

types. The resulting global model would incorporate the proposed enhanced oil

outflow model and would subsequently be used to evaluate the proposed combined

pumping and containment categories.

6.1.5 Assess Environmental Data

A comprehensive set of wind, wave, ice and current data for U.S. waters

was assembled for this study. Although this was essential to provide a sound

statistical basis for the development of the scenarios for broad geographical

regions, only a small fraction of the total amount of data collected was used

in this study and included in this report, lt is recommended that the scenar-

ios be refined for specific areas where oil commerce is concentrated or the

risk of accidents is anomalously high. In this way, self-help measures could

be designed for specific regions, perhaps making them more effective and less

costly. This effort would also have direct application to rule making, as it

would address the following three fundamental questions:

• What removal equipment is appropriate for tank vessels to carry?

• What removal equipment should be carried on tank barges?

• Should the area of the vessel's operation or the regional avail-
ability of support equipment affect the onboard equipment-
carriage requirements?
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APPENDIXA

RESULTSOF OUTFLOWCALCULATIONS



O

Oil Outflow in Case of Vessel Grounding

for 34000 DWT Tanker

Vessel Velocity = 10.0 knots Damage.Length = 70.81 ft.
2 Tanks penetrated Damage Width = 8.47 ft.

Fraction of Penetration Plugged by Reef = 0.00

Cumulative Oil Volume in Penetrated tank(s) = 1396765.6 gal.

Total Oil Volume Leaked from Vessel = 187344.8 gal.
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Tanker Grounding Tanker DWT - 34000. tons

Accident Occ:,,irred in Salt Water Cargo Specific Gravity = .86

Draft _ _' i . .• , 36/,0 ft Ship Velocity I0 0 knots
Ji ' I, "

Penetr_/c, io_ :wi,dth - 8.47 ft Penetration Length - 70.81 ft

Penetration Area- 599.8 sq. ft No. Tanks Penetrated = 2

Fraction of Penetration Plugged by Reef - 0.00

Time Total Outflow % Outflow Flowrate

(rain) (gel) (gal/min)

0.00 2705 77 0 19 4565316 00

0 00 10876 92 0 78 3312035 25
0 01 18617 19 1 33 3236694 50
0 01 28041 36 2 01 3142511 25
0 01 35379 72 2 53 3067157 50

0 01 44301 44 3 17 2972957 00
0 02 51237 82 3 67 2897589 50
0 02 57995 51 4 15 2822214 25

0 02 66191 31 4 "14 2727985 50
0 02 72546 90 5 19 2652590 50
0 03 80240 02 5 74 2558338 75

0 03 86193 38 6 17 2482928 25
0 03 93383 66 6 69 2388645 25
0 03 98934 70 7 08 2313208 00

0 04 104306 88 7 47 2237760 00
0 04 110770 53 7 93 2143430 25

0 04 115740 17 8 29 2067954 62
0 05 121700 55 8 71 1973581 12
0 05 126267 47 9 04 1898066 50
0 05 131724 33 9 43 1803646 50

6 05 135888 31 9 73 1728086 00
0 06 139873 12 i0 01 1652498 75
0 06 144602 08 I0 35 1557976 38
0 06 148183 52 i0 61 1482329 00

0 06 152408 05 I0 91 1387715 25
0 07 155585 73 Ii 14 1311977 12
0 07 159305 20 ii 41 1217228 25

0 07 162078 53 1,1 60 1141360 38
0 07 164671 89 II 79 1065415 75

0 08 167660 16 12 00 970347 94
0 08 169847 69 12 16 894132 00
0 08 172327 59 12 34 798601 88

0 08 174107 19 12 47 721838 12
0 09 176074 61 12 61 625103 00

0 09 177440 06 12 70 r 546168 25
0 09 178874 95 12 81 _ 450180 00
0 09 179901 14 12 88 422462 38
0 I0 180861 56 12 95 394728 88

0 i0 181969 61 13 03 360036 ....,0
0 I0 182782 02 13 09 332260 _9
0 II 183704 84 13 15 297506 62

0 II 184368 89 13 20 269666 12
0 ii 184966 89 13 24 241793 55
0 II 185621 36 13 29 206884 25

0 12 186070 34 13 32 178882 44

0 12 186538 05 13 35 143757 Ii
0 12 186837 03 13 38 115511 78

0 12 187116 03 13 40 79852 60
0 13 187262 44 13 41 50804 93

0 13 187344 83 13 41 0 00
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Oil Outflow in Case of Vessel Grounding

for 89700 DWT Tanker
t

Vessel Velocity = 10.0 knots Damage Length = 124.72 ft.

2 Tanks penetrated Damage Width = 10.65 ft.

Fraction of Penetration Plugged by Reef = 0.00

Cumulative Oil Volume in Penetrated tank(s) ---2867224.5 gal.

Total Oil Volume Leaked from Vessel = 204690.7 gal.
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Tanker Grounding Tanker DWT - 89700. tons

Accident Occurred in Salt Water Cargo Specific Gravity = .86

Draft - 49.1 ft Ship Velocity = 10.0 knots

Penetration Width _ 10.65 ft Penetration Length = 124.72 ft

Penetration Area - 1328.8 sq. ft No. Tanks Penetrated - 2

Fraction of Penetration Plugged by Reef - 0.00

Time Total Outflow % Outflow Flowrate
(rain) (gal) (gal/min)

0.00 20645 35 0 72 9163997 00
0.00 33862 56 I 18 5866818 50
0 01 46595 29 1 63 5651766 00

0 01 58843 18 2 05 5436554 50
0 01 70605 84 2 46 5221178 00
0 01 81882 87 2 86 5005613 50
0 02 92673 82 3 23 4789852 50

0 02 102978 16 3 59 4573863 50
0 02 112795 38 3 93 4357637 50

0 02 122124 84 4 26 4141138 00
0 02 130965 90 4 57 3924339 25
0 03 139317 78 4 86 3707209 50
0 03 147179 66 5 13 3489700 75

0 03 154550 52 5 39 3271754 25
0 03 161429 30 5 63 3053330 75
0 04 167814 66 5 85 2834313 75

0 04 173705 ii 6 06 2614636 25
0 04 179098 83 6 25 2394148 50
0 04 183993 62 6 42 2172688 00

0 05 188386 75 6 57 1950009 62
0 05 192274 70 6 71 1725776 12
0 05 195652 81 6 82 1499460 25

0 05 198514 33 6 92 1270159 88
0 05 200848 62 7 00 1036141 88

0 06 202633 84 7 07 792422 12
0 06 203827 58 7 ii 529865 94
0 06 204573 55 7 13 331121 69

0 06 204690 73 7 14 52015 82
0 07 204690 73 7 14 0 00



Oil Outflow in Case of Vessel Grounding

for 225000 DWT Tanker

VesselVelocity= 5.0 knots DamageLength= 32.97 ft.
1 Tankspenetrated DamageWidth= 14.47rf,

Fractionof PenetrationPluggedbyReef = 0,00

CumulativeOil Volumein Penetratedtank(s)= 7359252.5gal.
TotalOil VolumeLeakedfromVessel= 515940.3gal.
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Tanker Grounding Tanker DWT - 225000. tons

Accident Occurred in Salt Water Cargo Specific Gravity = .86

Draft - 70.3 ft Ship Velocity = 5,0 knots

Penetration Width - 14.47 ft Penetration Length - 32,97 ft

Penetration Area m 477.2 sq, ft No. Tanks Penetrated _ 1

Fraction of Penetration Plugged by Reef - 0.00

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0 00 14718 51 0 20 3583040 50
0 01 26513 55 0 36 2871358 75

0 02 47487 29 0 65 2539002 50
0 02 68004 21 0 92 2483394 75
0 03 88064 25 1 20 2427781 25

0 04 107667 35 1 46 2372162 00
0 05 126813 45 1 72 2316535 50
0 06 145502 48 1 98 2260899 25

0 06 154675 59 2 I0 2233080 00
0 07 172678 91 2 35 2177430 25
0 08 190224 97 2 58 2121771 25
0 09 207313 72 2 82 2066109 38

0 09 223945 06 3 04 2010427 50
0 I0 240118 92 3 26 1954741 00
0 ii 255835 23 3 48 1899046 00

0 12 263521 75 3 58 1871192 50
0 12 278551 53 3 79 1815475 50
0 13 293123 44 3 98 1759740 00

0 14 307237 41 4 17 1703999 62
0 15 320893 31 4 36 1648237 38
0 16 334091 00 4 54 1592464 12

0 16 346830 34 4 71 1536669 62
0 17 353028 09 4 80 1508768 62
0 18 365079 66 4 96 1452949 38

0 18 376672 50 5 12 1397107 75
0 19 387806 44 5 27 1341241 12
0 20 398481 25 5 41 1285351 62

0 21 408696 72 5 55 1229435 88
0 22 418452 69 5 69 1173495 75

0 22 423158 25 5 75 1145515 38
0 23 432224 41 5 87 1089519 62
0 24 440830 31 5 99 1033494 00

0 25 448975 69 6 I0 977426 88
0 25 456660 06 6 21 921303 06

0 26 463883 12 6 30 865134 88
0 27 470644 38 6 40 808913 00
0 28 473851 66 6 44 780771 81
0 28 479919 16 6 52 724436 00

0 29 485523 31 6 60 668026 88
0 30 490663 31 6 67 611502 62

0 31 495338 25 6 73 55_851 62
0 32 499546 88 6 79 498057 88
0 32 503287 88 6.84 441096 38

0 33 504982 41 6 86 412514 81
0 34 508018 25 6 90 355163 00

0 35 510580 44 6 94 297415 69
0 35 512664 81 6 97 239070 31

0 36 514264,59 6 99 ]79841 89
0 37 515367.75 7 00 I18a62 97
0 38 515940.34 7 01 0 00
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Oil Outflow in Case of Vessel Grounding

for 225000 DWT Tanker

Vessel Velocity= 10.0knots Damage Length= 317.92 ft.
3 Tankspenetrated DamageWidth= 14.47 ft.

Fractionof PenetrationPluggedbyReef = 0.00

CumulativeOil Volumein Penetratedtank(s)= 20614960.0 gal.
TotalOil VolumeLeakedfromVessel= 1445258.1gal.
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Tanker Grounding Tanker DWT - 225000, tons

Accident Occurred in Salt Water Cargo Specific Gravity = ,86

Draft - 70.3 ft Ship Velocity = i0,0 knots

Penetration Width -' 14,47 ft Penetration Length - 317.92 ft

Penetration Area - 4601.2 sq. ft No. Tanks Penetrated = 3

Fraction of Penetration Plugged by Reef - 0.00

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.00 • 28292 70 0 14 34546532 00
0.07 984282 81 4 77 3938944 25
0.13 1020451 31 4 95 273566 31

0.20 1038183 44 5 04 267797 28
0 26 1055752 12 5 12 261956 39

0 33 1072723 75 5 20 256187 47
0 40 1089522 12 5 29 250346 55
0 46 1105933 12 5 36 244505 41

0 53 1123.761 38 5 44 238736 14
0 59 1137402 25 5 52 232895 28
0 66 1152469 62 5 59 227126 12
0 73 1167340 38 5 66 221285 20

0 79 1181647 25 5 73 215516 22
0 86 1195747 88 5 80 209674 45
0 92 1209460 88 5 87 203833 50

0 99 1222624 25 5 93 198064 09
1 06 1235567 00 5 99 192223 06

1 12 1247969 88 6 05 186453 86
1 19 1260142 38 6 Ii 180612 72
1 25 1271784 38 6 17 174842 73

1 32 1283186 62 6 22 169001 45
1 39 1294201 50 6 28 163160 30
I 45 1304700 00 6 33 157390 19
I 52 1314944 62 6 38 151548.86

1 58 1324682 38 6 43 145779 39
1 65 1334156 75 6 47 139937 31
1 72 1343133 88 6 52 134168 56

1 78 _ 1351838 00 6 56 128325 63
i 85 1360154 50 6 60 122483 94

1 91 1367988 00 6 64 116714 47
1 98 1375534 38 6 67 110871 80
2 05 1382607 00 6 71 105101 73

2 ii 1389383 00 6 74 99259 34
2 18 1395694 88 6 77 93489 35
2 24 1401700 38 6 80 87646 47

2 31 1407318 50 6 83 81803 52
2 38 1412486 75 6 85 76032 96
2 44 1417334 38 6 88 70191 43

2 51 1421741 38 6 90 64418 51
2 57 1425818 62 6 92 58576 17

2 64 1429465 00 6 93 52803 94
2 71 1432771 62 6 95 46958 72
2 77 1435690 50 6 96 41114 66

2 84 1438192 88 6 98 35341 38
2 90 1440341 00 6 99 29494 14

2 97 1442081 75 7.00 23717 67
3 04 1443458 38 7.0C 17869 86

3 i0 1444437 50 7.01 12082.23
3.17 1445042 25 7.01 6220,72

3.23 1445258 .12 7.01 0 ,00
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Oil Outflow in Case of Vessel Grounding

for 262000 DWT Tanker

VesselVelocity= 5.0 knots Damage Length= 44.20 ft.
1 Tankspenetrated Damage Width= 17.95 ft.
Fractionof PenetrationPluggedbyReef = 0.00

CumulativeOilVolume inPenetratedtank(s)= 3938834.8 gal.
TotalOil VolumeLeakedfromVessel= 198219.8gal.
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Tanker Grounding Tanker DWT _ 262000. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 67.2 ft Ship Velocity m 5.0 knots

Penetration Width - 17.95 ft Penetration Length - 44.20 ft

Penetration Area - 793.4 sq. ft No. Tanks Penetrated - 1

Fraction of Penetration Plugged by Reef - 0,00

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.00 7877.67 0.20 5401056 50
0 00 13751.19 0.35 4026983 50
0 00 18801.23 0.48 3462384 75
0 01 28692 43 0 73 3366911 75
0 01 33533 59 0. 35 3319176 50
0 01 43006 99 i 09 3223682 00
0 01 47639 21 1 21 3175926 75
0 02 56694 66 1 44 3080395 00
0 02 61117 88 1 55 3032629 75
0 02 69755 23 1 77 2937062 00
0 02 73969 36 1 88 2889271 25
0 02 82188 45 2 09 2793669 00
0 03 86193 41 ,2 19 2745862 75
0 03 93994 08 2 39 2650212 75
0 03 97789 77 2 48 2602382 00
0 03 105171 78 2 67 2506690 50
0 04 108758 09 2 76 2458830 25
0 04 112274 59 2 15 2410968 50
0 04 119098 09 3 02 2315203 00
0 04 122405 05 3 Ii 2267304 75
0 04 128809 32 3 27 2171476 50
0 05 131906 61 3 35 2123552 50
0 05 137891 39 3 50 2027657 12
0 05 140778 84 3 57 1979682 88
0 05 146343 78 3 72 1883704 25
0 05 149021 20' 3 78 1835687 88
0 06 154165 89 3 91 1739616 00
0 06 156633 08 3 98 1691546 88
0 06 161357 00 4 i0 1595344 38
0 06 163613 69 4 15 1547218 88
0 07 167916 34 4 26 1450898 50
0 07 169962 22 4 32 1402698 88
0 07 173842 89 4 41 1306191 88
0 07 175677 61 4 46 1257905.88
0 07 177441 81 4 50 1209569 12
0 08 180758 52 4 59 1112783 50
0 08 182310 88 4 63 1064324 25
0 08 185203 28 4 70 967259 38
0 08 186543 16 4 74 918637 94
0 08 189009 73 4 80 821164 94
0 09 190136 20 4 83 772331 94
0 09 192174 75 4 88 674293 88
0 09 193086 48 4 90 625089 50
0 09 194693 73 4 94 526206 62
0 09 195388 69 4 96 476468 66
0 I0 196559 16 4 99 376056 31
0.i0 197033 48 5 00 325206 38
0.I0 197755 45 5 02 221325 88
0.I0 197999 59 5 03 167385 42
0.II 198219 78 5 03 0 00
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, Oil Outflow in Case of Vessel Grounding

for 262000 DWT Tanker

Vessel Velocity = t0.0 knots Damage Length = 293.73 rf.

3 Tankspenetrated DamageWidth= 17.95ft.
Fractionof PenetrationPluggedbyReef= 0.00

CumulativeOil Volumein Penetratedtank(s)= 17302738.0 gal.

TotalOil VolumeLeakedfromVessel= 870984.2 gal.
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Tanker Grounding Tanker DWT - 262000. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 67.2 ft Ship Velocity - I0.0 knots

Penetration Width - 17.95 ft Penetration Length -, 293.73 ft

Penetration Area - 5272.6 sq. ft No. Tanks Penetrated - 3

Fraction of Penetration Plugged by Reef - 0.00

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.00 56224.99 0.32 35892176 00
0.00 92366.16 0.53 23071336 00
0.00 127655,52 0.74 22527550 00
0.01 162119.69 0.94 22000790 00
0.01 195758.39 1.13 21473834 00
0.01 228571.38 1.32 20946722 00
0.01 260558.39 1.51 20419456 00
0.01 291719.16 1.69 19892004 00
0.01 322053 28 1.86 1936_308 00
0.02 351560 53 2.03 18836468 00
0.02 380240 56 2.20 18308374 00
0.02 408092 88 2.36 17780022 00
0.02 435117 28 2.51 17251480 00
0.02 486680 34 2.81 16193518 00
0 03 511218.03 2.95 15664044 00
0 03 534925 88 3.09 151134292 00
0 03 557803 25 3.22 14604149 00
0 03 579849 56 3.35 14073650 00
0 03 601064 12 3.47 13542674 00
0 03 621446 19 3.59 13011254.00
0 03 640995 06 3.70 12479354 00
0 04 659709 81 3 81 11946855 00
0 04 677589 38 3 92 11413748 00
0 04 694632 94 4 01 10880012 00
0 04 710839 00 4 II 10345427 00
0 04 740733 38 4 28 9273581 00
0 05 754418 44 4 36 8736095 00
0 05 767259 31 4 43 8197154 00
0 05 779253 62 4 50 7656768 50
0 05 790398 19 4 57 7114292 00
0 05 800689 50 4_63 6569636 00
0 05 810123 00 4.68 6022056 50
0 05 818692 44 4..73 5470454 50
0 06 826390 19 4.78 4913964 00
0 06 833203 69 4.82 4349558 00
0 06 839114 06 4 85 3772971.25
0 06 844083.38 4 88 3172229 75
0.06 851026 69 4 92 1938781 25
0.07 853855 44 4 93 1805783 38
0.07 856475 25 4 95 1672412 25
0.07 858885 50 4 96 1538620 12
0 07 861085 31 4 98 1404286 25
0 07 863073 62 4 99 1269297 62
0 07 864849 44 5 00 1133618 50
0 08 866411 19 5 01 996967 12
0 08 867756 75 5 02 858966 50
0 08 868883 19 5 02 719048 19
0 08 869786 25 5 03 576465 50
0 08 870458 69 5 03 429265 34
0 09 870984 25 5 03 0 00
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Oil Outflowin Case of Vessel Grounding

for 1769 GT Barge

VesselVelocity= 8.0 knots DamageLength,, 27.67 ft.
1 Tankspenetrated DamageWidth= 5.45 ft.

Fractionof PenetrationPluggedbyReef, 0.00
CumulativeOil VolumeinPenetratedtank(s)= '129626.2gal.

TotalOil VolumeLeakedfromVessel= 9363.8 gal.
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B_ge Grounding Barge GT - 1769.

Accident Occurred in Fresh Water Cargo Specific Gravity - .92i

Draft - 9.6 ft Ship Velocity - 8.0 knots

Penetration Width - 5.45 ft Penetration Length - 27.67 ft

Penetration Area - 150.7 sq. ft No. Tanks Penetrated - 1

Fraction of Penetration Plugged by Reef - 0.00

Time Total Outflow % Outflow Flowrate
(rain) (gal) (gal/rain )

0 00 259 25 0.20 312672 31
0 00 514 89 0 40 308313 41
0 00 766 91 0 59 303952 25
0 00 1260 11 0 97 295230 69
0 00 1501 29 1 16 290870 34
0 01 1972 78 1 52 282145 75
0 01 2203 11 1 70 277782 56
0 01 2429 81 1 87 273419 19
00l 2872 37 2 22 264690 56
00l 3088 22 2 38 260325 23
00l 3509 05 2 71 251592 39
00l 3714 04 2 87 247224 75
00l 3915 41 3 02 242856 78
0 02 4307 27 3 32 234119 55
0 02 4497 77 3 47 229750 25
0 02 4867 89 3 76 221007 22
0 02 5047 51 3 89 216634 81
0 02 5223 51 4 03 212261 72
0 02 5564 62 4 29 203511 91
0 02 5729 73 4 42 199135 00
0 02 6049 07 4 67 190380 ii
0 02 6203 29 4 79 186000 33
0 93 6353 88 4 90 181619 44
0 03 6644 16 5 13 172854 02
0 03 6783 85 5 23 168469 30
0 03 7052 31 5 44 159695 30
0 03 7181 08 5 54 155305 73
0 03 7427 70 5 73 146520 80
0 03 7545 54 5 82 142125 03
0 03 7659 73 5 91 13'7726 81
0 04 7877 18 6 08 128927 06
0 04 7980 43 6 16 124522 67
0 04 8175 96 6 31 115703 08
0..04 8268 24 6 38 111291 51
0 04 8356 85 6 45 106873 91
0 04 8523 08 6 58 98029 17
0 04 8600 69 6 63 93599 37
0 04 8744 87 6 75 84724 94
0 04 8811 44 6 80 80280 75
0 05 88_4 31 6 85 75826 42
0 05 8988 95 6 93 66896 69
0 05 _040 71 6 97 62418 26
0 05 9133 03 7 05 53422 93
0 05 9173 58 7 08 48902 35
0 05 9210 36 7 ii 44364 03
0 05 9272 55 7 15 35201 98
0 05 9297 90 7 17 30574 44
0 06 9336.87 7.20 21116 77
0.06 9350.31 7.21 16209 73
0.06 9363.79 7.22 0 O0
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Oil Outflow in Case of VesselGrounding

for 2713 GT Barge

VesselVelocity= 4.0 knots Damage Length= 10.86 rf.

1 Tankspenetrated DamageWidth= 7.66 rf.

FractionofPenetrationPluggedby Reef = 0.00
CumulativeOil VolumeinPenetratedtank(s)= 153018.7gal.

TotalOil VolumeLeakedfromVessel= 17515.6gal.
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a
Barge Grounding Barge GT - 2713. l-

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 12.0 ft Ship Velocity - 4.0 knots

Penetration Width - 7.66 ft Penetration Length - 10.86 ft

Penetration Area - 83.2 sq. ft No. Tanks Penetrated - 1

Fraction of Penetration Plugged by Reef - 0.00

Time Total Outflow % Outflow Flowrate
(min) (gal) (gal/min)

0.00 306.04 0.20 248577.62
0.00 910.06 0.59 244215.19
0.01 1503 33 0.98 239852.16
0 01 2085 86 1.36 235488.52
0 01 2939 51 1.92 228942.56
0 01 3495 18 2.28 224578.16
0 02 4040 I0 2.64 220213.50
0 02 4574 28 2.99 215848.08
0 02 5355 38 3.50 209299 36
0 03 5862.67 3.83 204932 94
0 03 6359.22 4.16 200566 12
0 03 6845.01 4.47 196198 41
0 03 7553.53 4.94 189646 52
0 04 8012 43 5.24 185277 36
0 04 8460 57 5 53 180908 30
0 04 8897 95 5 81 176538 08
0 05 9533 84 6 23 169981 84
0 05 9944 32 6 50 165610 31
0 05 10344 03 6 76 161237 47
0 05 10923 40 7 14 154676 84
0 06 11296 18 7 38 150302 Ii
0 06 11658 19 7 62 145926 42
0 06 12009 42 7 85 141549 62
0 07 12516 06 8 18 134983 20
0 07 12840 35 8 39 130603 64
0 07 13153 84 8 60 126222 57
0 07 13456 55 8 79 121841 55
0 08 13890 38 9 08 i15265 31
0 08 14166 I0 9 26 110880 04
0 08 14431 02 9 43 106492 54
0 08 14685 13 9 60 102103 52
0 09 15046 02 9 83 95515 61
0 09 15273.10 9.98 91120 63
0 09 15489.34 10.12 86723 12
0 l0 15793.40 10.32 80121.76
0 I0 15932.55 10.44 75717 24
0 I0 16160.85 10.56 71308 44
0 10 16328.28 I0 67 66896 05
0.II 16559.04 i0 82 60266 63
0 II 16699.27 I0 91 55842 07
0 II 16828.[18 ii 00 51406 16
0 Ii 16946.96 ii 08 46966 49
0 12 17103 98 II 18 40284 63
0 12 17194 91 ii 24 35810.56

I 0 12 17274 81 Ii 29 31323 24
0 13 17343 61 II 33 26812 26
0.13 17425 83 11.39 19979 03
0.13 17466 48 11.41 15350 49
0.13 17495 54 11.43 10608 35
0.14 17515 63 11.45 0 00
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Oil Outflowin Case of Vessel Grounding

for 2713 GT Barge

Vessel Velocity = 8.0 knots Damage Length = 43.45 ft.

1 Tanks penetrated Damage Width = 7.66 ft.

Fraction of Penetration Plugged by Reef = 0.00

Cumulative Oil Volume in Penetrated tank(s) = 153018.7 gal.

Total Oil Volume Leaked from Vessel = 17515.6 gal.
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Barge Grounding Barge GT - 2713.

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 12.0 ft Ship Velocity - 8.0 knots

Penetration Width - 7.66 ft Penetration Length - 43.45 ft

Penetration Area - 332.9 sq. ft No. Tanks Penetrated - 1

Fraction of Penetration Plugged by Reef - 0.00

Time Total Outflow % Outflow Flowrate
(min) (gal) (gal/min)

0.00 306.04 0.20 994310 50
0.00 910.06 0 59 976860 75
0.00 1503 33 0 98 959408 62
0.00 2085 86 I 36 941954 06
0 O0 2939 51 1 92 915770 25
0 00 3495 18 2 28 898312 62
0 00 4040 I0 2 64 880854 00
0 00 4574 28 2 99 863392 31
00l 5355 38 3 50 837197 44
0 01 5862 67 3 83 819731 75
0 01 6359 22 4.16 802264 50
0 01 6845 01 4.47 784793 62
0 01 7553 53 4.94 758586 06
0 01 8012 43 5.24 741109 44
0 01 8460.57 5.53 723633 19
0 01 8897 95 5.81 706152 31
0 01 9533 84 6 23 679927 38
0 01 9944 32 6 50 662441 25
0 01 10344 03 6 76 644949 88
0 01 10923 40 7 14 618707 38
0 01 11296 18 7 38 601208 44
0 01 11658 19 7 62 583705 69
0 02 12009 42 7 85 566198 50
0 02 12516 06 8 18 539932 81
0 02 12840 35 8 39 522414 56
0 02 13153 84 8 60 504890 28
0 02 13456 55 8 79 487366 19
0 02 13890 38 9 08 461061 25
0 02 14166.10 9 26 443520 16
0 02 14431.02 9 43 425970 16
0 02 14685.13 9 60 408414 09
0 02 15046.02 9 83 382062 44
0 02 15273.10 9 98 364482 53
0 02 15489.34 I0 12 346892 47
0 02 15793.40 i0 32 320487 03
0 02 15982 55 I0 44 302868 97
0 03 16160 85 i0 56 285233 75
0 03 16328 28 I0 67 267584 19
0 03 16559 04 I0 82 241066 53
0 03 16699 27 10 91 223368 28
0 03 16828 58 11 00 205624 64
0 03 16946.96 ii 08 187865 95
0 03 17103 98 II 18 161138 53
0 03 17194 91 ll 24 143242 23
0 03 1727,4 81 ii 29 125292 98
0 03 17343 61 II 33 _07249 05
0 03 17425 83 ii 39 79916 13
0 03 17466 48 ii 41 61401 95
0 03 17495 54 Ii 43 42433 42

0 03 17515 63 ii 45 0 00 i
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Oil Outflow inCase of Vessel Collision

for 34000 DWT Tanker

PenetrationArea = 2.00 sq. rf. Damage Length= 1.00 ft,

2 Tankspenetrated Damage.Height= 2.00 ft.
Heightof PenetrationCenterwithrespectto Waterline= -0.2 ft.

CumulativeOil Volumein Penetratedtank(s)= 825524.2gal.

TotalOil VolumeLeaked fromVessel= 825587.9gal.
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Tanker Collision Tanker DWT - 34000. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 36.0 ft

Penetration Height - 2.00 ft Penetration Length - 1.00 ft

Penetration Area - 2.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.2 ft

Time Total Outflow % Outflow Flowrate ,
(mi n) (gal) (gal/mi n )

0.12 2293.65 0 28 19081 83
21.64 196588.12 23 81 4053 39
43.27 238172 81 28 85 967 17
64.79 258982 06 31 37 967 17
86.42 279907 59 33 91 967 17

108.06 300833 09 36 44 967 17
129.58 321642 34 38 96 967 17
151.21 342567 84 41 50 967 17
172.85 363493 38 44 03 967 17
194.36 384302 62 46 55 967 17
2],6.00 405228 12 49 09 967 17
237.51 426037 41 51 61 967 17
259.15 446962 91 54 14 967 17
280.78 467888 41 56 68 967 17
302.30 488697 66 59 20 967 17
323.94 509623 19 61.73 967 17
3.45.58 530548 69 64 27 967 17
367.09 551360 81 66 79 967 17
388.73 572292 12 69 32 967 17
410.37 586702 56 71 07 520 42
431.89 597520 00 72 38 493 37
453.52 608122 56 73 67 487 89
475.04 618581 50 74 93 484 45
496.68 629_64 56 76 20 484 45
518.31 63_547 62 77 47 484 45
539.83 649972 50 78 73 484 45
561.46 660455 56 80 00 484 45
583.09 670938 62 81 27 484 45
604.60 681363 44 82 54 484 45
626.23 69],846 50 83 81 484 45
647.75 702271.38 85 07 484 45
669.38 712754.44 86 34 484 45
691.01 723237.50 87 61 484 45
712.52 733662.31 88 87 484 45
734.15 744145.38 90 14 484 45
755.79 754628.44 91 41 484 45
777.30 765053.31 92 67 484 45
798.93 775536.38 93 94 484 45
820.56 786019.44 95 21 484 45
842.07 796444.25 96.48 484 45
863.71 806927 31 97 75 484 45
885.22 817352 19 99 01 484 45
906.85 822905 44 99 68 98 72
928.48 824255 75 99 85 38 74
949.99 824843 62 99 92 19 08
971_63 825154 12 99 96 I0 73
993.26 825337 00 99 98 6 63

1014.77 825453 00 99 99 4 38
1036.41 825532 31 i00 00 3 05
!_58.17 825587 88 I00 00 0 00
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Oil Outflow in Case of Vessel Collision

for 34000 DWT Tanker

Penetration Area = 8.00 sq. rf. DamageLength= 2.00 ft.

2 Tankspenetrated DamageHeight= 4.00 ft.
Heightof PenetrationCenterwithrespe_ to Waterline= -0.4ft.

CumulativeOil Volumein Penetratedtank(s)= 825524.2 gal.

TotalOil VolumeLeakedfromVessel= 825502.0 gal.
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Tanker Collision Ta _ker DWT = 34000. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 36.0 ft

Penetration Height - 4.00 ft Penetration Length - 2.00 ft

Penetration Area - 8.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.4 ft

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.03 2293.65 0.28 76245 13
6.38 209456 22 25 37 12677 03

12.72 241421 12 29 24 3344 84
19.07 262653 81 31 82 3344 84
25.42 283884 38 34 39 3344 84
31.77 305113 66 36 96 3344 84
38.11 326342 94 39 53 3344 84
44.46 347572 22 42 I0 3344 84
50 81 368801.50 44 67 3344 84
57 16 390030 78 47.25 3344 84
63 50 411260 06 49.82 3344 84
69 85 432489 34 52.39 3344 84
76 20 453718 62 54.96 3344 84
82 55 474947 91 57 53 3344 B4
88.89 496177 19 60 I0 3344 84
95.24 517406.47 62 68 3344 84

I01 59 538635 75 65 25 3344 84
107 97 559965 69 67 83 3344 84
114 31 579245 12 70 17 2024 15
120 66 590981 50 71 59 1755 84
127 01 601919 19 72 91 1701 99
133 36 612658 25 74 21 1684 57
139 70 623288 06 75 50 1668 05
146 05 633875 44 76 78 1668 05
152 39 644462 88 78 07 1668 05
158 74 655050 31 79 35 1668 05
165 08 665637 75 80 63 1668 05
171 43 676225 19 81 91 1668 05
177 78 6_6812 56 83.20 1668 05
184 12 697400 00 84 48 1668 05
190 47 707987 44 85 76 1668 05
196 81 718574 88 87 04 1668 05
203 16 729162 31 88 33 1668 05
209 54 739799 88 89 62 1668 05
215.88 750387.31 90 90 1668.05
222 23 760974 75 92 18 1668 05
228 57 771562 19 93 46 1668 05
234 92 782149 56 94 75 1668 05
241 26 792737 00 96 03 1668 05
247 61 803324 44 97 31 1668 05
253 96 813911 88 98 59 1668 05
260.30 821380 38 99 50 388 67
266 65 823115 69 99 71 190 27
273 00 824023 88 99 82 106 92

¶ 279 35 824558 06 99 88 65 95
285 70 824898 50 99 92 43 51
292 05 825128 75 99.95 30 20
298 40 825291 75 99.97 21 81
304 75 825411 75 99.99 16 25

311 16 825502 00 i00.00 0 00
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O

Oil Outflow in Case of VesselCollision

for 89700 DWT Tanker

PenetrationArea = 2.00 sq. ft. DamageLengthI=1.00 ft.

2 Tankspenetrated DamageHeight= 2,00 ft.Heightof PenittriltionCenterwithrespectto Waterline= -0.0 ft,
CumulativeOil Volumein Penetratedtank(s)= 2994851.2 gal.i

TotalOil VolumeLeakedfrom Vessel= 2994935.5 gal.
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O
Tanker Collision Tanker DWT - 89700. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

DraZ't - 49.1 ft

Penetration Height - 2.00 ft Penetration Length - 1.00 ft

Penetration Area - 2.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - 0.0 ft

Time Total Outflow % Outflow Flowrate
(min) (gal) (gal/min)

0.31 5989.70 0.20 19282 39
65.85 638717 69 21.33 2864 80

131.40 696084 06 23.24 830 73
196.94 750531 75 25.06 830 73
262.48 804979 38 26.88 830 73
328.02 859427 06 28.70 830 73
393.57 913874 75 30.51 830 73
459.11 968322 38 32.33 830 73
524.66 1022770 06 34.15 830 73
590.20 i077217 75 35 97 830 73
655.73 I131677 75 37 79 830 73
721.27 I186139 00 39 61 830 73
786.81 1240600 38 41 42 830 73
852.35 1295061 62 43 24 830 73
917.89 1349522 88 45 06 830 73
983.43 1403984 12 46.88 830 73

1048 97 1458445 50 48 70 830 73 g1114.83 1513164 88 50 53 830 73
1180.38 1567626 12 52 34 830 73
1245.93 1622087 38 54 16 830 73
1311.48 1676548 62 55 98 830 73
1377_04 1731010 00 57 80 830.73
1442.59 1785471 25 59 62 830 73
1508.14 1839932 50 61 44 830 73
1573.69 1894393 75 63 26 830 73
1639.24 1948855 00 65 07 830 73
1704.79 2003316 38 66 89 830 73
1770.34 2057777 62 68 71 830 73
1835.89 2112239 00 70 53 830 73
1901.44 2166698 75 72 35 830 73
1967.00 2221132 75 74 17 830 73
2032.55 2275566 75 75 98 830 73
2098.08 2330001 00 77 80 830 73
2163.91 2384693 00 79 63 830 73
2229.44 2439127 00 81.44 830 73
2294.96 2493561 00 83 26 830.73
2360.49 2547995 25 85 08 830 73
2426 02 2602429 25 86 90 830 73
2491 54 2656863 25 88 71 830 73
2557 07 2711297 25 90 53 830 73
2622 59 2765731 25 92 35 830 73
2688 12 2820165 50 94 17 830 73
2753 64 2874599 50 95 98 830 73
2819 17 2929033 50 97 80 830 73
2884 69 2979507 75 99.49 316 93
2950 22 2989726 75 99.83 72 85
3015 74 2992681 25 99.93 27 30
3081 27 2993924 75 99.97 13 05
3146 79 2994563 50 99.99 7 22
3212.94 2994935 50 I00.00 0 00 g
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Oil Outflow in Case ofVessel Collision

for 89700 DWT Tanker

PenetrationArea = 8.00 sq.lt. DamageLength= 2.00 ft.

2 Tankspenetrated DamageHeight= 4.00 ft.

Heightof PenetrationCenterwithrespectto Waterline= -0.4 ft.
CumulativeOilVolume in Penetratedtank(s)= 2994631.2 gal.

TotalOilVolumeLeakedfromVessel= 2995155.8gal.
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Tanker ColliSion Tanker DWT - 89700. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 49.1 ft

Penetration Height - 4.00 ft Penetration Length - 2.00 ft

Penetration Area - 8.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.4 ft

Time Total Outflow % Outflow Flowrate

(rain) (gal) (gal/rain)

0.08 5989.70 0 20 76984 88
17.04 640515 38 21 39 3305 19
34.00 696572 56 23 26 3305 19
51.04 752886 81 25 14 3305 19
68.00 808944 00 27 01 3305 19
84.96 865001 12 28 88 3305 19

102.00 921315 44 30 76 3305 19
118.96 977372 56 32 64 3305 19
135.92 1033429 75 34 51 3305 19
152.96 1089745 88 36 39 3305 19
169.92 1145817 12 38 26 3305 19
186.96 1202145 50 40 14 3305 19
203.93 1258216 75 42 01 3305 19
220.89 1314287 88 43 88 3305 19
237 93 1370616 38 45 77 3305 19
254 89 1426687 50 47 64 9305 19

271 85 1482758 75 49 51 3305 19
288 88 1539087 12 51 39 3305 19
305 84 1595158 38 53 26 3305 19
322 80 1651229 62 55 14 3305 19
339 83 1707558 00 57 02 3305 19
356 79 1763629 25 58 89 3305 19
373 83 1819957 62 60 77 3305 19
390 79 1876028 88 62 64 3305 19
407 74 1932100 00 64 51 3305 19
424 78 1988428 50 66 39 3305 19
441 74 2044499 75 68 27 3305 19
458 70 2100571 00 70 14 3305 19
475 73 2156899 25 72 02 3305 19
492 69 2212970 50 73 89 3305 19
509 73 2269299 00 75 77 3305 19
526 69 2325370 25 77.65 3305 19
543.65 2381441 25 79 52 3305 19
560.70 2437769 75 81 40 3305 19
577.66 2493841 00 83 27 3305 19
594.63 2549912 25 85 14 3305 19
611.67 2606240 50 87 02 3305 19
628.63 2662311 75 88 90 3305 19
645.60 2718383 00 90 77 3305 19
662.64 2774711 50 92 65 3305 19
679.61 2830782 75 94 52 3305 19
696.65 2887111 00 96 40 3305 19
713.61 2943182 2.= 98 27 3305 19
730.58 2979931 00 99 50 674 49
747.62 2987442 50 99 75 283 32
764.58 2990898 00 99 87 145 13
781.55 2992776 00 99 93 84 04
"198.59 2993913 00 99 97 52 83
815.56 2994648 00 99 99 35 41

832.68 2995155 75 i00 00 0 00
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Oil Outflowin Case of Vessel Collision

for 89700 DWT Tanker

PenetrationArea= 50,00sq. ft. DamageLength= 5.00 ft.
2 Tanks penetrated DamageHeight= 10.00 ft.

Heightof PenetrationCenterwithrespectto Waterline= -0.3 ft.

CumulativeOil VolumeinPenetratedtank(s)= 2994851.2 gal.
TotalOil VolumeLeakedfrom Vessel= 2995252.8 gal.
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Tanker Collision Tanker DWT - 89700. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 49.1 ft

Penetration Height - I0.00 ft Penetration Length - 5.00 ft

Penetration Area - 50.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.3 ft

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.01 5989.70 0 20 481514 53
3.40 652799 12 21 80 16527 81
6,78 708725 31 23 66 16527 81

I0 16 764651 56 25 53 16527 81
13 55 820577 75 27 40 16527 81
16 93 876504 00 29 27 16527 81
20 31 932430 25 31 13 16527 81
23 71 988562 06 33 01 16527 81
27 09 1044488 31 34 88 16527 81
30 48 1100414 50 36 71_ 16527 81
33 86 1156340 62 38 61 16527 81
37 24 1212266 88 40 48 16527 81
40 63 1268193 12 42 35 16527 81
44 01 1324119 38 44 21 16527.81
47.41 1380251 12 46 09 16527.81
50.79 1436177 38 47 95 16527.81
54.17 1492103 62 49 82 16527.81
57,56 1548029 88 51 69 16527.81
60 94 1603956 12 53 56 16527.81
64 33 1659882 25 55 42 16527 81
67 71 1715808 50 57 29 16527 81
71 i0 1771940 38 59 17 16527 81
74 49 1827866 62 61 03 16527 81
77 87 1883792 75 62 90 16527 81
81 25 1939719 00 64 77 16527 81
84 63 1995645 25 66 64 16527 81
88 02 2051571 50 68 50 16527 81
91 40 2107497 75 70 37 16527 81
94 79 2163629 50 72 24 16527 81
98 18 2219555 75 74 II 16527 81

101.56 2275482 00 75 98 16527 81
104.94 2331408 25 77 85 16527 81
108.32 2387334 50 79 71 16527 81
111.71 2443260 75 81 58 16527 81
115 09 2499186 75 83 45 16527 81
118 48 2555318 75 85 32 16527 81
121 87 2611245 O0 87 19 16527 81
125 25 2667171 25 89 06 16527 81
128 63 2723097 50 90 93 16527 81
132 Ol 2779023 50 92 79 16527 81
135 40 2834949 75 94 66 16527 81
138 78 2890876 O0 96 53 16527 81
142 17 2947008 00 98 40 16527 81
145 56 2978953 75 99 47 2293 26
148 94 2984990 00 99 67 1380 92
152,32 2988757 50 99 80 895 01
155.70 2991267 25 99 88 612 83
159.09 2993020 50 99 94 437 83
162.47 2994295 75 99.98 323 $3
165.88 2995252 75 I00.00 0 00
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Oil Outflow in Case of VesselCollision

for 225000 DWT Tanker

Penetration Area = _.00 _. ft. Damage Length = 1.00 ft.

2 Tanks penetrated Damage Height = 2.00 ft.

Height of Penetration Center with respect to Waterline = -0.1 ft.

Cumulative Oil Volume in Penetrated tank(s) = 8262895.0 gal.

Total Oil Volume Leaked from Vessel = 8264140.5 gal.
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Tanker Collision Tanker DWT - 225000. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 70.3 ft

Penetration Height - 2.00 ft Penetration Length - 1.00 ft

Penetration Area - 2.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.i ft

Time Tctal Outflow % Outflow Flowrate
(min) (gal) (gal/min)

0 79 17389.94 0 21 22032.39
170 49 '1788384 62 21 64 903.77
340 97 1942461 38 23 51 903.77
511 46 2096538 12 25 37 903.77
681 95 2250615 00 27 24 903.77
852 44 2404691 75 29 i0 903 77

1022 93 2558768 50 30 97 903 77
1193 42 2712845 25 32 83 903 77
1363 91 2866922 00 34 70 903 77
1534 40 3020998 75 36 56 903 77
1704 89 3175075 50 38 43 903 77
1875 38 3329152 25 40.29 903 77
2045 87 3483229 00 42 16 903 77
2216 36 3637305 75 44 02 903 77
2386 85 3791382 50 45 88 903 77
2557 34 3945459 25 47 75 903 77
2727 83 4099536 00 49 61 903 77
2897 53 4252899 50 51 47 903 77
3068 02 4407004 50 53.33 903 77
3238 51 4561137 00 55 20 903 77
3409 00 4715269 50 57 07 903 77
3579 49 4869402 00 58 93 903 77
3749 98 5023534 50 60 80 903 77
3920 47 5177667 00 62 66 903 77
4090 96 5331799 50 64 53 903 77
4261 40 5485932 00 66.39 903 77
4431 84 5640064 50 68 26 903 77
4602 28 5794197 00 70 12 903 77
4772 71 5948329 50 71 99 903 77
4943 15 6102462 00 73 85 903 77
5113 59 6256594 50 75 72 903 77
5284 03 6410727 00 77 58 903 77
5454 46 6564859 50 79 45 903 77
5624 ii 6718278 50 81 31 903 77
5794 55 6872411 00 83 17 903 77
5964 99 7026543 50 85 04 903 77
6135 42 7180676 00 86 90 903 77
6305 86 7334808 50 88 77 903 77
6476 30 7488941 00 90 63 903 77
6646 74 7643073 50 92 50 903 77
6817 17 7797206 00 94 36 903 77
6987 61 7929934 00 95 97 533 74
71.58 05 8013414 00 96 98 468 44
7328 49 8092186 50 97 93 458 09
7498 92 8169981 00 98 88 455 07
7669 36 8245514 50 99 79 203 54
7839 80 8259554 50 99 96 30 51
8010 24 8262523 00 i00 00 9 65
8180.67 8263618 50 i00 00 4 21

8351.90 8264140 50 I00 00 0 00 i
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Oil Outflowin Case of Vessel Collision

for 225000 DWT Tanker

Penetration Area = 8.00 sq. ft. Damage Length = 2.00 ft.

2 Tanks penetrated Damage Height = 4.00 ft.

Height of Penetration Center with respect to Waterline= -0.3 ft.

Cumulative Oil Volume in Penetrated tank(s) = 8262895.0 gal.

Total Oil Volume Leaked from Vessel = 8263092.0 gal.
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Tanker Collision Tanker DWT - 225000. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 70.3 ft

Penetration Height - 4.00 ft Penetration Length - 2.00 ft

Penetration Area - 8.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.3 ft

Time Total Outflow % Outflow Flowrate
(min) (gal) (gal/min)

0.20 17389.94 0 21 88054.78
48.78 1805039 75 21 85 3192.88
97.36 1960144 25 23 72 3192.88

146.14 2115879 50 25 61 3192.88
194.73 2270984 00 27 48 3192 88
243.51 2426719 25 29 37 3192 88
292.09 2581823 75 31 25 3192 88
340.87 2737558 75 33 13 3192 88
389.45 2892663 25 35 01 3192 88
438.22 3048398 50 36 89 3192 88
486.80 3203503.00 38 77 3192 88
535.58 3359238.00 40 65 3192 88

' 584.17 3514342.50 42 53 3192 88
632.96 3670077.75 44 42 3192 88
681.54 3825182.25 46 29 3192 88
730 33 3980917 25 48 18 3192 88
778 92 4136022 00 50 06 3192 88
827 50 4291126 50 51 93 3192 88
876 29 4446862 00 53 82 3192 88
924 88 4601966 50 55 69 3192 88
973 66 4757701 50 57 58 3192 88

1022 25 4912806 00 59 46 3192 88
1071 03 5068541 00 61 34 3192 88
1119.62 5223645 50 63 22 3192 88
1168 40 5379380 50 65 i0 3192 88
1216 99 5534485 50 66 98 3192 88
1265 78 5690220 50 68 86 3192 88
1314 36 5845325 00 70 74 3192 88
1363 15 6001060 00 72 63 3192 88
1411 74 6156164 50 74 50 3192 88
1460 52 6311899 50 76 39 3192 88
1509 ll 6467004 00 78 27 3192 88
1557 89 6622739 00 80 15 3192 88
1606 48 6777844 00 82 03 3192 88
1655 07 6932948 50 83 90 3192 88

1703 85 7088683 50 85 79 3192 88
1752.44 7243788 00 87 67 3192 88
1801.23 7399523 00 89 55 3192 88
1849.81 7554627 50 91 43 3192 88
1898.60 7710362 50 93 31 3192 88
1947.19 7865467 50 95 19 3192 88
1995.97 7964852 50 96 39 1740 22
2044.56 8046737 00 97 38 1650 52
2093.34 8126457 00 98 35 1622 77
2141.93 8204985 50 99 30 1611 57
2190.72 8251131 50 99 86 241 29
2239.30 8258137 50 99 94 84.00
2288.09 8260929 00 99 98 38.45
2336.67 8262306 00 99 99 20.75
2385.66 8263092 00 I00.00 0.00 g
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OilOutflow inCase of Vessel Collision

for 225000 DWT Tanker

Penetration Area = 50.00 sq. ft. Dam_tgeLength= 5.00 ft.

2 Tankspenetrated DamageHeight= 10.00 ft.

Heightof PenetrationCenterwithrespectto Waterline= -0.4 ft.
CumulativeOil Volumein Penetratedtank(s)= 8262895.0 gal.

TotalOil VolumeLeakedfromVessel= 8261876.0gal.
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Tanker Collision Tanker DWT - 225000. tons

Accident Occurred in Salt Water Cargo Specific Gravity- .86

Draft - 70.3 ft !

Penetration Height - I0.00 ft Penetration Length - 5.00 ft

Penetration Area - 50.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.4 ft

Time Total Outflow % Outflow Flowrate

(min) (gal) .(gal/min)

0.03 17389.94 '0.21 550_2 75
9.29 1826167 88 22.10 16809 14

18.58 1982335 88 23.99 _6809 14
27.87 2138503 75 25.88 16809 14
37.16 2294671 75 27.77 16809 14
46 42 2450308 50 29.65 16809 14
55 71 260_476 50 31.54 16809.14
65 00 2762644 25 33.43 16809 14
74 29 2918812 25 35,32 16809 14
83 58 3074980 25 , 37.21 16809 14
92 84 3230617 00 ' 39.10 16809 14

102.13 3386785 00 40,99 16809 14
III 42 3542953 00 42.88 16809 14
120 71 3699121 00 44.77 16809 14
130 00 3855289 00 46,66 16809 14 c
139 26 4010925 75 48.54 16809 14
148 55 4167093 75 50,43 16809 14
157 84 4323261 50 52.32 16809 14
167 13 4479356 00 54.21 16809 14
176 42 4635448 00 56.10 16809 14
185 68 4791009 50 57.98 16809 14
194 97 4947101 50 59.87 16809 14
204 26 5103193 50 61.76 16809 14
213 55 5259285 50 63.65 16809 14
222 84 5415378 00 65.54 16809 14
232 i0 5570939 00 67.42 16809 14
241 39 5727031 00 69 31 16809 14
250 68 5883123 50 71 20 16809 14
259 97 6039215 50 73 09 16809 14
269 26 6195307 50 74 98 16809 14
278 51 6350868 50 76 86 16809 14
287 80 6506961 00 78 75 16809 14
297 09 6663053 00 80 64 16809 14
306 37 6819145 00 82 53 16809 14
315 66 6975237 00 84 42 16809 14
324 91 7130798 50 86 30 16809 14
334 20 7286890 50 88 19 16809 14
343 49 7442982 50 90 08 16809 14
352 77 7599074 50 91 97 16809 14
362 06 7755167 00 93 86 16809 14
371.31 7897248 50 95 57 9685 93
380.60 7983526 00 96 62 9004 38
389.89 8065737 50 97 61 8731 80
399.17 8146185 00 98 59 8602 07
408 46 8225747 50 99 55 8532 61
417 71 8249311 50 99 84 842 Ii
427 00 8255105 00 99 91 458 18
436 28 8258419 00 99 95 276 32
445 57 8260490 50 99 97 179 28

454 89 8261876 00 99 99 0 00
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Tanker Collision Tanker DWT = 262000. tons

Accident Occu_red in Salt Water Cargo Specific Gravity = .86

Draft - 67.2!ift
i!

Penetration Height - 2.00 ft Penetration Length - 1.00 ft
! i

Penetration Areai- 2.0 sq. ft No. Tanks Penetrated - 2

Penetration Centi_r w.r.t, water Line - -0.2 ft

|

ii ! _i:

Time Total Outfiow % Outflow Flowrate
(min) (gal) (gal/min)

0.77 16017.46 0 22 20811 96
152.39 1463441 50 20 00 968 77
304.77 1611063 62 22 02 968 77
457.16 1758685 62 24 04 968 77
609.55 Ii1906307 75 26 05 968 77

761.94 2053929 75 28 07 968 77
913.56 2200806 50 30 08 968 77

1065 95 2348428 50 32 I0 968 77
1218 34 2496050 50 34 II 968 77
1370 73 2643672 75 36 13 968 77
1523 12 2791294 75 38 15 968 77

1674 75 i 2938171 25 40 16 968 77
1827 14 3085793 25 42 17 968 77
1979 53 3233415 50 44 19 968 77
2131 91 3381037 50 46 21 968 77
2284 27 3528659 50 48 23 968 77
2436 64 3676281 50 50 24 968 77
2588.24 3823158 25 52 25 968 77
2740 61 3970780 25 54 27 968 77
2892 97 4118402 25 56 28 968 77
3045 34 4266024 50 58 30 968 77
3197 71 4413646 50 60 32 968 77
3349 31 4560523 00 62 33 968 77
3501 67 4708145 50 64 34 968 77
3654 04 4855767 50 66 36 968 77
3806 41 5003389 50 68 38" 968 77
3958 77 5151011 50 70 40 968 77
4111 14 5298633 50 72 41 968 77
4262 74 5445510 00 74 42 968 77
4415 ii 5593132 00 76 44 968 77
4567 47 5740754 00 78 46 968 77
4719 84 5888376 50 80 47 968 77
4872.21 6035998 50 82 49 968 77
5023.81 6182875 00 84 50 968 77
5176.17 6330497 00 86 52 968 77
5328.54 6478119 00 88 53 968 77
5480 91 6625741 00 90 55 968 77
5633 27 6738902 00 92 i0 537 48
5785 64 6816462 50 93 16 494 26
5937 24 6890653 00 94 17 486 17
6089 61 6964513 00 95.18 483 62
6241 97 7037895 00 96 18 481 27
6394 34 7111246 50 97 19 481 27
6546 71 7184598 00 98 19 481 27
6698 31 7257578 50 99 19 481 27
6850 67 7307137 00 99 86 86 46
7003 04 7313793 50 99 96 21 06
7155 41 7315803 50 99 98 8 i0
7307 77 7316667 50 99 99 3 93
7460 91 7317117 50 I00 00 0 00

A.36



OilOutflow in Case of Vessel Collision

for 262000 DWT Tanker
i

Penetration Area = 8.00 r,q. ft. Damaget Length = 2.00 ft.

2 Tanks penetrated Damage Height = 4.00 rf.

Height of Penet,ation Center with respect to Waterline = -C .3 ft.

Cumulative Off Volume in Penetrated tank(s) = 7317069.0 gal.
J

Total Oil Volume Leaked from Vessel = 7318244.5 gal.
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O
Tanker Col_Ision Tanker DWT - 262000. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 67.2 ft

Penetration Height - 4.00 ft Penetration Length - 2.00 ft

Penetration Area - 8.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.3 ft

Time Total Outflow % Outflow Flowrate
(mAn) (gal) (gal/min)

0.19 16017.47 0 22 83228.70
47.15 1488727.38 20 35 3106 02
94.30 1635174.38 22 35 3106 02

141.26 1781023 62 24 34 3106 02
188.41 1927470 62 26 34 3106 02
235.36 2073319 88 28 34 3106 02
282.51 2219766 75 30.34 3106 02
329.66 2366213 75 32.34 3106 02
376.62 2512063 00 34.33 3106 02
423.77 2658510 00 36.33 3106 02
470.72 2804359 25 38.33 3106 02
517.87 2950806 25 40.33 3106 02
565.02 3097253 00 42.33 3106 02
611.98 3243102 25 44 32 3106 02
659.13 3389549.25 46 32 3106 02
706.08 3535398 50 48 32 3106 02
753.23 3681845 50 50 32 3106 02
800.38 3828292 50 52 32 3106 02
847.34 3974141 75 54 31 3106 02
894.48 4120588 75 56 31 3106 02
941.44 4266438 00 58 31 3106 02
988.59 4412921 00 60 31 3106 02

1035.74 4559431 50 62 31 3106 02
•1082.71 4705343 50 64 31 3106 02
1129.88 4851854 00 66 31 3106 02
1176.85 4997766 00 68 30 3106 02
1224.01 5144276 00 70 31 3106 02
1270.98 5290188 50 72 30 3106 02
1318.15 5436698 50 74 30 3106 02
1365.31 5583208 50 76 30 3106 02
1412.28 5729121 O0 78 30 3106 02
1459.44 5875631 O0 80 30 3106 02
1506.42 6021543 O0 82 29 3106 02
1553.58 6168053 50 84 30 3106 02
1600.74 6314563 50 86 30 3106 02
1647.71 6460475 50 88 29 3106 02
1694 88 6606986 O0 90 30 3106 02
1741 85 6742814 O0 92 15 1904 58
1789 Ol 6824703 50 93 27 1645 34
1836 18 6900723 O0 94.31 1590 55
1883 15 6974921 O0 95 32 1572 41
1930 31 7048652 O0 96 33 1554 66
1977 28 7121671 00 97 33 1554 66
2024 45 7194989 50 98 33 1554 66
2071 60 7268307 50 99 33 1554 66
2118 54 7307253 00 99 87 220 49
2165 67 7313587 50 99 95 79 85
2212 61 7316174 00 99 99 37 55
2259 75 7317488 50 i00 00 20 52
2307 07 7318244 50 I00 00 0 00
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Oil Outflow in Case of Vessel Collision

for 262000 DWT Tanker

Penetration Area = 50.00 sq. ft. Damage Length = 5.00 ft.

2 Tanks penetrated Damage Height = 10.00 ft.

Height of Penetration Center with respect to Waterline = -0.3 ft.

Cumulative Oil Volume in Penetrated tank(s) = 7317069.0 gal.

Total Oil Volume Leaked from Vessel = 7316120.5 gal.
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Tanker Collision Tanker DWT - 262000. tons

Accident Occurred in Salt Water Cargo Specific Gravity - .86

Draft - 67.2 ft

Penetration Height - I0.00 ft Penetration Length - 5.00 ft

Penetration Area - 50.0 sq. ft No. T_ks Penetrated - 2

Penetration Center w.r.t, Water Line - -0.3 ft

Time Total Outflow % Outflow Flowrate
(min) (gal) (gal/min)

0.03 16017.47 0 22 520159 00
8.87 1505349 62 20 57 16607 69

17.74 1652646 75 22 59 16607 69
26 61 1799943 75 24 60 16607 69
35 47 1947240 75 26 61 16607 69
44 31 2094026 25 28 62 16607 69
53 18 2241303 75 30 63 16607 69
62 05 2388563 75 32 64 16607 69
70 92 2535823 50 34 66 16607 69
79 75 2682572 25 36 66 16607 69
88 62 2829832 00 38 67 16607 69
97 49 2977091 75 40 69 16607 69

106 36 3124351.75 42 70 16607 69
115 23 3271611 50 44 71 16607 69
124 06 3418360 25 46 72 16607 69
132 93 3565620 00 48 73 16607 69
141 80 3712880 00 50 74 16607 69
150 67 3860139 75 52 76 16607 69
159 51 4006888 25 54 76 16607 69
168 37 4154148 25 56 77 16607 69
177 24 4301408 00 58 79 16607 69
186 Ii 4448668 00 60 80 16607 69
194 98 4595928 00 62 81 16607 69
203 82 4742676 50 64 82 16607 69
212 68 4889936 50 66 83 16607 69
221 55 5037196 50 68 84 16607 69
230 42 5184456 00 70 85 16607 69
239 26 5331204 50 72 86 16607 69
248 13 5478464 50 74 87 16607 69
256 99 5625724 50 76 88 16607 69
265 86 5772984 50 78 90 16607 69
274 73 5920244 00 80 91 16607 69
283 57 6066993 00 82 92 16607 69
292 44 6214252 50 84 93 16607 69
301.30 6361512 50 86 94 16607 69
310 17 6508772 50 88 95 16607 69
319 01 6655521 00 90 96 16607 69
327 88 6765510 00 92 46 9210 64
336 75 6844787 00 93 55 8743 32
345 61 6921346 50 94 59 8547 93
354 48 6996684 00 95 62 8452 18
363 32 7070631 50 96 63 8298 80
372 19 7144187 00 97 64 8298 80
381 06 7217742 50 98 64 8298 80
389 92 7291298 50 99 65 8298 80
398 76 7304666 50 99 83 774 78
407 63 7309835 00 99 90 435 20
416 50 7312873 00 99 94 268 40
425 37 7314812 50 99 97 177 00

434.26 7316120 50 99 99 0 00

A.40



Oil Outflow in Case of Vessel Collision

for 628 GT Barge

Penetration Area = 0.50 sq. ft. Damage Length = 0.50 ft.

2 Tanks penetrated Damage Height = 1.00 ft.

Height of Penetration Center with respect to Waterline = -0.1 ft.

Cumulative Oil Volume in Penetrated tank(s) = 135294.2 gal.

Total Oil Volume Leaked from Vessel = 135320.2 gal.
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Barge Collision Barge GT - 628.

Accident Occurred in Fresh Water Cargo Specific Gravity - .92

Draft - 9.6 ft

Penetration Height - 1.00 ft Penetration Length - 0.50 ft

Penetration Area - 0.5 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.I ft

Time Total Outflow % Outflow Flowrate
(min) (gal) (gal/min)

0.94 270.59 0.20 289 19
15.91 4600 00 3.40 289 19
30.88 8929 42 6.60 289 19
45 85 13258 83 9.80 289 19
60 82 17588 24 13.00 289 19
75 79 21917 65 16.20 289 19
90 76 26247 06 19.40 289 19

106 67 30847 06 22.80 289 19
121 64 35176 48 26 00 289 19
136 61 39505 93 29 20 289 19
151.58 43835 37 32 40 289 19
166 55 48164 81 35 60 289 19
181 52 52494 25 38 80 289 19
196 49 56823 70 42 00 289 19
212 40 61423 73 45 40 289 19
227 37 65753 17 48 60 289 19
242 34 70082 61 51 80 289 19
257 31 74412 05 55 00 289 19
272 28 78741 49 58.20 289 19
287 25 83070 94 61 40 289 Ig
302 22 87400 38 64 60 289 19
318 13 92000 41 68 00 289 19
333 i0 96329 86 71 20 289 19
348 07 100659 30 74 40 289 19
363 04 104988 74 77 60 289 19
378 01 109318 19 80 80 289 19
392 98 113647 62 84 00 289 19
407 95 117977 07 87 20 289 19
423 86 122577 I0 90 60 289 19
438 83 126906 55 93 80 289 19
453 80 130893 24 96 75 158 94
468 77 132553 53 97 97 79 83
483 74 133445 75 98 63 45 71
498 71 133980 67 99 03 28 60
513.68 134326 75 99 28 19 08
529.59 134575 83 99 47 13 09
544.56 134741 78 99 59 9 55
559.53 134864 73 99 68 7 18
574.50 134958 38 99 75 5 53
589.47 135031 36 99 81 4 35
604.44 135089 33 99 85 3 49
619.41 135136 14 99 88 2 84
635.32 135176 67 99 91 2 31
650.29 135208 16 99 94 1 93
665.26 135234 56 99 96 1 63
680.23 135256 97 99 97 1 39
695.20 135276 Ii 99 99 1 19
710.17 135292 59 100 00 I 03
725.14 135306 92 I00 00 0 90

741.99 135320 16 I00 00 0 00 A
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Oil Outflow in Case of VesselCollision

for 628 GT Barge

PenetrationArea = 2.00 sq. ft. DamageLength= 1.00 ft.

2 Tankspenetrated DamageHeight= 2.00 ft.

Heightof PenetrationCenterwithrespectto Waterline= -0.3 ft.
CumulativeOilVolumein Penetratedtank(s)= 135294.2gal.

TotalOil VolumeLeakedfromVessel= 135320.6gal.
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Barge Collision Barge GT - 628.

Accident Occurred in Fresh Water Cargo Specific Gravity = .92

Draft - 9.6 ft

Penetration Height - 2.00 ft Penetration Length - 1.00 ft

Penetration Area - 2,0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.3 ft

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.29 270.59 0.20 948 03
4.85 4600 00 3,40 948 03
9.70 9200 01 6.80 948 03

14.27 13529 42 I0 00 948 03
19,12 18129 42 13 40 948 03
23.69 22458 83 16 60 948 03
28 54 27058 83 20 00 948 03
33 39 31658 83 23 40 948 03
37 96 35988 25 26 60 948 03
42 81 40588 29 30 00 948 03
47 38 44917 73 33 20 948 03
52 23 49517 76 36 60 948 03
57 08 54117 79 40 00 948 03
61 65 _58447 24 43 20 948 03
66 50 63047 27 46 60 948 03
71 07 67376 71 49 80 948 03
75 92 71976 74 53.20 948 03
80 77 76576 77 56 60 948 03
85 34 80906 22 59 80 948 03
90 19 85506 25 63 20 948 03
94 76 89835 70 66 40 948 03
99 61 94435 73 69 80 948 03

104 46 99035 76 73 20 948 03
109 03 103365 20 76 40 948 03
113 88 107965 23 79 80 948 03
118 45 112294 68 83 00 948 03
123 30 116894 71 86 40 948 03
127 87 121224 15 89 60 948 03
132 72 125824 19 93 00 948 03
137 57 130424 22 96°40 948 03
142 14 131775 42 97.40 237 93
146 99 132701 62 98.08 156 24
151 56 133295 72 98.52 ii0 35
156 41 133746 05 98.86 79 35
161 26 134075 48 99.10 58 98
165 83 134310 95 99.27 45 72
170 68 134505 58 99.42 35 65
175.25 134650 83 99.52 28 72
180 I0 134775 33 99.62 23 19
184 95 134876 59 99,69 18 99
189 52 134955 61 99 75 15 92
194 37 135025 97 99 80 13 34
198 94 135082 03 99 84 ]i 40
203 79 135132 91 99 88 9 73
208 64 135176 48 99 91 8 37
213 21 135212 06 99 94 7 31
218 06 135245 09 99 96 6 38
222 63 135272 36 99 98 5 64
227 48 135297 97 I00 00 4 97

232 62 135320 58 I00 00 0 00 A
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Oil Outflow in Case of Vessel Collision

for 628 GT Barge

PenetrationArea = 8.00 sq. ft. DamageLength= 2.00 ft.

2 Tanks penetrated DamageHeight = 4.00 ft.
Height of Penetration Center with respect to Waterline = -1.1 rf.

Cumulative Oil Volume in Penetratedtank(s) = 135294.2gal.
Total Oil Volume Leakedfrom Vessel- 135319.7gal.
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O
Barge Collision Barge GT - 628.

Accident Occurred in Fresh Water Cargo Specific Gravity - ,92

Draft - 9,6 ft

Penetration Height - 4,00 ft _ Penetration Length - 2,00 ft

Penetration Area - 8,0 sq, ft No, Tanks Penetrated - 2

Penetration Center w,r,t, Water Line - -I,I ft

Time Total Outflow % Outflow Flowrate
(min) (gal) (gal/min)

0 07 270.59 0 20 4019 07
I 28 5141,18 3 80 4019 07
2 56 10282,36 7 60 4019 07
3 84 15423,54 II 40 4019 07
5 12 20564..71 15 20 4019 07
6 40 25705 89 19 00 4019 07
7 68 30847 06 22 80 4019 07
8 89 35717 66 26 40 4019 07

I0 17 40858 88 30 20 4019 07
11,45 46000 09 34 00 4019 07
12 72 51141 30 37 80 4019 07
14 00 56282 52 41 60 4019 07
15 28 61423 73 45 40 4019 07
16 49 66294 35 49 00 4019 07
17 77 71435 56 52 80 4019 07
19 05 76576 77 56 60 4019 07
20 33 81717 98 60 40 4019 07
21 61 86859 20 64 20 4019 07
22 89 92000 41 68 00 4019 07
24 I0 96871 04 71 60 4019 07
25 38 102012 25 75 40 4019 07
26 66 107153 46 79 20 4019 07
27 94 112294 68 83 00 4019 07
29 22 117435 89 86 80 4019 07
30 50 122577 I0 90 60 4019 07
31 71 127447 73 94 20 4019 07
32 99 130828 02 i 96 70 712 39
34 27 131623 80 97 29 549 69
35 55 132244 47 97 75 433 04
36 83 132737 98 98 II 347 24
38 Ii 133136 86 98 41 282 70
39 32 133448 12 98 64 235 54
40 60 133722 12 98 84 196 48

41 88 133951 94 99 01 165 62
43 16 134146 58 99 15 140 89
44 44 134312 88 99 27 120 86
45 71 134456 ii 99 38 104 46
46 93 134574 20 99 47 91 55
48 21 134683 41 99 55 80 13
49 48 134779 28 99 62 70 53
50 76 134863 89 99 68 62 41
52 04 134938 97 99 74 55 49
53 32 135005 88 99 79 49 56
54 53 135062_73 99 83 44 69
55 81 135116 83 99 87 40 23
57 09 135165 61 99 90 36 34
58 37 135209 77 99 94 32 93
59 65 135249 84 99 97 29 94
60 93 135286 34 99,99 27 30

62 28 135319 66 I00,00 0 00
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Oil Outflowin CaseofVesselCollision

for 1182GT Barge
J

PenetrationArea= 0.50 sq. ft. DamageLength= 0.50 ft.

2 Tankspenetrated DamageHeight= 1.00 ft.

Heightof PenetrationCenterwithrespectto Waterline= -0.1 ft.
CumulativeOil Volumein Penetratedtank(s)= 214108.3gal.
TotalOil VolumeLeakedfromVessel= 214211.9 gal.
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Barge Collision Barge GT - 1182.

Accident Occurred in Fresh Water Cargo Specific Gravity - ,92

Draft - 9,6 ft

Penetration Height - 1,00 ft Penetration Length - 0.50 ft

Penetration Area - 0.5 sq, ft No, Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.I ft

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.43 428.22 0.20 986.27
23.45 12502.72 5.84 289.19
46.46 _19157 42 8.95 289.19
69.90 25937 67 12.11 289.19
92.91 32592 37 15.22 289.19

116.36 39372 63 18 39 289 19
139.37 46027 33 21 50 289 19
162.82 52807 59 24 66 289 19
185.83 59462 28 27 77 289 19
209.27 66242 54 30 94 289 19
232 28 72897 41 34 05 289 19
255 30 79552 31 37 16 289 19
278 74 86332 79 40 32 289 19
301 75 92987 70 43 43 289 19
325 20 99768 17 46 60 289 19
348 21 106423 09 49 71 289 19
371 65 . 113203 56 52 87 289 19
394 67 119858 47 55 98 289 19
418 II 126638 95 59 15 289 19
441 12 133293 86 62 26 289 19
464 13 139948 47 65 36 289 19
487 58 146728 50 68 53 289 19
510 59 153382 98 71 64 289 19
534 04 160163 03 74 80 289 19
557 05 166817 52 / 77 91 289 19
580 50 173597 55 81 08 289 19
603 51 180252 03 84 19 289 19
626 96 187032.08 87 35 289 19
649 97 193686.56 90 46 289 19
673.42 200466.59 93 63 289 19
696.43 206735.47 96 56 180 74
719.44 209642.53 97 91 88 28
742.89 211184.44 98 63 49 07
765.90 212070.48 99 05 30 30
789.35 212644.86 99 32 19 86
812.36 213025.36 99 49 13 81
835.81 213299 53 99 62 9 93
858.82 213496 67 99 71 7 42
882.27 213648 39 99 79 5 66
905.28 213763 48 99 84 4 43
928.29 213854 47 99 88 3 54
951.74 213928 95 99 92 2 86
974.75 213988 55 99 94 2 35
998.20 214038 69 99 97 1 95

1021.21 214079 75 99 99 1 64
1044.66 214115.09 I00 00 1 39
1067.67 214144.64 i00 00 1 19

i091_12 214170.50 i00 00 1 02
1114.13 214192.42 I00 00 0 89
1138.01 214211.88 I00 00 0 00
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Oil Outflow in Case of Vessel Collision

for 1182 GT Barge

PenetrationArea = 2.00 sq. ft. DamageLength= 1.00 ft.

2 Tankspenetrated DamageHeight= 2,00 ft.

Heightof PenetrationCenterwithrespectto Waterline= -0.3 ft.
CumulativeOil VolumeinPenetratedtank(s)= 214108.3 gal.

TotalOil VolumeLeakedfromVessel= 214160,8 gal.
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Barge Collision Barge GT - 1182. _

Accident Occurred in Fresh Water Cargo Specific Gravity = ,92

Draft - 9,6 ft

Penetration Height - 2.00 ft Penetration Length = 1,00 ft

Penetration Area - 2.0 sq. ft No. Tanks Penetrated = 2

Penetration Center w.r,t. Water Line- -0.3 ft

Time Total Outflow % Outflow Flowrate
(min) (gal) (gal/min)

0.11 428.22 0.20 3863.55
7.20 12764 63 5 96 990.66

14.30 19791 79 9 24 990.66
21.39 26818 94 12 53 990.66
28 48 33846 09 15 81 990.66
35 69 40983 05 19 14 990,.66
42 78 48010 20 22 42 990 66
49 88 55037 35 25 71 990 66
56 97 62064 51 28 99 990 66
64 06 69091 71 _ 32 27 990 66
71.27 76228 93 L5 60 990 66
78.36 83256 34 38 89 990 66
85 45 90283 75 42.17 990 66
92 55 97311 16 45 45 990 66
99 64 104338 57 48 73 990 66

106 84 111475 79 52 07 990 66
113 94 118503 20 55 35 990 66
121 03 125530 61 58 63 990 66
128 12 132558 02 61 91 990 66
135 22 139585 42 65 19 990 66
142 42 146722 64 68 53 990 66
149 52 153750 05 71 81 990 66
156 61 160777 47 75 09 990 66
163 70 167804 88 78 37 990 66
170 80 174832 28 81 66 990 66
178 00 181969 50 84 99 990 66
185 I0 188996 91 88 27 990 66
192 19 196024 33 91 55 990 66
199 28 203051 73 94 84 990 66
206 38 207204 70 96 78 336.90
213 58 209134 89 97 68 213 35
220 68 210378 67 98 26 144 38
227 77 211239 47 98 66 102 22
234 86 211859 86 98 95 75 00
241.96 212321 81 99 17 56 65
249.16 212679 77 99 33 43 67
256.25 212954 70 99 46 34.49
263.35 213173 80 99 56 27 71
270.44 213351 14 99 65 22 60
277.54 213496 72 99 71 18 67
284.74 213619 47 99 77 15 57
291.83 213720 83 99 82 13 14
298.93 213806 81 99 86 ii 20
306.02 213880 38 99 89 9 62
313.12 213943 80 99 92 8 33
320.32 213999 66 99 95 7 24
327.41 214047 70 99 97 6 34
334.51 214089 92 99.99 5.59
341.60 214127 19 I00.00 4.95
348.92 214160 81 i00.00 0.00
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Oil Outflow inCase of Vessel Collision

for 1182 GT Barge
,

PenetrationArea - 8.00 sq. ft. Damage Length = 2.00 ft.
2 Tankspenetrated Damage Height = 4.00 ft.

Height of PenetrationCenterwith respectto Waterline= -0.3 rf.

Cumulative Oil Voiume in Penetratedtank(s) = 214108.3gal.
Total Oil Volume Leaked from Vessel --214183.2gal.
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Barge Collision Barge GT - 1182.

Accident Occurred in Fresh Water Cargo Specific Gravity - .92

Draft - 9.6 ft

Penetration Height - 4.00 ft Penetration Length - 2.00 ft

Penetration Area - 8.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.3 ft

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.03 428.22 0.20 15078.44
2.24 13058 34 6 I0 3172.49
4.49 20175 92 9 42 3172 49
6.73 27293 50 12 75 3172 49
8 97 34411 08 16 07 3172 49

ii 22 41528 66 19 40 3172 49
13 46 48646 24 22 72 3172 49
15 70 55763 82 26 04 3172 49
17 95 62881 40 29 37 3172 49
20 19 69999 09 32 69 3172 49
22 44 77116 98 36 02 3172 49
24 68 84234 88 39 34 3172 49
26 92 91352 78 42 67 3172 49
29.14 98380 59 45 95 3172 49
31 38 105498 48 49 27 3172 49
33 62 112616 38 52 60 3172 49
35 87 119734 27 55 92 3172 49
38 Ii 126852 17 59 25 3172 49
40 36 133970 08 62 57 3172 49
42 60 141087 97 65 90 3172 49
44 84 148205 88 69 22 3172 49
47 09 155323 77 72 54 3172 49
49 33 162441 67 75 87 3172 49
51 57 169559 56 79 19 3172 49
53 82 176677 47 82 52 3172 49
56 03 183705 27 85 80 3172 49
58 28 190823 16 89 12 3172 49
60 52 197941 06 92 45 3172 49
62.76 204999 05 95 75 1063 06
65 0! 207012 45 96 69 758 49
67 25 208473 72 97 37 560.02
69 49 209567.75 97 88 425.19
71 74 210408.05 98 27 330.41
73 98 211067.47 98 58 261.84
76 22 211594.53 98 83 211.00
78 47 212022.30 99 03 172.52
80 71 212374.27 99 19 142 86
82 93 212663.97 99 33 119 89
85 17 212911 20 99 44 i01 38
87 41 213121 16 99 54 86 50
89.66 213301 06 99 62 74 40
91 90 213456 34 99 70 64 44
94 14 213591 28 99 76 56 20
9S 39 213709 30 99 81 49 29
98 63 213813 14 99 86 43 48

I00 87 213904 91 99 90 38 55
103 12 213986 50 99 94 34 33
105 36 214059 30 99 98 30 71
107 60 214124 56 i00 00 27 58
109 87 214183.25 I00 00 0 00
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Oil Outflow in Case of Vessel Collision

for 1769 GT Barge

PenetrationArea = 0.50 sq. ft. DamageLength= 0.50 ft.
2 Tankspenetrated DamageHeight= 1.00 ft.

Heightof PenetrationCenterwithrespectto Waterline= -0.1 ft.

CumulativeOil VolumeinPenetratedtank(s)= 259252.4 gal.

TotalOil VolumeLeakedfromVessel= 259252.1gal.
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Barge Collision Barge GT - 1769.

Accident Occurred in Fresh Water Cargo Specific Gravity = .92

Draft - 9.6 ft

Penetration Height- 1.00 ft Penetration Length - 0.50 ft

Penetration Area - 0.5 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.i ft

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.29 518.50 0.20 1809 99
24.64 35951 25 13 87 i108 41
48.99 51708 00 19 95 289 19
73 34 58749 77 22 66 289 19
97 69 65791 52 25 38 289 19

122 04 72833 29 28 09 289 19
146 39 79875 05 30 81 289 19
170 74 86916 81 33 53 289 19
195 08 93958 57 36 24 289 19
219 43 I01000 34 38 96 289 19
243 78 108042 09 41 67 289 19
268 13 115083 86 44 39 289 19
292 48 122125 62 47 II 289 19
316 83 129167 38 49 82 289 19
341 18 136209 14 52 54 289 19
365 53 143250 91 55 26 289 19
389 88 150292 67 57 97 289 19
414 23 157334 42 60 69 289 19
438 58 164376 19 63 40 289 19
462 93 171417 95 66 12 289 19
487 28 178459 72 68 84 289 19
511 63 185501 47 71 55 289 19
535 98 192543 23 74 27 289 19
560 33 199585 00 76 98 289 19
584 67 206626 75 79 70 289 19
609 02 213668 52 82 42 289 19
633 37 220710 28 85 13 289 19
657 72 227752 05 87 85 289 19
682 06 234793 80 90 57 289 19
706.41 241835 56 93 28 289 19
730.76 248877 33 96 00 289 19
755.11 253519 20 97 79 117 96
779.45 255600 23 98 59 61 69
803.80 256752 09 99 04 36 22
828.15 257455 78 99 31 23 05
852.49 257917 06 99 48 15 57
876.84 258235 77 99 61 Ii 01
901.19 258465 05 99 70 8 07
925.54 258635 52 99 76 6 09
949.88 258765 73 99 81 4 70
974.23 258867 41 99 85 3 71
998.58 258948 36 99 88 2 98

1022 92 259013 83 99 91 2 43
1047 28 259067 53 99 93 2 01
1071 63 259112 II 99 95 1 67
1095 98 25914_ 55 99 96 1 41
1120 33 259181 30 99 97 1 20
1144 69 259208 44 99 98 1 03
1169 04 259231 78 99 99 0 89
1193.68 259252 08 I00 00 0 00
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Oil Outflow inCase of Vessel Collision

for 1769 GT Barge

PenetrationArea = 2.00 sq. ft. DamageLength= 1.00 ft.

2 Tankspenetrated DamageHeight= 2.00 ft.

Heightof PenetrationCenterwithrespectto Waterline= -0.3 ft.
CumulativeOilVolumein Penetratedtank(s)= 259252.4 gal.

TotalOil VolumeLeakedfromVessel= 259307.8 gal.
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O
Barge Collision Barge GT - 1769.

Accident Occurred in Fresh Water Cargo Specific Gravity - .92

Draft - 9.6 ft

Penetration Height - 2.00 ft Penetration Length - 1.00 ft

Penetration Area - 2.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.3 ft

Time Total Outflow % Outflow Flowrate
(min) (gal) (gal/min)

0.07 518.50 0.20 7195 88
7.42 40833 79 15 75 3806 83

14.84 53283 16 20 55 996 31
22.27 60677 68 23 40 996 31
29.69 68072 19 26 26 996 31
37 Ii 75466 70 29 II 996 31
44 53 82861 21 31 96 996 31
51 95 90255 72 34 81 996 31
59 37 97650 23 37 67 996 31
66 80 105044 74 40 52 996 31
74 22 112439 25 43 37 996 31
81 64 I19833 76 46 22 996 31
89 06 127228 27 49 08 996 31
96 48 134622.78 51 93 996 31

103 91 142016 53 54 78 996 31
III 33 149410 20 57 63 996 31
118 75 156803 89 60 48 996 31 W126 17 164197 56 63 34 996 31
133 59 171591 25 66 19 996 31
141 02 178984 92 69 04 996 31
148 44 186378 61 71 89 996 31
155 86 193772 30 74 74 996 31
163 28 201165 97 77 59 996 31
170 70 208559 66 80 45 996 31
178 12 215953 33 83.30 996 31
185 47 223275 23 86 12 996 31
192 89 230668 91 88 97 996 31
200 31 238062 59 91 8"3 996 31
207 74 245456 27 94 68 996 31
215 16 251257 69 96 92 400 08
222 58 253590 77 97 82 246 56
230 00 255077 05 98 39 162 56
237 42 256082 03 98 78 112 78
244 84 256793 12 99 05 81 42
252 26 257314 67 99 25 60 69
259 69 257708 58 99 40 46 44
267 II 258013 30 99 52 36 33
274 53 258253 88 99 61 28 95
281 95 258447 12 99 69 23 44
289 37 258604 73 99 75 19 25
296 79 258734 95 99 80 16 00
304 21 258843 72 99 84 13 44
311 64 258935 55 99 88 Ii 40
319 06 259013 78 99 91 9 75
326 48 259080 97 99 93 8 41
333 90 259139 08 99 96 7 30
341 32 259189 73 99 98 6 38
348 74 259234 03 99 99 5 61
356 16 259273 14 I00 00 4 95
363.66 259307 80 i00 00 0 00
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Oil Outflow in Case of Vessel Collision

for 1769 GT Barge

PenetrationArea = 8.00 sq. ft. DamageLength= 2.00 ft.

2 Tankspenetrated DamageHeight= 4.00 ft.

Heightof PenetrationCenterwithrespectto Waterline= -0.3 ft.
CumulativeOil Volume inPenetratedtank(s)= 259252.4 gal.

TotalOil VolumeLeakedfromVessel= 259272,6 gal,
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Barge Collision Barge GT - 1769.

Accident Occurred in Fresh Water Cargo Specific Gravity - .92

Draft - 9.6 ft

Penetration Height - 4.00 ft Penetration Length - 2.00 ft

Penetration Area - 8.0 sq. ft No. Tanks Penetrated - 2

Penetration Center w.r.t. Water Line - -0.3 ft

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.02 518.50 0.20 28762 92
2.34 47092 73 18 16 12583 66
4.67 55273 04 21 32 3161 83
7 01 62682 74 24 18 3161 83
9 34 70035 45 27 01 3161 83

II 68 77445 16 29 87 3161 83
14 01 84797 88 32 71 3161 83
16 33 92150 59 35 54 3161 83
18 68 99560 29 38 40 3161 83
21 00 106913 00 41 24 3161 83
23 34 114322 71 44 I0 3161 83
25 67 121675 41 46 93 3161 83
28 00 129028 12 49 77 3161 83
30 34 136437 84 52 63 3161 83
32 66 143790 55 55 46 3161 83
35 01 151200 27 58 32 3161 83
37 33 158552 97 61 16 3161 83
39 66 165905 67 63 99 3161 83

42 00 173315 39 66 85 3161 83
44 33 180668 09 69 69 3161 83
46 67 188077 80 72 55 3161 83
49 00 195430 52 75 38 3161 83
51 32 202783 22 78 22 3161 83
53 67 210192 94 81 08 3161 83

55 99 217545 64 83 91 3161.83
58 34 224955 34 86 77 3161 83
60 66 232308 06 89 61 3161 83
63 01 239717 77 92 46 3161 83
65 33 247070 47 95 30 3161 83
67 66 251330 28 96 94 842 63
70 00 253013 72 97 59 612 18
72 33 254247 27 98 07 459 64
74 67 255191 56 98 43 353 18
77 00 255919 78 98 71 277 71
79.32 256497 44 98 94 222 30
81.67 256966 62 99 12 180 43
83.99 257347 38 99 27 148 66
86.33 257665 16 99 39 123 77
88.66 257929 23 99 49 104 27
90.99 258152 72 99 58 88 66
93.33 258344 97 99 65 75 93
95 66 258509 08 99 71 65 60
98 00 258652 36 99 77 57 00

I00 32 258776 33 99 82 49 89
102 65 258885 14 99 86 43 92
104 99 258981 91 99 90 38 82
107 32 259067 03 99 93 34 52
109 66 259143 42 99 96 30 80
III 99 259211 20 99 98 27 62
114.35 259272 61 I00 00 0 00

A.58



Oil Outflow in Case of Vessel Collision
I

for 2713 GT Barge

PenetrationArea = 0,50 sq, ft, DamageLength= 0.50 ft.

2 Tankspenetrated DamageHeight= 1.00 ft.

Heightof PenetrationCenterwith respectto Waterline= -0.2 ft.
CumulativeOil Volumein Penetratedtank(s)= 306037.4 gal.

TotalOil VolumeLeakedfromVessel= 306098.0gal.
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Barge Collision Barge GT - 2713,

Accident Occurred in Salt Water Cargo Specific Gravity = .86

Draft - 12.0 ft

Penetration Height = 1.00 ft Penetration Lengt h = 0,50 ft

Penetration Area - 0.5 sq. ft No. Tanks Penetrated = 2

Penetration Center w.r.t. Water Line - -0.2 ft

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min )

0.27 612.07 0.20 2227 40
25.56 46618.92 15 23 1420 86

51..11 71410.83 23 33 289 19
76 67 78801.20 25 75 289 19

102 22 86191.56 28 16 289 19
127 78 93581.93 30 58 289 19
153 06 100892,83 32 97 289 19
178 62 108283 20 35 38 289 19
204 17 115673 56 37 80 289 19
229 73 123063 93 40 21 289 19
255 28 130454 30 42 63 289 19
280 56 137765 45 45 02 289 19
306 12 145156 56 47 43 289 19
331 67 152547 67 49 85 289 19
357 23 159938 80 52 26 289 19
382 78 167329 91 54 68 289 19
408 34 174721 03 57 09 289 19
433.62 182032 67 59 48 289 19
459 17 189423 78 61 90 289 19
484 73 196814 91 64 31 289 19
510 28 204206 02 66 73 289 19
535 84 211597 14 69 14 289 19
561 ii 218908 78 71.53 289 19
586 67 226299 89 73 95 289 19
612 22 233691 02 76 36 289 19
637 78 241082 12 78 78 289 19
663 33 248473 25 81 19 289 19
688 89 255864 36 83 61 289 19
714 17 263176 00 85 99 289 19
739 72 270567 09 88 41 289 19
765 28 277956 72 90 82 289 19
790 83 285346 34 93 24 289 19
816 39 292735 97 95 65 289 19
841 67 299192 12 97 76 155 06
867 22 302170 44 98 74 79 26
892 77 303631 06 99 21 41 02
918 33 304432 25 99 48 23 91
943 88 304918 72 99 63 15 14
969 44 305236 09 99 74 I0 19
994 72 305452 59 99 81 7 21

1020 27 305609 91 99 86 5 27
1045 83 305726 59 99 90 3 96
1071 38 305815 53 99 93 3 06
1096 94 305884 97 99 95 2 41
1122 22 305939 53 99 97 1 94
1147 77 305984 12 99 98 1 58
1173 33 306020 56 99 99 I 30
1198 88 306050 94 I00 00 I 08
1224 43 306076 34 I00 00 0 91
1250 26 306098 00 I00 00 0 00
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Oil Outflow in Case of Vessel Collision

for 2713 GT Barge

PenetrationArea= 2.00 sq. ft. DamageLength= _1.00ft,

2 Tanks penetrated DamageHeight= 2.00 ft.
Heightof PenetrationCenterwithrespectto Waterline= -0.2 ft.

CumulativeOil Volumein Penetratedtank(s)= 306037.4 gal.

TotalOil VolumeLeakedfromVessel= 306109.0 gal,
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Barge Collision Barge GT - 2713.

Accident Occurred in Salt Water Cargo Specific Gravity - ,86

Draft - 12.0 ft

Penetration Height - 2,00 ft Penetration Length - 1.00 ft

Penetration Area - 2,0 sq. ft No. Tanks Penetrated n 2

Penetration Center w.r.t, Water Line - -0.2 ft

Time Total Outflow % Outflow Flowrate

(min) (gal) (gal/min)

0.07 612.07 0.20 8907 97
7.97 54927 73 17 95 4873 80

15.94 74136 79 24 22 944 43

23 84 81599 18 26 66 944 43
31 81 89126 46 29 12 944 43

39 71 96588 85 31 56 944 43
47 69 104116 13 34 02 944 43
55 59 111578 53 36 46 944 43

63 56 119105 81 38 92 944 43
71 46 126568 20 41 36 944 43
79 43 134095 48 43 82 944 43

87 33 141558 66 46 26 944 43
95 30 149086 88 48 72 944 43

103 20 156550 20 51 15 944 43
iii 17 164078 41 53 61 944 43

119 08 171541 73 56 05 944 43
127 05 179069 95 58 51 944 43
134 95 186533 27 60 95 944 43

142 92 194061 48 63 41 944 43
150 82 201524 81 65 85 944 43

158 79 209053 02 68 31 944 43
166 69 216516 34 70 75 944 43
174 66 224044 56 73 21 944 43

182 56 231507 88 75 65 944 43
190 53 239036 09 78 ii 944 43
198 44 ' 246499 42 80 55 944 43

206 41 254027 64 83 01 944 43
214 31 261490 95 85 44 944 43
222 28 269019 16 87 90 944 43
230 18 276481 00 90 34 944 43

238 15 284007 34 92 80 944 43
246 05 291468 81 95 24 944 43

254 02 298451 56 97 52 431 25
261 93 301011 34 98 36 242 36

269 90 302527 66 98 85 148 94
277 80 303484 38 99 17 98 32
285 77 , 304136 56 99 38 68 08

293 68 304593 97 99 53 49 20
301 65 304932 28 99 64 36 61

309 55 305185 44 99 72 28 04
317 52 305382 94 99 79 21 91
325 43 305537 47 99 84 17 47
233 40 305662 66 99 88 14 13

341 30 305763 88 99 91 ii 61
349 28 305848 31 99 94 9 64

357.18 305918 09 99 96 8 ii
365.15 305977 62 99 98 6 87
373.05 306027 94 I00 00 5 88

381.03 306071 28 I00 00 5 07

389,07 306109 00 I00 00 0 00
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Oil Outflow in Case of Vessel Collision

for 2713 GT Barge

PenetrationArea = 8.00 sq. ft. Damage Length= 2.00 rf.

2 Tankspenetrated DamageHeight= 4.00 ft.
Heightof PenetrationCenterwithrespectto Waterline= -0.4 ft.

CumulativeOil Volumein Penetratedtank(s)= 306037.4 gal.

TotalOil VolumeLeakedfromVessel 306091.8gal.
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Barge Collision Barge GT n 2713.

Accident Occurred in Salt Water Cargo Specific Gravity - ,86

Draft - 12.0 ft

Penetration Height - 4,00 ft Penetration Length - 2.00 ft

Penetration Area - 8,0 sq. ft No, Tanks Penetrated - 2

Penetration Center w.r,t. Water Line - -0.4 ft

Time Total Outflow % Outflow Flowrate

(min) (gal) '(gal/min)

0.02 612.07 0.20 35476 57
2.38 61274 24 20.02 15954 38
4.74 _5691 78 24 73 3285 56
7 II 83457 39 27 27 3285 56
9 47 91223 01 29 81 3285 56

II 84 98988 62 32 35 3285 56
14 20 106754 24 34 88 3285 56
16 56 114519 86 37 42 3285 56
18 93 122285 48 39 96 3285 56
21 29 130051 09 42 50 3285 56
23 67 137873 77 45 05 3285 56
26 04 145640 48 47 59 3285 56
28 40 153407 20 50 13 3285 56
30 76 161173 94 52 66 3285 56
32 13 168940 66 55 20 3285 56
35 49 176707 38 57 74 3285 56
37 85 184474 09 60,28 3285 56

' 40 22 192240 81 62.82 3285 56
42 58 200007 53 65.35 3285 56
44 95 207774 27 67.89 3285 56
47 33 215597 67 70 45 3285 56
49 69 223364 39 72 99 3285 56
52 05 231131 ii 75 52 3285 56
54 42 238897 83 78 06 3285 56
56 78 246664 56 80 60 3285 56
59 15 254431 28 83 14 3285 56
61 51 262198 00 85 68 3285 56
63 87 269964 72 88 21 3285 56
66 24 277731 44 90 75 3285 56
68 60 285498 16 93 29 3285 56
70 98 293321 56 95 84 3285 56
73 34 298520 84 97 54 907 50
75 71 300310 69 98 13 631 ii
78 07 301579 72 98 54 456 48
80 43 302512 28 98 85 340 79
82 80 303217 38 99 08 261 12
85 16 303763 44 99 26 204 47
87 52 304195 09 99 40 163 09
89 89 304542 12 99 51 132 17
92 25 304825 22 99 60 108 59
94 63 305060 84 99 68 90 19
96 99 305256 31 99 74 75 82
99 36 305421 34 99 80 64 34

I01 72 305562 00 99 84 55 08
104 08 305682 88 99 88 47 50
106 45 305787 38 99 92 41 26
108 81 305878 56 99 95 36 06
iii 17 305958 41 99 97 31 70
113 54 306028 84 I00 00 28 02
115 93 306091 75 I00 00 0 00
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APPENDIX B

HUMANFACTORSANALYSISOF PROPOSEDCOUNTERMEASURES

As stated in Section4.3, the human factors analysisof the proposed

countermeasureswas conductedby a human factorsengineeringexpert familiar

with crew structuresand functionsaboard tankersand tugs. The analysiswas

guided by existingmaritime industryhuman factorsguidelinesand standards.

A scheme for coding the human factorsreviewwas developedbased on the

potentialfindingsof the review. Questions includedthe following:

I. Does the countermeasureappear to requirecrew membersto operate it?
If so, how many?

2. What general functionswould the crew perform to operate the counter-
measure? (Codes= Actuate,Emplace,Control, and Monitor).

3. Where would the crew be stationedin order to operatethe counter-
measure? Does the locationadverselyaffect safety (e.g., foredeck
operationin high seas)? (Codes= Deck, Bridge,Engine Room, Pump Room,
Work Boat).

4. Does the countermeasureappearto require specialtraining in addition
to that already receivedby the licensed and unlicensedmembers of the
crew? (Codes= Yes, No).

Assumptions: The followingfour functionshave been identifiedas potentially

being necessaryto operatethe oil spill countermeasureequipmentdescribedin

the Coast Guard suppliedconcepts. The concepts have been reviewedfor infor-

mation pertinentto operationand evaluatedin terms of the functions

involved. The followingdefinitionsdescribe the type(s)of behavior associ-

ated with the functions:

• Actuate: Based on some externalinput, such as an alarm or spill
team mustering,an operatormanipulatesa device in order to acti-
vate the countermeasurefor operation. This might consistof
releasinga hatch that is securedover a self-deployableboom, or
simply pushinga button to activateelectronicallyoperated and
deployed countermeasures.Additionally,it would consistof
launchinga workboat,if required.
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• Emplace: Once a countermeasureis actuated,it must be put into
proper position by some means. Crew memberswould be involved in
the placementof the countermeasurein ways such as reeling the
boom down from a work boat, throwingthe boom over the side of a
ship, or rigging skimmingor pumpingdevices.

• Control: Control impliesthe use of feedback in order to manipu-
late the countermeasureso that it can achieve its designated
purpose. This would includethe use of lines to position and
secure an overboardcountermeasure,directingthe flow of salvaged
oil to selectedlocations,and performingand acting upon the
resultsof stabilitycalculations.

• Monitor: This function is somewhatmore passive than the others,
in that it involveswatching the performanceof the countermeasure
to ensureproper operation. Examplesincludeensuring that
tetheredboom remains securedto the deck continueto operate, and
salvagetanks do not exceed Capacity. Periodicstabilitycalcu-
lationswould be includedin this function.

The designationof numbers of crew requiredfor countermeasureoperation

is based on the functionsrequiredand how these are carriedout. Highly

automatedcountermeasures,which simply requireactuationby electronicmeans,

may only requirethree crew members, one to actuate,and two to monitor on

either side of the ship. More labor intensivedeploymentand operation

requirements,such as launchingof a work boat and operationson deck, would

requiremore personnel. For example,a minimum of two persons is required to

launch a workboatand deploy boom; additionalpersonnelwould be required to

tether the boom to the ship (if that is required). The estimatesof crew

requirementsfer the countermeasureconcepts are conservativefrom the stand-

point of safety (alwaystwo crew members in a boat), but quite liberal from

the standpointof deck operations. Given the large surfacearea of tanker

decks, it is quite likely that more personnelcould be used if they were

available;this depends on the conditions(weather,damage)prevailing at the

time of the spill. The crew designationsfor tankersand tugs are virtually

identical,since the countermeasureswill requirethe same number of people to

operatethem unless there are design modificationsmade for each type of

vessel. Tug/bargecombinationsare actually somewhatmore complicated,since

the tug crew needs to board the barges to actuate and deploy many of the

countermeasuresdescribed.



The designationof the various countermeasuresin the followinganalysis

is based on a classificationschemedevelopedby PNL in the early phases of

the project.

COUNTERMEASURENUMBER AND TYPE: 3, Envelope

DESCRIPTION: Booms deployed by workboatsand ocean surface pumps in
inflatablerafts used to pick up spilledoil.

RATINGS:

TANKERS: No. crew members required: 3+
Crew functionsto operate: Actuate, Emplace,Control,Monitor
Crew stations: Deck, Work Boat
Training required: Yes

TUGS: No. crew members required: 3+
Crew functionsto operate: Actuate, Emplace,Control,Monitor
Crew stations: Deck, Work Boat
Training required: Yes

COMMENTS: Pumpingfrom inflatablerafts will requireclose deck and work
boat coordination. Need to specifydestinationfor pumpedoil.

COUNTERMEASURENUMBER AND TYPE: 9, Envelope

DESCRIPTION: Boom (w/o verticalextension)tetheredto tanker

RATINGS:

TANKERS: No. crew members required: 3+
Crew functionsto operate: Actuate, Emplace,Control,Monitor
Crew stations: Deck, Work Boat
Trainingrequired: Yes

TUGS: No. crew membersrequired: 3+
Crew functionsto operate: Actuate,Emplace,Control,Monitor
Crew stations: Deck, Work Boat
Trainingrequired: Yes

COMMENTS: Appearsless feasiblefor barges becausecrew must activate
from deck of tank vessel.
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COUNTERMEASURENUMBER AND TYPE: 11, Envelope

DESCRIPTION: Externallining envelopingtanker

RATINGS: Insufficientdetail provided

COUNTERMEASURENUMBER AND TYPE: 22, Diaper

DESCRIPTION: Inflatableraft

RATINGS: Not applicable;concept requires helicopterand scuba diving
team.

COUNTERMEASURENUMBER AND TYPE: 31, Envelope

DESCRIPTION: Encirclingboom

RATINGS:

TANKERS: No. crew members required: 3+
Crew functionsto operate: Actuate, Emplace,Control,Monitor
Crew stations: Deck, Work Boat
Training required: Yes

TUGS: No. crew membersrequired: 3+
Crew functionsto operate: Actuate, Emplace,Control, Monitor
Crew stations: Deck, Work Boat
Training required: Yes

COMMENTS: Requires assemblyof sections of desiredlength and blowing
additionalabsorptivecork materialover the oil. Also
requires anchoringof boom sections.

COUNTERMEASURENUMBER AND TYPE: I, Boom

DESCRIPTION: Encirclingboom and skimmers

RATINGS:

TANKERS: No. crew members required: 4+
Crew functionsto operate: Assist in emplacement
Crew stations: Foredeck and Afterdeck
Training required: Yes
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TUGS" No. crew members required" 4+
Crew functionsto operate: Assist in emplacement
Crew stations" Foredeckand Afterdeck
Training required" Yes

,,

COMMENTS" This countermeasureinvolvesa+_umbersomesystemof spars and
guy wires to emplace and control the encirclingboom. The
written descriptionsuggestedthat the technologywould be
inappropriatefor vessel storageand deployment,but it appears
that crew assistancewould be required,with 2 crew fore and
aft for emplacement.

COUNTERMEASURENUMBER AND TYPE: 4, Boom

DESCRIPTION" Absorbentmaterial droppedinto tank, boom encirclesship.

RATINGS'
,,

TANKERS' No. crew members required" 3+
Crew functionsto operate' Actuate, Monitor
Crew stations"
Bridge (actuatedrop system),Aft Deck (actuateboom con-
tainer), Fore Deck (operatewinch),Main Deck (replacedrop
system)

Training required" Yes
.....

TUGS" No crew membersrequired" 3+• +L

Crew functionsto operate" Actuate, Monitor
Crew stations"
Barge House (actuatedrop system),Aft DeCk (actuateboom con-
tainer), Fore Deck (operatewinch),Main Deck (replacedrop
system)

Training required" Yes

COMMENTS" May require stabilitycalculationsto be done in real:time in
order to determinehow much absorbentmaterialto put into
tank; if cables get "hung up" when being drawn around the hull,
may require dangerousoperationto free them (i.e.,go over
side)

COUNTERMEASURENUMBER AND TYPE: 12, Boom

DESCRIPTION" Boom, pumps, skimmers,balloon storagefor oil

RATINGS'
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TANKERS: No. crew members required: 6+
Crew functionsto operate"
Actuate, Emplace,Controland Monitor multiple pieces of
equipment(tank openings,boom via work boat, skimmerand sea
bag via work boat)

Crew stations: Deck, work boats
Trainingrequired: Yes

TUGS: No. crew members required: 6+
Crew functionsto operate"
Actuate, Emplace,Controland Monitor multiple pieces of
equipment(tank openings,boom via work boat, skimmerana sea
bag via work boat)

Crew stations: Deck, work boats
Trainingrequired: Yes

COMMENTS: This set of countermeasures is very crew intensivebecause it
requirescarrying out multiple proceduressimultaneously
involvingdifferent piecesof equipment, lt is probablethat
two work boats would be required,one for boom emplacement,the
other for the sea pump/skimmerand balloon storagebag.

COUNTERMEASURENUMBER AND TYPE: 14, Boom

DESCRIPTION: Curtaindropped from deck and fastened to deck edge.

RATINGS:

TANKERS: No. crew members required: 2+
Crew functionsto operate: Actuate,Monitor
Crew stations: Deck
Trainingrequired: Minimal

TUGS: No. crew members required: 2+
Crew functionsto operate: Actuate,Monitor
Crew stations: Deck
Training required: Minimal

COMMENTS: This boom appears to be stored in containers adjacentto the
bulwarks,and activatedmanuallyor automatically;weights hold
the material in place.
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COUNTERMEASURENUMBER AND TYPE: 15, Boom

DESCRIPTION: Encirclingboom tetheredto tanker

RATINGS:

TANKERS: No. crew members required: 3+
Crew functionsto operate: Actuate,Control, Monitor
Crew stations: Deck
Training required: Yes

TUGS: No. crew members required: 3+
Crew functionsto operate: Actuate,Control, Monitor
Crew stations" Barge deck
Trainingrequired: Yes

_OMMENTS: The encirclingboom would create difficultiesfor other craft
and personnelgetting close to a barge in order to continue
cleanupoperations.

COUNTERMEASURENUMBERAND TYPE: 17, Boom

DESCRIPTION: Boom tetheredto deck

RATINGS:

TANKERS: No. crew members required: Nominally2; Scenario illustrated
with 8
Crew functionsto operate:
Actuate,Emplace,Control,Monitor

Crew stations: Deck
Trainingrequired: Yes

TUGS: No. crew members required: 2+
Crew functionsto operate: Actuate, Emplace,Control,Monitor
Crew stations: Barge deck
Trainingrequired: Yes

COMMENTS: Individualsectionsof boom requiredinflationwith compressed
air prior to deploymentover the side; they must also be
attachedto the end of a connectingsectionprior to inflation
and deployment. This could lead to handlingproblems,since
the inflateddeployed sectionwill drag the not yet deployed
uninflatedsection.
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COUNTERMEASURENUMBER AND TYPE" 18, Boom

DESCRIPTION: Encirclingboom

RATINGS: Insufficientdetail provided

COUNTERMEASURENUMBER AND TYPE" 21, Boom

ZSCRIPTION: Encirclingboom/envelope

RATINGS: Insufficientdetail provided

COUNTERMEASURENUMBER AND TYPE: 23, Boom

DESCRIPTION: Tethered boom

RATINGS:

TANKERS: No. crew membersrequired: 2+
Crew functionsto operate: Actuate, Control,Monitor
Crew stations: Deck
Training required:' Yes

TUGS" No. crew membersrequired" 2+
Crew functionsto operate" Actuate, Control,Monitor
Crew stations: Deck
Training required: Yes

COMMENTS: This system is automaticallyemplaced,once actuated either
manually or via a spill detectionsystem, lt would appear that
the tether lines would require adjustmentor securing,and that
the ballast systemwould requireoperation,and possibly
calculationsto accommodatevessel stabilityand weather
conditions.

COUNTERMEASURENUMBER AND TYPE: 25, Boom

DESCRIPTION: Encirclingboom

RATINGS: Insufficientdetail provided
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COUNTERMEASURENUMBER AND TYPE: 28, Boom

DESCRIPTION' Tethered encirclingboom

RATINGS'

TANKERS" No. crew members required" 2+
Crew functionsto operate' Actuate,Control,Monitor
Crew stations' Deck

Training required: Yes

TUGS" No. crew members required" 2+
Crew functionsto operate" Actuate, Control,Monitor
Crew stations" Deck
Training required" Yes

COMMENTS" Crew actuatesby releasingdoor on storagecontainer;it
appearsas if the barriermaterial is self-emplacing,via
bottomweights and self-inflatingbuoys. The tether probably
needs to be secured, lt is not clear how many canistersare
required (i.e., are multiplesheets of barriermaterial used?
If so, how are they joinedto preventleakage?).

COUNTERMEASURENUMBERAND TYPE: 29, Boom

DESCRIPTION' Boom deployed by smallboat
RATINGS:

TANKERS' No. crew members required' 3+
Crew functionsto operate' Actuate, Emplace,Control,Monitor
Crew stations: Deck, Work boat
Training required: Yes

TUGS: No. crew members required: 3+
Crew functionsto operate: Actuate, Emplace,Control,Monitor
Crew stations: Deck, Work boat
Training required: Yes

COMMENTS: Work boat appears small enoughto be stored on largertugs,
thus facilitatingdeploymentfor barges.
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COUNTERMEASURENUMBER AND TYPE: 32, Boom

DESCRIPTION: Boom and onboard skimmer

RATINGS:

TANKERS: No. crew membersrequired: 6+
Crew functionsto operate: Actuate, Emplace,Control,Monitor
Crew stations: Deck, Workboat
Training required" Yes

TUGS: No. crew membersrequired: 6+
Crew functionsto operate" Actuate, Emplace,Control,Monitor
Crew stations: Deck, Workboat
Training required: Yes

COMMENTS: The countermeasureinvolvesboom placed via workboat and sub-
mersible skimmers loweredby boom from the tank vessel. Opera-
tion needs 3 crew members for the boom deployment,I for star-
board and port pumps, and I for strippingpumps, plus super-
vision. On tankers, skimmedoil is pumped into a salvagetank,
or the pump room (this latter destinationcould cause stability
problems);a salvage locationmay not be availableon barges.

COUNTERMEASURENUMBER AND TYPE: 33, Boom

DESCRIPTION: Inflatableboom

RATINGS: Insufficientdetail provided

COMMENTS: The inventiondescriptionindicatesrequirementsfor deter-
mining in real-timehow much ballast should be used for the
differentbarriersections. This increasesthe complexityof
the operation, lt is likely that workboats are required for
emplacement, but this is not cleat from the description.

COUNTERMEASURENUMBER AND TYPE: 34, Boom

DESCRIPTION: Tethered boom

RATINGS:

TANKERS: No. crew members required: 2+
Crew functionsto operate: Actuate,Monitor
Crewstations: Deck
Training required: Minimal
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TUGS' No. crew membersrequired" 2+Crew functionsto operate: Actuate,Monitor
Crew stations: Deck
Trainingrequired' Minimal

COMMENTS: Some controlactionsmay be requiredto secure the tethering
lines. The actual number of crew to operatedependson the
number of containmentsystem housingsmounted on deck.

COUNTERMEASURENUMBER AND TYPE: 36, Boom

DESCRIPTION' Encirclingboom and remote controlskimmer

RATINGS:

TANKERS: No. crew membersrequired: 2+
Crew functionsto operate: Actuate,Monitor
Crew stations: Bridge,After deck
Trainingrequired" Yes

TUGS: No. crew membersrequired: 2+
Crew functionsto operate: Actuate,Monitor
Crew stations: Deck
Training required' Yes

COMMENTS: Use of the remote controlledskimmerwould increasethe crew
requirements,since it would need an operatorand someoneto
monitor salvagedoil storage.

COUNTERMEASURENUMBER AND TYPE: 38, Unclassified

DESCRIPTION: no detail provided

COUNTERMEASURENUMBERAND TYPE" 41, Boom

DESCRIPTION: Boom and workboat

RATINGS: Insufficientdetail; illegiblecopy
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COUNTERMEASURENUMBER AND TYPE: 42, Boom
J

DESCRIPTION" Roller mounted boom, stored in After deck space

RATINGS.

TANKERS" No. crew membersrequired' 4
Crew functionsto operate: Actuate, Emplace,Control, Monitor
Crew stations" Deck, Work boat
Training required" Yes

TUGS" No. crew members required" 4
Crew functionsto operate. Actuate, Emplace,Control, Monitor
Crew stations" Deck, Work boat
Training required" Yes

COMMENTS" Hazard may exist involvingconnectionof boom ends from work
boat.

COUNTERMEASURENUMBER AND TYPE: 44, Boom

DESCRIPTION" Encirclingboom

RATINGS.

TANKERS" No. crew members required. 3+
Crew functionsto operate. Actuate, Control,Monitor
Crew stations" Deck
Training required' Yes

/

TUGS' No. crew membersrequired. 3+
Crew functionsto operate. Actuate, Control,Monitor
Crew stations" Deck
Training required' Yes

COMMENTS" Crew actionswould be requiredto ensurethat threaded rope
pays out appropriately(this is also a hazard concern, since it
is launched by a harpoongun). Is the I/2 - I mile radius of
boom realistic?

, COUNTERMEASURENUMBER AND TYPE: 45, Boom

DESCRIPTION' Encirclingboom

RATINGS" Insufficientdetail on operationprovided
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COUNTERMEASURENUMBER AND TYPE: 2, Liner

DESCRIPTION: Hull Liner

RATINGS: Human interventionnot required;liner responds flexiblyto
hard material,preventingescape of oil.

COUNTERMEASURENUMBER AND TYPE: 10, Liner

DESCRIPTION: Hull design with liner, recoveryship with trailing skimmer

RATINGS: Insufficientdetail provided, lt appearsthat human interven-
tion is requiredonly on the recovery ship to deploy and
operatethe trailingskimmer.

COUNTERMEASURENUMBERAND TYPE: 5, Bladder

DESCRIPTION: Pump oil from rupturedtank into external balloon

RATINGS:

TANKERS: No. crew members required: 3+
Crew functionsto operate: Actuate, Control,Monitor
Crew stations: Deck
Training required: Yes

TUGS: No. crew members required: 3+
Crew functionsto operate: Actuate, Control,Monitor
Crew stations: Deck
Training required: Yes

COMMENTS: Crew interventionis requiredto activate the pumps and bladder
mechanism,and to secure the balloon after it has been
deployed. Insufficientdetail to determineif a work boat is
requiredto emplacethe balloon.

COUNTERMEASURENUMBERAND TYPE: 6, Bladder

DESCRIPTION: Pump oil from rupturedtank into external balloon.

RATINGS:
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' TANKERS: No. crew mzmbers required: 3+
Crew functions to operate: Actuate, Emplace, Control, Monitor
Crew stations: Deck, Work boat
Training required: Yes

TUGS: No. crew members required: 3+
Crew functions to operate: Actuate, Emplace, Control, Monitor
Crew stations: Deck
Training required: Yes

COMMENTS: Placement of multiple bags, as suggested, would require addi-
tional crew members.

COUNTERMEASURENUMBER ANDTYPE: 16, Bladder

DESCRIPTION: Pump oil out of rupturedcontainerso that net flow is into
tank. Pumped oil is stored internallyor externally.

RATINGS:

TANKERS: No. crew members required: 3+
Crew functionsto operate: Actuate,Control, Monitor
Crew stations: Deck
Trainingrequired: Yes

TUGS: No. crew members required: 3+
Crew functionsto operate: Actuate,Control,Monitor
Crew stations: Deck
Trainingrequired: Yes

COMMENTS: This countermeasureinvolvesopening a series of valves,which
must be done in the proper order to ensure safe salvage. The
design of the valve controlsshould indicatetheir order in a
salvagesequence.

COUNTERMEASURENUMBER AND TYPE: 20, Bladder

DESCRIPFION: Oil transferredto other on-decktank or external balloon.

j RATINGS: Insufficientdetail provided
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COUNTERMEASURENUMBER AND "_YPE: 13, Skirt

DESCRIPTION: Curtaindropped from deck and fastenedto deck edge

RATINGS: Insufficientdetail provided

COUNTERMEASURENUMBER AND TYPE: 26, Skirt

DESCRIPTION: Skirt

RATINGS: Insufficientdetail provided

COUNTERMEASURENUMBER AND TYPE: 26, Skirt

DESCRIPTION: Bulwarkmounted skirt

RATINGS: Insufficientdetail provided

COUNTERMEASURENUMBER AND TYPE: 40, Absorbent

DESCRIPTION:

RATINGS" Insufficient detail provided

COUNTERMEASURENUMBERANDTYPE: 19, Patch and Plumb

DESCRIPTION: Pumpattached to outside of tanker rupture

COMMENTS: The many potential scenarios available for this device make a
unitary rating meaningless. From the standpoint of self-help,
this concept is not immediately useful, since it requires a
scuba diver to attach the device. A ship that is retrofit with
"THOR"may be more likely to recover oil from a self-caused
spill, but this would still require sufficient storage
capacity, which may not exist due to other full tanks, or
stability problems.
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 327@4,911,097
ON-BOARD OIL SPILL PREVENTION AND RECOVERY

SYSTE_I
Louis Bey_ly, 88 Robin Dr., Mercetwill¢, N.J. 08619

Filed Feb. 26, 1990, Ser. No. 484,977
Int. O. _ I]631'143//6

U.S. CI. 114--2;28 7 Claims
I. An on-board oil spill prevention and re_:overysystemfor

anoil transporting vesselcompri_ng
a pillow slorsge container;

JANUARY I, 1991

a plurality of sorbent pillours clispcmedin said pillow storage
oontaincr;

meansto selectively r¢Ic.u._said pillows from sa_clcontainer
lo lhc interior of snoil holding t=nk of"said vessel;

• sorbentboom; and
mc.nrtsIo deploy saidsor'benlboom into the waters surround.

ing zl_ v¢:ss¢l.
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LONGITUDINAL

, _, BULKHEAD
_',ING \ WING

CARGO -x \ _-" BALLAST .,,,,/,-CENTER CARGO TANKS

,. '_ BULKHEAD
"_L¢...,__ ,.._ LONGITUDINAL

RESILIENr MEMBRANE-J

Resilienl mcmbrane--a pliable, non-structural tank
liner.
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AJ_L 23, 1991

S,009,180
HULL HOLE _ FOR AN OIL TANKER

WiUinm T. Holt, 4610 Elleadale Rd., Memphis, Te_m. 38135
Filed Stp. 7, 1990, Ser. No. 579,365 _

lint. Cl.S B63B 4J/16

U.S. CL 114-.229 23 Ehd m

_D

13. A hull hole closure, for use with an oil tanker having a
hull hole, raid closure comprising:

a. a flexible, subsLantially waterproof sheet, shaped substan-
tially similar to the bow of the tanker, for covering said
hull hole and for extending under the keel and around the
bow of the tanker from the port side to the starbo_d side
of the tanker, said sheet comprising:
i. an aft edge, for location toward the stern of the tanker

and passing under the keel of the tanker, said aft edge
comprising • first end and a second end;

ii. an upper portion for lot•lion substantially above the
water line of the tinker, said upper pon_on extending

_ubstantmJly from the first end of the Iffl edge to the
_nd end of thesit edge;

irl. sn inner uJurfacefor placement substantially adjacent
the hull of the tanker; and, iv. an outer surface for
placement away from the hull of the umker;

b. an aft belt, attached to the sheet sub_tantbdly adjacent the
aft edge of the sheet, raid tit belt extending subsUmtlaily
from the first end of the all edge to the second end of the
aft edge, said aft belt comprising:
i. a longitudinal reinforcing strap attached to the sheet;

lind,
ii. a first longitudinal high pressure hose for inflation,

k_ated subslantudly parallel to the longitudinal rein-
forcing strap, and attached to the longitudinal reinforc-
ing strap on the inner surface of the sheet;

c. an upper belt, attached to the upper portion of the sheet,
comprising:
i. a tnmsvente reinforcing strip attached to the sheet, tnd
ii. a transverseinflatable bladder attached to the upper belt

o_ the inner r,urfw.e of the duet for inflation to subsum-
tially teal the upper portion Of the sheet to the hull; and

d.m,"._ for _ the hull hole ckx_rc to the tlmkex.
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Oil Spill Containment And
Retention System

U.S. Patent@4981097

I N. f

Absorbent media shown sinking __

to the oil water interface at the _ '---'"__bottom of the oil tank _ _';_ _q _/
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Gulf Research and Development Company Device

A device developed by R.C. Amero and G,L. Karner; U.S. Patent 3,534,859; October 20,
1970; assigned to Gulf Research and Development Company for removing and collecting
oll floating on water contains a first inner member which serves as both a main flotation
member and a notched weir, and an outer buoyancy member held above the flotation
member and closely adjacent the surface of the oil, A flotsam screen is provided. An
inflatable embodiment easily carried on vessels or other vehicles is also provided.

Figure 134 is a sectional perspective view of such a device. Referring to the drawing, 10
designates an oll recovery device which comprises an inner flotation member 12, an outer
stabilizing and buoyancy member 14, and a plurality of rib members 16 interconnecting
the members 12 and 14. Suspended from inner flotation member 12 is a combined tank
and funnel assembly 18 which comprises a tank mvmber 20 within which is nested a fun.
net member 22.

Suspended from outer buoyancy member 14 is a screen 24 which extends down from mere-
ber 14 through the layer of oll 26 and into the water 28 below the level of the uppermost
portion of inner member 12, or lower. The screen will surround the inner member even
where the outer member is discontinuous, or provided with a gap or gaps, as described
below.

Means areprovidedto adjustablycontrolthe buoyancy of the overalldeviceby control-
lingthe amount of airand water withininnerflotationmember 12,and to alsocontrol
the horizontal position of the device so as to keep the top surface of the flotation mem-
ber 12 level. The buoyancy control permits location of the top surface of the inner mere-
ber at a predetermined level with respect to the oil/water interface. To this end, flotation

member 12 is divided into a plurality of separate compa_ments by a number of transverse
dividing members 30.

Each compartment carries a first valve means 32 which may be a compressed air fitting
to permit filling the compartment with compressed air; second valve means 34 which may
comprise an air release valve; and a third valve means 36 which may comprise a combined
water inlet and outlet valve. By manipulating the ratio of compressed air and water in
each compartment of member 12, the overall buoyancy of the entire device may be con.

trolled. Thus, by selectively changing the air to water ratio in the various compartments,
_e device may be caused to float with the top surface of the flotation member 12 both
level and at any predetermined level with respect to the oil/water interface.

Means are provided to present a notched or irregular surface or weir to the liquid which
is to flow into and be salvaged by the device 10. Such a surface provides advantages over

a smooth surface in certain situations, which smooth surface is also operable particularly
with thick layers of oil, because it is thought that a notched weir will improve buoyancy
stability and improve the oil recovery efficiency of the device particularly while operating
in thin oil films. The precise physics resulting in these advantages are not understood.

However, it is thought that the notched weir improves stability because the peaks serve as
a part of the apparatus tending to be above the top of the water, and the valleys serve to
promote cohesion of the droplets of oil making up a thin film into streamlets which flow
more readily than the droplets to and then across the weir. To this end, flotation member
12 is torlJs-shaped and is provided with ridges 38 on its outside surface transverse to its
circular axis.
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FIGURE 134: GULF RESEARCH AND DEVELOPMENT COMPANY WEIR.TYPE OIL
SKIMMER

Source: R.C. Amero and G.L. Karner; U.S. Patent 3,534,859; October 20, 1970

lt will be understood by those skilled in the art that device 10 could have any configura.
tion such as square or rectangular, or the like, so long as it closes on itself, and the round
shape shown is by way of example only. Similarly, the outer buoyancy member 14 is
shown as a closed torus by way of example only, and it is anticipated that gaps in the
outer member could be provided so that particularly when operating with thick oil layers,
the member 14 would not block the flow of oil into the device.

Means are orovided to transport the oil collected by the apparatus to other locations. To
this end, funnel member 22 comprises a neck 40 which passes through a suitably formed
Cpening in the bottom of tank 20, and suitable connecting means 42 are provided to con.
nect neck 40 to a hose or other liquid transmission member 44, to carry away the col.
lected hydrocarbon liquids. A suitable pump, not shown, will be provided to draw the
collected liquids away, after which they may be reprocessed, which reprocessing basically

comprises removing any water collected with the oil. lt is noteworthy that both the neces.
san/ pump and a source of compressed air or other gas are already available in virtually ali
locations wh_e the device would be used.

According to B.J, Hoffman; U.S. Patent 3,753,497; August 21, 1973 this skimmer removes
only oil and will not remove flotsam. Further the screen in this Amero et al device may
become easily clogged and it is further claimed that the Amero et al device is not suitable
for use in a moving body of water such as a stream.
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Harrlngton Device

A device developed by J,W. Harrington; U.$. Patent 3,534,858; October 20, 1970 consists
of a 'flexible suct(on hose connected with a suitable vacuum source and a floatable skimmer
capable of moving with varying wave motions in such manner that the suction apertures
provided in the skimmer are maintained substantially at ali times within the layer of pol.
lutant. For sweeping operations to remove large bodies of oil or chemical pollutants ons

water surfaces, a bed comprising he_ders connected with a manifold to a common suction
pump is utilized. A plurality of the skimmer apparatuses are connected to each header.
The individual suction lines are then tied together in such manner as to allow freedom of
movement by the individual units, but function as a sweeping unit to cover a large area.

Figure 145 shows this device mounted on a vei_.l ready for operational use (upper view)
and in cross.sectional detail (lower view), This device is shown to comprise a frame 2
hlngedly mounted on the side of a ship 4 and adapted to be lowered into operational posi.
tion or raised when not in use by a conventional boom and pulley system.

FIGURE 145: HARRINGTON FLOATING SUCTION SKIMMER SYSTEM

I'_ .' _' _ ii
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Source: J,W. Harrington; U.S. Patent 3,534,858; October 20, 1970
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lt will be appreciated that when the apparat_JSis used with ocean sweeping or waterways
subject to heavier wave motion, equipment means must be provided to maintain the frame
support 2 at the same height above the surface of the water irrespective of wave amplitude,
Mounted within frame 2 are a plurality of suction headers 6 connected to a manifold 8,
A suction conduit 10 forms the connection between the manifold and a suction pump
(not shown).

The suction pump may be conveniently mounted on the deck of the ship or within the
hold of the ship. Any self-priming type vacuum pump of sufficient capacity may be saris.
factorily used, for example, motor driven centrifugal high efficiency water pumps having
hydraulically created vacuum systems that enable the pumps to continue operation when,
on occasion, the skimmer aperture is prevented by wave motion from being completely
immersed in the pollutant to be pumped. In other words, for most efficient operation,
a pump is used which will not lose vacuum, when, for instance, because of sea turbulence,
one or more of the vacuum hose inlets rises above tile liquid surface and sucks air.

Connected with each of the suction headers are a plurality of flexible suction hoses 12.
Frame 2, suction headers 6 and the manifold form so to speak, a bed horizontally disposed
with respect to the liquid surface to be cleaned. The suction hoses hang downwardly from
the bed for operational connection with a skimmer 14 mounted on the end of each suction
hose. Adjacent to, but with allowance for freedom of movement of the skimmers, tie lines
16 are provided to allow the plurality of skimmers to sweep as a unit and additionally pre.
vent blowing of the skimmer or skimmers out of the water in high winds.

As may be appreciated, the length of the suction hose is dependent upon many factors,
e.g., state of movement of water to be swept, type of ship or barge used, or dock, speed
of sweeping, ship, etc. In the preferred embodiment, and particularly where the device
used to skim pollutants from the seas, each skimmer is joined with its respective suction
hose 16 through a swivel joint 18 which allows a swinging movement of the skimmer
throughout 360 °,

As shown in the lower detail view in particular, nozzle 14 comprises a floatable hollow cone
shaped member 20 slidably mounted on pipe section 22 and communicating with the in.
terior of suction hose 12. A substantially spherical shaped float 24 is connected with pipe
section 22.

Floatable hollow cone member 20 and float 24 are designed and constructed in such man.
ner and of such material that the base edge of cone member 20 will float on the surface
or just within the upper surface of the lighter liquid, e.g., oil, to be removed, while float
24 floats partially in the heavier liquid, to the end that a suction aperture is formed be.
tween the lower edge of cone member 20 and float 24, which aperture lies wholly within
the layer of pollutant. The cone member being slidably mounted on pipe section 22
will allow the intake aperture to automatically adjust itself to the thickness of the float.
ing pollutant.
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Olden Device

A device developed by M.F. O/sen; U.S. Patent 3,245,115; July 10, 1973 is one in which
one or more floats are provided for immersion in an oil.slick affected water area, the floats
having a collecting coml_rtment and a ballast compartment, and a limit valve for the bal. _
last compartment, such that the floats will be partially submerged at the level of the col-
lecting compartment so that the oil and water mixture may be collected.

Flexible tubes are also provided for the collecting compartment for transferring the col-
lect_:l oil and water mixture to a separation tank. The separation tank has two ball float
control valves, one of which permits the clean water to dra;n back into the environmental
water area and the other of which permits the collected oil to be drained off for further
use or refinement.

Figure 147 shows such floats immersed in an oil-slick affected water area, and flexible
tubing connected to the conical base of each float, and showing the floats accommodating
to a moderate rolling sea, as well as an enlarged vertical sectional view of one of the floats.
'i'he device thus provides a plurality of floats 10 each having a"hollow body portion 11
composed of an outer shell 12 and an inner shell 13. =

The latter, in turn, is connected to an inner tube 14. The upper wall of the inner shell
13 constitutes the bottom of the oil and water collecting comp_rtment 15 of the float 10,
such comr_artment being generally rectangular in plan view and having side walls 1(;. Each
side wall 16 is provided with a plurality of spaced semicircular cut outs 21 which approxi-
mate one-half the height of the side walls and extend dovwlwardly from the upper edge
of each such side wall. A cover plate 22 of rectangular shape in plan view, having crossed
bracing ribs 23, threaded eye bolts 24 at each corner and a lifting eye 25 is suitably
mounted on top of the float to close the top of the oil and water collecting compartment,
such cover plate being securely fastened to the side walls 16 and 17 by means of the eye
bolts 24 which are threaded into the threaded holes 20, With the cover plate 22 in place,
the semicircular cut outs 23 constitute the only accessof the oil and water mixture to
the collecting compartment 15.

FIGURE 147: OLSEN FLOATING SUCTION SKIMMER SYSTEM

/_- ----- 1

_ 2d

e9 e4 w Cray
"'_lkV ' '_ / _ _ _, J \ ' W" ) _ I It./"_

illl
V 't ._z

-- Source: M.F. Olsen; U.S. Pitent 3,745,115; July 10. 19)3
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The float10 isso designpdand constructedthatthe cut outs inthe sidewallsof the col-

lectingcompartment willalwaysbe maintainedpartiallysubmerged, This isaccomplished
by providinga ballastcom!)artment21Bbetween the outershell12 and the innershell13
for receivingan adequate amount of waterto providethe necessaryballastto assurethat

the collectingcompartment isalwaysat the properwater surfacelevel,

There isprovidedin the ballastcompartment 26 a ballastlimitvalve30. Such ballast

limitvalvegenerallyconsistsof a water intakeconduit 31 and an airvent 32 both of
which are disposedcloseto the innershelf13 which forms the bottom of theco/lecting

compartment 15,with the airventtube disposednearerto suchcollectingcompartment.
A plurality of floats 10 may be connected in sp_ced relationship by means of flexible
chains or other connecting members 56 which are attached to the eye bolts 24 located at
each of the corners of the floats. With such flexible connections a series of floats 10 can
follow the surface of a moderately roiling sea and still perform their function and purpose
of collecting the oil.slick with a minimum amount of water.

lt will also be noted that each float 10 is provided with a flexible hose 57 and that each
such flexible hose is in turn connected to a common hose 58 which, in turn, is connected
to a pump provided on a ship. barge, or other structure, also having on board a separation
tank.
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Smith Device

A device developed by M.F. Smrh; U.S. Patent 3,556,301," January 19, 1971 is constructed
of lightweight nonrigid materials and comprises two parallel.spaced sheets with flexible
edges. The device floats on the surface of water and flexibly conforms to waves and
swells on the water surface. Skimming is performed by exposing a negative pressure intake
portal to a shallow skimming zone directly beneath the surface. The narrow elongated in.
take portal is defined between a flexible floating underflow edge of one sheet and a second
flexible overflow edge of a second sheet spaced beneath the first sheet.

Figure 148 is a perspective view of this device and also shows a sectional view of construc.
rien and operation of the flexible skimmer head assembly. The floating flexible skimmer
apparatus has two main components, one of which is the skimmer head assembly 10 and
the other of which is a negative pressure source and delivery means 12. The skimmer
head assembly comprises first a section of aluminum conduit 14.

The upper sheet 30 of the skimmer head is fabricated of closed-cell nitrile foam and is
secured to the top face of the upper plate of the U.shaped plenum member. The sheet
30 is notched at 31 to accommodate the conduit 14, which has already been welded to
the plenum member. The sheet is anchored to the plenum member by sandwiching it be-
tween an upper plenum plate 22 and a correspondingly shaped plate 34.

Positioned directly below the upper sheet 30 is a lower, less buoyant sheet 38 of nitrile
rubber, lt is also semicircular and is preferably shaped to correspond with the lower face
of the upper sheet 30. The facing areas of the two sheets 30 and 38 are held in spaced.
apart relation by angularly separated spacer blocks 49 which may be either integral or

cemented or heat fused to anchor them between the two sheets. The outermost semicir-
cular ring of blocks are preferably spaced at 2°/=* intervals; the next three concentric rings
of blocks are spaced at 5* intervals and the innermost ring of blocks are spaced apart at
10° intervals. The preferred material for these blocks, especially when used in an assembly
with the removable ballast described above, is buoyant closed-cell nitrile foam.

The skimmer head assembly thus constructed is then connected by conduit 60 to a nega.
live pressure source 61 preferably a diaphragm pump, and either disposal means, or an
oil/water separation apparatus. The conduit may be fabricated in sections, ali of which
are supported on the surface of the water by a plurality of keg-shaped floats 62. The
several sections may be joined together by bellows like joints 64 which are extremely flexi.
ible.

FIGURE 148: S/VflTH FLOATING SUCTION SKIMMER SYSTEM

IO 5$

. .

Source: M.F. Smith' U.S. Patent 3,556,301' Januat_ 19, 1971

The inside diameter of conduit 60 is telescoped over the mating outside diameter of con-
duit 14 extending from the skimming head assembly. Thus, the negatwe pressure source
and conduit delivery means are connected to the skimming head assembly by slidingly
engaging conduit 60 over conduit 14 The other end of conduit 60 is sealably attached
to the negatwe pressure source, thereby providing a closed vacuum delivery means connect
ing the negative pressure source to the skimmer head assembly A large keg-shaped float
63 may be provided near the iunct=on of conduits 60 anu 14 to md in buoyantly support

Because the intake portal 55 is defined between the two flexible, wave conforming sheets,
the upper one of which floats on the surface, it is located immediately beneath the sur.
face of the water regardless of the surface conditions. The rlongated intake portal 55 0s
formed betwe._n the flexible underflow and overflow edges 31 and 39, and is ideally posi-
tioned for the removal of waste from the surface of contaminated water.
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The suction ports 12 are tapered and V.notched in order
to help prevent mechanical emulsification of the oil/water mixture and thus aid in separa.
tion of the oil from the water. A debris screen 24 preferably of about 5/4 inch mesh cir-
cumscribes the head 10 and is used to protect the ports 12 from clogging and other dam-
age. The screen is supported independently of the head by the triangular shaped screen
angles 26 which have a circular float 28 attached at each of three corners substantially as
shown.

FIGURE 150: U.S. NAVY FLOATING SUCTION SKIMMER SYSTEM

_ "_\
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Source: J.A. O'Brien; U.S. Patent 3,690,463;September 12, 1972

The frame angles 30 are attached to each float 28 and to the tube 18 thereby providing
additional strength to the framework formed by angles 26 The'angles 30 also support
the flexible hose 20. In operation the oil/water m_xture enters the head through the suc-
tion intake ports and is sucked through tube 18 by suitable pump means into hoses 20
and 22 then into a storage area. Through a seri_s of weights 16 which are added to head
10 as is required the skimming depth is maintained at between about V4to 1 inch. This
ability to adjust the skimming depth enhances the oil.to.water ratio so that the volume
requirement for an oil/water separation system is reduced.

Three suction head assemblies may preferably be used simultaneously with the same source
to increase oil pickup efficiency. In case of substantial decreased output flow, the head is
easily cleaned by backflushing. Routine cleaning with diesel fuel or strong detergent and
water effectively removes the sticky oil and small particles of debris that may plug the suc.
tion head after severe use.
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Brill Device

A device developed by E.L. Bril/and B.M. Br/'//; U.S. Patent 3,640,394," February 8, 1972
is a device for skimming oil or the like floating on a pool of water including an endless
r_bstantially rigid loop of uniform cross section, generally circular. The loop is gripped
at its upper edge by a pair of rolls rotating in opposite directions and drivingly engaging
the loop at one zone in diagonally opposed quadrants, one above and one below the center
of a section of the loop. The rolls rotate the loop in its own plane causing it to pass con.
tinuously into and out of the pool of water or hydrophilic liquid and to attract hydropho.
bic material, such as oil or the like or finely divided or colloidal material, which material
ii lifted by the coil and squeezed out upon passing through the rolls or _parated by a
scraper or by a blast of air. The loop may oscillate about an axis substantially tangential
the loop at the driving zone. A modification utilizes a brushlike =urface on the loop and
on the driving rolls. Figure 152 is a simplified schematic view of this general type of al).
paratus.

FIGURE 152: BRILL ENDLESS ABSORBENT LOOP SKIMMER

Source: E.L. Brill and B.M. ,Brill; U.S. Patent 3,640,394: February 8, 1972

The figure shows dtagrammatically a pair of spaced parallel drive shafts 31 and 32, gener.
ally vertical, on which are mounted a plurality of rolls to provide pairs of coacting arcu.
ately concave annular surfaces, each pair of such surfaces engaginga different one of the

loops 33, 34 and 35, to drive each loop for rotation in its own plane into the polluted
water to carry the hydrophobic material upwardly out of the water where the hydropho-
bic material is _ueezed out between the coacting drive roll surfaces to be diverted into
the trough 36.

This device is commercially available from Oil Skimmers, Inc. of Cleveland, Ohio. This
skimmer includes a long tube as a belt over a sprocket and past a cleaning point where
the oil is scraped off and flows to a container. The tubular belt is made of an oil absorb.
ent material and is long enough to wind about the oil.water surface. The oil is absorbed
as the belt leaves the oil-water surface. The tubular belt is small enough in diameter so
that debris on the oil-water surface does not interfere with the operation. The sprocket
handling the tubular belt is driven by an electric motor.
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British Petroleum Company Devices

/

,' /' One belt type skimmer developed by British Petroleum Company is described in British
,; , ,/., i Pater lt 1,026,201; April 14, 1966. As shown in Figure 153, the device comprises an end.

,J, _ '(

!.;,,. ,' : :/, _essbelt of resilient foam material, several rollers between which the belt passesat its up-,':per end, and means for collecting and removing liquid squeezed from the strip by the rol.
.... ',, "," '/', ,, !i lers. The resilient foam material is comprised of a number of interconnected pores and is

compressible so as to enable a liquid contained in the pores to be removed, A suitable ma.
terial is a plastic foam such as polyurethane foam, The compression may be in the form
of one or more pairs of rollers between which the resilient foam material is arranged to

pass. The rollers may comprise the means for driving the endless band of resilient foam
material,.,

i

FIGURE 153: BRITISH PETROLEUM COMPANY ABSORBENT BELT SKIMMER

I

Source: Report PB 218,504
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Standard Oil Company Devices

A device developed by W.L. Bulk/ey, H.E. R/es, Jr. and R.G. Will," U.3. Patent 3,539,508;
November I0, 1970," assigned to Standard 0/I Company is one in which at least one pair
of spaced, revolving pickup members which dip into the liquid are used to recover the
floating material. This material adheres to the members as they come into contact with
the liquid, and mean= adjacent these members remove and collect the material adhering to

them. The characterizing feature of this device is that the surface of one member is
smooth and oleophilic, and the surface of the other member is porous and deformable.
The member having a smooth, oleophilic surface is in advance of the member having the
porous, deformable surface, so that the smooth surfaced member contacts the floating ma.
terial before the porous surfaced member.

A device developed by R.G, Will and W.F. Swiss, Jr.," U.S. Patent 3,546,112; December 8,
1970; assigned to Standard Oil Company is a power driven apparatus having a rotation
means with a closed supporting surface, absorber means for absorbing water and oil sup.
ported on the surface, removal means for sequentially removing water and oil from the
absorber means, the removal means being a plurality of rollers exerting different pressures
against the absorber means, and wiper means for effectuating the withdrawal of the oil.
Figc.re 162 is an end elevation of such a device.

FIGURE 162: STANDARD OIL COMPANY ABSORBENT DRUM SKIMMER

v // I
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Source: R.G. Will and W.F. Swiss, Jr.; U.S. Patent 3,546,112; December 8, 1970
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1: Lost Oil Total 2: Lost Oil Total 3: Lost Oil T,_lal 4: Lost Oil Total
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,,1 i
OoOOm I roll

0,00 90.00 180,00 270.00 360,00

? _ Page2 min 6:41 AM 2/27192
Ilml I I IIIII ii i

........ AMSetup #2 2/27/92 6:42
lil,i i iii ii i i

Input Variables

Run# _ _
1 2.00 1.00 628
2 2.00 1.00 628
3 2.00 1.00 628
4 2.00 1.00 628

.W,JJld_lD.__ Wave Heioht
1 8.20 1.60 70.7
2 8.20 1.60 70.7
3 13.4 3,60 36.1
4 13.4 1.60 32.5

.Run# Wave oeriod _;teadv Current Tides

1 3.00 0.4 0.00
2 3.00 0.4 0.00
3 3.00 0.66 0.00
4 3.00 7.80 0.00

Run# Td Snow Ice

1 10000 1.00
2 25.0 1.00

I 3 25.0 0.75
4 25.0 1.00

i iii i
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1: Lost Oil Total 2: Lost Oil Total 3: Lost Oil ToW 4: Lost C_I Total I i 1<i>3 1

200000.00. ..................................................i................................1.......................................................................................

l

....i _ i -___ "
/ i j .............i...........................

'°°°°°°_"/ ',,i

/ iJ
O.00. , j d ......

0.00 , 90.00 180,00 270.00 360.00

? 0 P,age2 rain 6:44 AM 2/27/92II I
ii ii i ii l i

' sJ i ii I II

Setup #3 2/27192 6:43 AM

Input Vorlabl_s

Run# _ _ _
1 4.90 2.45 628
2 4.90 2.45 628
3 4.90 2.45 628
4 4.90 2.45 628

_ Wave Heioht
1 8.20 1_60 70.7
2 8.20 1.60 70.7
3 13.,*, 3.60 36.1
4 13.4 1.60 32.5

Wave period Steady Currept Tides

1 3.00 0.4 0.00
2 3.00 0.4 0.00
3 3.00 0.66 0.00
4 3.00 7.80 0.00

Run # Td

1 10000 1.00
2 25.0 1.00
3 25.0 0.75
4 25.0 1.00

---- i i I IIIll iiiiiiiii D , 7 i



1: LostOil Total 2: LostOil Total 3: LostOil Total 4: LostOil Total _ 2<1>4 i !
200000,00., ............................................................................................................................................................................
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! t
100000.00- : .... 1

! "

i
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i t "

' fi
t

0.00- ' ' • d
0.00 90.00 180.00 270.00 360.00

Page3 rain 6:47 AM 2/27/92

- 7_ !.'li Illllllll II

Setup #4 2/27/92 6:45 AM

Input Variables

1 12.0 6.00 628
2 12.0 6.00 628
3 12.0 6.00 628
4 12.0 6.00 628

_ Wave Heiaht
1 8.20 1.60 70.7
2 8.20 1.60 70.7
3 13.4 3.60 36.1
4 13.4 1.60 32.5

Wave period Steady Currcrtt

1 3.00 0.4 0.00
2 3.00 0.4 0.00
3 3.00 0.66 0.00
4 3.00 7.80 0.00

Run # Td Snow Ice

1 10000 1.00
2 25.0 1.00
3 25.0 0.75

4 25.0 1.00
i i ,,
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1: Lost Oil Total 2: Lost Oil Total 3: Lost Oil Total 4: LostOil Total i 3<!>! ....I

200000.00 ......................................................................................._......................................................................................

1
1
t

-1--2--3-,---E 1

100000.00-

E

Z

!
0.00- _

0.00 90.00 . 160.00 270.00 360.00

"_'-- 8 Page 4 rain 6:49 AM 2/27/92i i II
== i • ii i

I I

Setup #5 2/27/92 6:47 AM
i Imlll I ii I

Input Variables

1 12.0 6.00 628
2 12.0 6.00 628
3 12.0 6.00 628
4 12.0 6.00 628

Run# _ Wave Height
1 8.20 1.60 70.7
2 8.20 1.60 70.7
3 13.4 3.60 36.1
4 13.4 1.60 32.5

Wave period Steady Current

1 3.00 0.4 0.00
2 3.00 0.4 0.00
3 3.00 0.66 0.00
4 3.00 7.80 0.00

Run # _ _now Ice

1 10000 1.00
2 5.00 1.00
3 5.00 0.75

4 5.00 1.00
D.9
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I: Lo_ Oil Total 2: Lost Oil Total 3: Lost Oil Total 4: Lost Oil Total I_..4,..<J=_L--J

,,oooooo....................................................................................iii......................................i........................

_ '" 3 !

,_/2..... :'i 2---_--' 2 ....2 ,.
,,,li0.00. l iI n

o.oo _ooo 18o.oo 27o.oo 36o.oo
? _ Page 5 rain 7:21 AM 2/27192

UUlll

Setup #6 2/27192 7:19 AM
ml .ni i ,,

Input Vnrlablos

1 2.00 1.00 1182
2 2.00 1.00 1182
3 2.00 1.00 1182
4 2.00 1.00 1182

Bla_# _ Waye Heioht

1 8.20 1.60 70.7
2 8.20 1.60 70.7
3 13.4 3.60 36.1
4 13.4 1.60 32.5

Run # Wave oeriod Steady Current Tides

1 3.00 0.4 0.00
2 3.00 0.4 0.00
3 3.00 0.66 0.00
4 3.00 7.80 0.00

Run # Td

I 10000 I .00
2 25.0 1.00
3 25.0 0.75

4 25.0 1.00
ii i i iii ii _

D.IO



1.u_to,To_ ;;iLo,,c_,To,-, 3:u_tc_,To= ,: Lo=o,To=u
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i" i i ! _

i i I i
ooo......ooo .o!oo ,.o'oo ,,_oo,,_ :g,!_? 8 _._ m,.

ii iiiii i

Setup #3 2/27/92 6:59 AM

Input Variables

1 4.90 2.45 1182
2 4.90 2.45 1182
3 4.90 2.45 11 82
4 4.90 2.45 1182

Run# _ Wave Height

1 8.20 1.60 70.7
2 8.20 1.60 70.7
3 13.4 3.60 36.1
4 13.4 1.60 32.5

Wave period Steady Current Tides

1 3.00 0.4 0.00
2 3.00 0.4 0.00
3 3.00 0.66 0.00
4 3.00 7.80 0.00

Run _ Td

1 10000 1.00
2 25.0 1.00
3 25.0 0.75
4 25.0 1.00

D.11
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1: Lost Oil Total 2: Lost Oil Total 3: Lost Oil Total 4: Lost Oil Total

240000.00. ............................................................................................................................................................................i

/

ii 1 ! i
,,oooo.oo_ ' t ii i

0.00 90.00 180.00 270.00 360.00

? 8 P_.3 .... rain...... 7:_..A,. _27/_2.

I ii II I

Setup #4 2/27,/92 7:02 AM
J i. . i i •

Input Variables

Run# _ _
1 12.0 6.00 1 182
2 12.0 6.00 1 182
3 12.0 6.00 1 182
4 12.0 6.00 1 182

._ Wave Hei_oht

1 8.20 1.60 70.7
2 8.20 1.60 70.7
3 13.4 3.60 36.1
4 13.4 1.60 32.5

Run# Wave D_riod Steady Curr__pt

1 3.00 0.4 0.00
2 3.00 0.4 0.00
3 3.00 0.66 0.00
4 3.00 7.80 0.00

Run # Td ._

1 10000 1.00
2 25.0 1.00
3 25.0 0.75
4 25.0 1.00

li -- L
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1" Lost Oil Total 2: Lo_t Oil Total 3: Lost Oil Total 4: Lost Oil Total I 3<|>1 _i I

1._ -,_,_,,.,+I ,i I ....... 4.---I ..4--!
' I

•r+--------_ + t.......................................
t 3 ' .... 3 3 -
i
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I

i
i

o. i
I

0.0_ 90.00 180.00 270.00 360.00

? 8 Page4 rain 7:06 AM 2/27/92
iiiiiii i r i

II I I

Setup #5 2/27/92 7:04 AM
, i

Input Variables

Bu.._ J:L.mmcmm Lmmmmm ZOaaaga
1 12.0 6.00 1182
2 12.0 6.00 1182
3 12.0 6.00 1182
4 12.0 6.00 1182

._ Wave Height _t1_.T.gJ3[_

1 8.20 1.60 70.7
2 8.20 1.60 70.7
3 13.4 3.60 36.1
4 13.4 1.60 32.5

Wave period Steady Current

1 3.00 0.4 0.00
2 3.00 0.4 0.00
3 3.00 0.66 0.00
4 3.00 7.80 0.00

Td Snow Ice

1 10000 1.00
2 5.00 1.00
3 5.00 0.75

e 4 5.00 1.00
iii
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1: Lost Oil Total 2: Lost Oil Total 3: Lost Oil Total 4: Lost Oil Total I _ 2<N>4 I
400000.00. ..........................................................................................................................................................................
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• T2_3_4,...._ 1.'_2_3____.4 ..........:_L1_2_3_4_ =1_2_3_4,.,._,,_
1

200000,00, ....

i

0.00"

0.00 90.00 180.00 270.00 360.00

8 Page 3 rain 5:04 AM 2/27192
iii

i i ii ii i iiiii I

Setup #4 2/27192 5:02 AM
Hm •

Input Variables

1 12.0 6.00 2713
2 12.0 6.00 271 3
3 12.0 6.00 2713
4 12.0 6.00 2713

_ Wave Height

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Run# Wave period Steady Current .TJJ;LP_

1 3.00 0.85 1.10
-2 3.00 0.85 1.10
3 6.00 2.00 2.70
4 8.00 0.00 1.00

Run # I._

1 10000
2 25.0
3 25.O
4 25.0

li lllll
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1: Lost Oil Total 2: Lost Oil Total 3: Lost Oil Total 4: Lost Oil Total I 3<11>1 I

400000"001 ..........................................T................................................................................................................................... i

1[r i t

200000.00- _'-'2-----"4 ' !..... 2_4 ','" i ' 2_4_''- _ ' ' 2 " 4_

E !
!
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0.00 m ...... ,I li m
0.00 90.00 180.00 270.00 360,O0

? 5:O7A.2/27/ 2
i i .H lH iii lm

II III I I III I

Setup #5 2/27/92 5:05 AM

Input Variables

1 12,0 6.00 2713
2 12.0 6.00 2713
3 12.0 6.00 2713
4 12.0 6.00 271 3

]_¢EL._ ._[Q_L.JD__ Wave Heioht

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Run # Wave period Steady Current

1 3.00 0.85 1.10
2 3.00 0.85 1.10
3 6.00 2.00 2.70
4 8.00 0.00 I .00

Run # _¢l

I 10000
2 5.00
3 5.00

e 4 5.00 i iiii i

D.15
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1' LostOil Total 2: Lost Oil Total 3: Lost Oil Total 4: Lost Oil Total I 1'<1>3 i

400000,00.. .....................................................................................i......................................................................................

i
J ' "" --' 1............ 1.._"_' ..... ._;.,_.-- _mmmwmR3,mmmmmmm,w1mmmm,m.3_

/f! ! ,

0.00 m ..... ,I ..........
0.00 90.00 180.00 270,00 360, O0

? 8 Page 2 rain 5:02 AM 2/27/92i
. i

ii i iiii iii ii Hill IIII I I

Setup #3 2/27192 5:00 AM
.m .,i.

Input Variables

1 4.90 2.45 2713
2 4.90 2.45 2713
3 4.90 2.45 2713
4 4.90 2.45 2713

_ Wave Heiqht

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Wave oeriod Steady Curreqt Tides

1 3.00 0.85 1.10
2 3.00 0.85 1.10
3 6.00 2.00 2.70
4 8.00 0.00 1.00

Td
1 10000
2 25.0
3 25.0

4 25.0 ei1|11 i i
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1: LostOilTotal 2: LostOil Total 3: LostOilTotal 4: LostOil Total [ 4<II>2" I
400000.00 .........................................................................................................................................................................

] 1

1 i

o.oo ....... _ , ;o.oo o.oo loo.oo :,70.00 3so.oo
? 8 Page4 , ,rain 4:58 AM 2/27/92iii

iii _ ii

Setup #2 2/27/92 4:59 AM
i i

Input Varlables

I 2.00 1.00 2713
2 2.00 1.00 2713
3 2.00 1.00 2713
4 2.00 1.00 2713

._J,DJ;UE,._ Wave Heiaht Air Temo

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

J_LEj_ Wave oeri0d Steady Current
1 3.00 0.85 1.10
2 3.00 0.85 1.10
3 6.00 2.00 2.70
4 8.00 0.00 1.00

Td
1 10000
2 25.0
3 25.0

e 4 25.0i i i i i i ii
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1

1 : 500000.00- ----- .... ---..... -............ '" ----- " "--- '.... -- '-_- ..... -_----; ---.........

t

1 ' 0.00 i ' _ '
0.00 150. O0 300.00 450.00 600. O0

_ 8 Page 3 ,'ni,'_ 5:38 PM 2/26192
ii i i i iiii __- iiii ii i i
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-- m Immll un m mmI n

1. wt _1 To_l 2: L_t Oil Total 3: _st Oil Total 4: Mt 0il Total I I<N>I I

ioooooo.oo.,....................................T...........................................(.....................................................................................

) t
/ l !

: t 3 !

i ,.--,..
_ r

i i

; |

0.00_ u " d .....
0,00 150.00 300.00 450,00 600,00

? _ Page2 min 5:19 PM 2/26/92
i i ii i,

i|l i

-- -- ill iii __ ii i

Setup #3 2/26/92 5:14 PM
li i

Input Variables

1 4.90 2.45 34000
2 4.90 2.45 34000
3 4.90 2.45 34000
4 4.90 2,45 34000

_ Wave Height

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Wave oeriod Steadv Currept

1 3.00 0.85 1.10
2 3.00 0.85 1.10
3 6.00 2.00 2.70
4 8.00 0.00 1.00

1 10000
2 25.0
3 25.0
4 25.0

i m i
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1: Lost Oil Total 2: Lost Oil Total 3: Lost Oil Total 4: Lost Oil Total

lOO00O0.00...........................................,_.......................................i..........................................................................................i
!
!

i>500000.00 ...... -....

i

i

, 1 i

0.00 ' m ........ m
0.00 150,O0 300.00 450.00 600,O0

--,7 8 Page 2 min 5:14 PM 2/26/92
i . tl==t t tr ttr

IIII II

Setup #2 2/26/92 5:10 PM
,i i i

Input Variables

1 2.00 1.00 34000
2 2.00 1.00 34000
3 2.00 1.00 34000
4 2.00 1.00 34000

J_ULt _ Wave Height

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Wave period Steady Current

1 3.00 0.85 1.10
2 3.00 0.85 1.10
3 6.00 2.00 2.70
4 8.00 0.00 I .00

Run # Td

1 10000
2 25.0
3 25.0
4 25.0

I II --- ' I I I

D.20
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1' LostOil Total 2: Lost Oil T3tal 3: Lost Oil Total 4: Lost Oil Total ! 2<11>1 I

3000000.00., .......... _........................ j
=

= i• e

-- '-" : ....... i
i
f

1500000.00- ;.....
. i

I
i i :'

,1 j ' '2----3---4 " 2---3"--4 i " 2----3--'-4 _ [ 2----3----4 ,
O.nO .... i i ii 'i i

0.GO 150.00 300.00 450.00 600.00
3 rain ' 3:19 PM 2/26/92

, j

I I i

Setup #3 2/26/92 3:15 PM
II r illl

Input Variables

Run # H puncture L puncture I_0.13_g._

1 2.00 1.00 8,9700
2 2.00 1.00 89700
3 2.00 1.00 819700
4 2.00 1.00 89700

Wind in kt Wave Height __

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 317.9

.Wave period Td

1 3.00 10000
2 3.00 5.00
3 6.00 5.00
4 8.0O 5.00

i II I I --I __

D.21



1" Lost Oil Total 2: Lost Oil Total 3: LostOil Total 4: Lost Oil Total I 3<j1>1 |

3000000.00- !
f
i
t
i

i
! , i

1500000.00- i i .......

',_ _

i 2--'3--'4 2m3m4 iii 2--,-3==4_
t

0.00 i I ' i
0.00 1so.oo 300.00 4so.oo eoo.oo

"-'{ 8 Page 4 min 3:24 PM 2/26/92

Setup #4 2/26/92 3:19 PM

Input Variables

B.gJ3__ H puncture L puncture Tonnage

1 2.00 1.00 89700
2 2.00 1.00 89700
3 2.00 1.00 89700
4 2.00 1.00 89700

Run # Wind in kt Wave Height Air Temo

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Run # Wave oeriod Td

1 3.00 10000
2 3.00 25.0
3 6.00 25.0
4 8.00 25.0

D.22



1' Lost Oil Total 2: Lost Oil Total 3: Lost Oil Total 4: Lost Oil Total ! 1<J1>1 I

/ /
- / '1 i

1500000.00- - -- i

/ _ _2=3" ! 2=3"_4 .... 1 2'_"3"4 _

b

t

0.00 "k
0.00 150.00 300.00 450.00 600.00

a Page 1 min 2:42 PM 2/26/92

I I

Setup #2 2/26/92 2:39 PM
lbl i

Input Variables

Run # H puncture L puncture Tonnaoe

1 12.0 6.00 89700
2 12.0 6.00 89700
3 12.0 6.00 89700
4 12.0 6.00 89700

Run # Wind in kt Wave Heioht Air Temo'v

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Wave Deriod

1 3.00 10000
2 3.00 5.00
3 6.00 5.00
4 8.00 5.00

i
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1' Lost Oil Total 2: Lost Oil Total 3: Lost Oil Total 4: Lost Oil Total / '" 1<11>1 i

3000000.00. .......................... --:-_.........i...1 " ' " " j 1 ....." .............1,,,-..... 1 *_

- / i ,i i
/ I ! i

/ i j i
f ' Z

_ / ....... t i ....=...... !,. _ _-_...................,,,ooooo.oo. .........
2_3---_4 ! 2_-3_4_.

1
r

Setup #2 2/26/92 2:15 PM
i i i i iiii

Input Variables

Run# J:'lpuncture L puncture

1 12.0 6.00 89700
2 12.0 6.00 89700
3 12.0 6.00 89700
4 12.0 6.00 89700

Run # Wind in kt Wave Height 'Air TernD

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Wave period Td

1 3.00 10000
2 3.00 25.0
3 6.00 25.0
4 8.00 25.0

D.24
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Setup #2 2/26/92 3'07 PM

Input Variables

BJJJ3..._ H puncture L Duncture .T.,o.J_.t_gg.

1 4.90 2.45 89700
2 4.90 2.45 89700
3 4.90 2.45 89700
4 4.90 2.45 89700

Wind in kt Wave Height Air Temo

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

B.UJ:L_ Wave Period Td

1 3.00 10000
2 3.00 5.00
3 6.00 5.00
4 8.00 5.OO

i i i
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Setup #2 2/26/92 2'57 PM

Input Variables

BJJJ:L_ H ouncture L puncture

1 4.90 2.45 89700
2 4.90 2.45 89700
3 4.90 2.45 89700
4 4.90 2.45 89700

Wind in kt Wave Height

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Wave period Td

1 3.00 10000
2 3.00 25.0
3 6.00 25.0
4 8.00 25.0

D.26



I I IIIISetup #5 2/26192 3:34 PM
i i

input Variables

Run # H ouncture L nuncture 1.0.0J3.Ct_

1 2.00 1.00 262000
2 2.00 1.00 262000
3 2.00 1.00 262000
4 2.00 1.00 262000

Run # Wind in kt Wave Height Air TemD

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Run # Wave Deriod Td

1 3.00 10000
2 3.00 25.0
3 6.00 25.0
4 8.00 25.0

ii

D.27
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1' Lost O11Total 2: Lost Oil Total 3: Lost Oil Total 4: LostOil Total !_i 5<!1>1 I

6000000.00. i _................

!
I
1

i

t

....... 2---3--4,----,- -_2--3--4 _ 2--a--4 i. 2--3--4 I

I : i i
i t!

o.oo ' i i
0.00 150, O0 300.00 450.00 600.00

8 Page 6 rain 3:44 PM 2/26/92

Setup #6 2/26/92 3:40 PM

Input Variables

Bu_ H puncture L puncture Tonnaoev

1 4.90 2.45 262000
2 4.90 2.45 262000
3 4.90 2.45 262000
4 4.90 2.45 262000

Run # Wind in kt Wave Height Air Temp

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9.80 52.0
4 27.0 14.8 37.9

Wave oeriod Td

1 3.00 10000
2 3.00 25.0
3 6.00 25.0
4 8.00 25.0

i
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1: Lost Oil Total 2: Lost Oil Total 3: Lost Oil Total 4: Lost Oil Total I 6<11>1 ]

8000000.00_ I......." l ........-_---_..............--"-.......1

= .................. i _ .,i!

li i '
, ==

3000000.00...... _ ............. .............-----_

2 4 " 2 4,
t==2"--'3_4 " : 2 3 i t

i

, t Ii '
o.oo, _ i , ' 1

0.00 150.00 300.00 450.00 600.00

8 Page 7 min 3:54 PM 2/26/92

I II I I II I
Setup #7 2/26/92 3:49 PM

i i

Input Variables

Run # H puncture L Duncture Tonnaoe

1 12.0 6.00 262000
2 12.0 6.00 262000
3 12.0 6.00 . 262000
4 12.0 6.00 262000

Run# Wind in kt Wave Heioht Air TemDv

1 10.0 2.30 83.7
2 10.0 2.30 83.7
3 17.5 9,8£ 52.0
4 27.0 14,_ 37.9

BIJIL.£ Wave D_riod Td

1 3.00 10000
2 3.00 25.0

3 6.00 25.04 8.00 25.0
i
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_, 4,, i 2 4 .' 2 4 _ 2

o.oo lso.oo 300.00 ,so.oo soo.oo
,? _ Page 12 min 9:12 PM 2/27/g2

i i ,_,.

Setup #13 2/27/92 9:11 PM

Input Variables

1 2.00 1.00 628
2 2.00 1.00 628
3 2.00 1.00 628
4 2.00 1.00 628

._ Steady Current Tides

1 8.20 0.4 1.10
2 8.20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

Run# Wave Heiaht _

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5

Run# Start t nora Spray Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

D.35



iii I

I' Untreated oil lost 2: Unlx_mted oll lost 3: UnUlmted oil lost 4: Untreated oil lost I I0<B>12 1

200000.00. .....................................................................................................................................................................

ii .................. i'll i IL I LI ii...... L L ..... I..... I _ Jl.lll ...... I.I _ I_1I _jJU_LLI ._ I ............ t

_mm T 1 ' 1 ..... i..i.._3mm4m
3m4 i 3"'41 I ii 3m4mmm 1' " '_

,_i __--

100000.00, , 2 2 -------2 '

1
t

0.00 ,,

0.00 150.00 300.00 450.00 600.00

._? ...._ ,Page11 min 9:10 PM 2/27/92I I I iii
iii i i

Setup #12 2/27192 9:08 PM
i

Input Variables

1 4.90 2.45 628
2 4.90 2.45 628
3 4.90 2.45 628
4 4.90 2.45 628

Run# _ Steady Current Tides

1 8.20 0.4 I .10
2 8.20 0.4 0.00
3 13,,4 0.66 0,00
4 13.4 7.80 0.00

Wave Heloht _

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5

Run# Start t nora SDray Duration
1 10000 360
2 25.0 360
3 25.O 360
4 25.0 360

iii
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L ',='' ,iii
I ib I iiiii

1: Untreated oil lost 2: Untreated oil lost 3: Untreated oil lost 4' Untreated oil Jost I 9<!> 11 J
240000.00.

'" °'' '°' °'"° °'°" "" °""" """"' "°'"" 'T "''''' '" "''' '" °' °" °. "'" °"'" ' ' ""' '°' "'I ''...'°'''"" '° ' "" ' ' '' ' "" ' '" °° '" '" "° °'""°'"'""°"" ""'"" '""°°'°'°°' "_'

E
! i

i !

i !
_l _ i, E' _ _ ' '12 . + -,,,4-:: +:..... ,,4 ..... , ........... 4:- ......._ +-- :!!4--- :+-.

L----3.._-.__ 3.... 3 , 3 '"

' ' ' 2 " 2_2

0.00-

o.oo lso.oo 3oo.oo 4so.oo soo.oo
? _ Page 10 min 9:07 PM 2/27192

ii iii i
i ii

i

Setup #11 2/27/92 9:04 PM
i

' Input Variables

R.n_ _ _
1 12.0 6.00 628
2 12.0 6.00 628
3 12.0 6.00 628
4 12.0 6.00 628

Run# _ Steady Current Tides

1 8.20 0.4 1.10
2 8.20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

Run# Wave Height _

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5

Start t nora Spray Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

__ i i ......

D.37



iii illiii

1" Untreated oil lost 2: Unlnmted oil lost 3: Untreated oil lost 4: Untreated oil lost

.oooo , i I
00=I........................................T...........................................'.....................................................................................

 oooooo
/ '!i

L3 ' II --'-I_LI ]_II' ....... _ 3...... 4III ........................................ 3 41 '_..........

I4' I 2 3"7"4 21 2 .I'14--2 ! ..........

0.00. I ' " Io.oo lso.oo soo.oo 4so,oo eoo.oo
? 0 Page7 min 8:56 PM 2/27/92ii iii i I

i i i i

lllIll I

Setup #8 2/27192 8:53 PM
ii. ii i

Input Variables

Run# _ _
1 2.00 1.00 1182 I
2 2.00 1.00 11 82
3 2.00 1.00 1182
4 2.00 1.00 11 82

_ Steady Current Tides
1 8.20 0.4 1.10
2 8.20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

Wave Height _

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5

Start t nom Soray Duratioq
1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

D.38



I I II I I

1: Untreatedoll lost 2: Untreatedoil lost 3: Un_eatedoil lost 4: Untreatedoil lost _ 7'<11>9 I

_,ooooooI................../ ".......................i':::.......°°......................!F:_:T ................i...........:.......i _ .

' 3 i

120000.00-

I-" ' '_" .............'.........._........
' tf___ r

0.0o_
0.00 150.00 300,00 450.00 800.00

"{ _ Page8 rain 8:58 PM 2/27/92

II llllUlm

Setup #9 2/27192 8:56 PM
i,.H

Input Variables

1 4.90 2.45 1182
2 4.90 2.45 1182
3 4.90 2.45 1182
4 4.90 2.45 1182

._/BI;LJD..._ Steady Current

1 8.20 0.4 1.10
2 8.20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

Wave Heioht _

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5

Run # Start t nom Spray Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

I I I
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ii i I I i

1' Untreated oil lost 2: Untreated oll lost 3_ Untreated oll lost 4: Untreated oll Jost I 8<,>1 ::: I

240000,00.......................................................................................I......................................................................................'_' i
!

I q [ I--''__=-'- 44 " i - , 4 -1 iI

I ............t, ...................I.....
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o.oe , , ,_ ;
0.00 150.00 300o00 450.00 600.00

--'_ 8 Page9 min 9:02 PM 2/27/92
I

i ii _ iii ii iiii

Setup #10 2/27192 9:01 PM
i iii i ii

Input Variables

Run# _ LJ_u_tu_ ZoJ_ag_
1 12.0 " 6.00 1182
2 12.0 6.00 1182
3 12.0 6.00 1182
4 12.0 6.00 11 82

_ Steady Current

1 8.20 0.4 1.10
2 8.20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

Run# Waye Height _

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5

Start t nora SDrav Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

ii ii
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1' Unt_ated oil lost 2: Untreated oil lost 3: Untreated oil lost 4: Untreated oil lost

400000,00...........................................T...........................................']....................................................................................

i '

1 i '
r,j j ,

]-iz2_3-:,,.........i]/:,i-i_3-....._-,:""i'_-::--2--3,:-:.......__........i--3;:;;-

ooo,I;! '
o.oo 1so.oo 300.00 4so,oo 6oo.oo

? 8 Page6 min 8:49 PM 2/27/92
i i I , iiii

I i I I

Setup #7 2/27192 8:48 PM
i

Input Variables

1 2.00 1.00 2713
2 2.00 1.00 271 3
3 2.00 1.00 271 3
4 2.00 1.00 271 3

._EtI:I_L_JD.._ Steady Current

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

_dJJ2..tL Wave Heiqht _ _LLT,'_li2
1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 52.0
4 14.8 0.75 37.9

Run # Start t qom SDrav Duratiorl

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

D.41
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1' Untreated oil lost 2: Untreated oil lost 3: UnU'eatedoil lost 4: Untreated oil lost I 4<11>6 I

400000.00 ............................................................................................................................................................................

1............/........+-++--+2---......+---..................... ....--------++
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0.00 150, O0 300.00 4 50,00 600. O0

? _ Page5 rain 8:47 PM 2/27/92
ii i

i i1,. i ii i

ii ii i i iiii I11

Setup #6 2/27/92 8:45 PM

Input Variables

Run # _ _

1 4.90 2.45 2713
2 4.90 2.45 2713
3 4.90 2.45 2713
4 4.90 2.45 2713

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17,5 2.00 2.70
4 27.0 0.00 1.00

Wave Heiaht _

1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 52.0
4 14.8 0.75 37.9

Run # Start t nora Spray Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360
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1: Untreated oil lost 2: Untreated oli lost 3: Untreated otl loot 4: Untreated oli lost

O 1000000.00- ..........................................................................................................................................................................

1
!
t

........................ i....... J........................................................................................................ooooooo]...............................,....................................I.........................I.....................................
' "..... i ........ i ...........

o.ool L... J .. I . ,
o.oo 15o,oo 3oo.oo 4so.oo soo.oo

--"_ 8 Page 4 min 8:45 PM 2/27/92iii
ii i . i.ml

i ii i ii

Setup #5 2/27/92 8:42 PM
ii,. ..,.,i ,n li.

Input Variables

Run# U..auJ_;tum _ ZoJ_a_
1 12.0 6.00 271 3
2 12.0 6.00 2713
3 12.0 6.00 2713
4 12.0 6.00 2713

Run# _ Steady Current T_LCLes

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run# Wave Helaht =,_
1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 52.0
4 14.8 0.75 37.9

Run # Start t nom Spray Duration

1 10000 360
2 25.0 360
3 250 360
4 25.0 360



,,
i iii i ilgii i

I' Untreatedoll lost 2: Untreated oli lost 3: Untreatedoli lost 4: Untreatedoll lost I _<U>2 i I
1000000,00. ..........................................................................................................................................................................

500000,00. _ .......... _ ...... ..... _........... -- ....... .......

1_2i'3''4' ' i '2i3=m4=Baa_m2"3_4'r
i

! I
o,oo. I d "'

o.oo 15o,oo 3oo.oo 45o,oo eoo,oo
? _ Page1 min 8:36 PM _27/92i i

stup#2 ........  27/9,8:34PM
Input Variables

Run# _ _ Tor_
1 2.00 1.00 34000
2 2.00 1.00 34000
3 2.00 1.00 34000
4 2.00 1.00 34000

Wind in kt Steady Current Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 I .00

Run # Wave Heiaht ._

1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 52.0
4 14.8 0.75 37.9

Run # Sta_ t nora SDrav Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

i i
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1: Untreated oil lost 2: Untn)ated oll lost 3: UnVeated oil lost 4: UnUeated oil lost !, 1<N>3 I
1000000,00-, .........................................................................................................................................................................

i ! I I

/J I
,ooooooo........./) .......................................!.....................

_I 41,_ '4 .... 4 .... 4 III3=mm=mmm=2m3"'"" 2 3 -- lm,21 3 --
,1 .................................]...............................................................................................

"F i
)
t

i
o.oo.

' I _I

0.00 150.00 300,00 450,00 600.00

--_ 8 Page 2 min 8:38 PM 2/27192iii iiiii i iii i

Illilill II I

Setup #3 2/27192 8:36 PM
i ii ,

Input Variables

BuaJt J:_ l._=zamuz=
1 4.90 2.45 34000
2 4.90 2.45 34000
3 4.90 2,45 34000
4 4.90 2.45 34000

Run# _ Steady Current Tides

1 10.0 0,85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0,00 1.00

Wave Heiaht _

1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 _52.0
4 14.8 0.75 37.9

Run _ Start t noql Spray Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

i i i
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1: Untreated oil lost 2: Untreated oil lost 3: Untreated oil Io_t 4: Untreated otl lost I_,._,>.,L.,_.J

ooooooo]...................................T..............................iii......................................I..................................
i

500000.00= .... u 1 .............................................................
t
t

i 2 2 -
!

0.00= 'm _ ...........
o.oo lso.oo 300oo 45o.oo soo,oo

? 8 Page3 min 8:40 PM 2/27/92i i i i

i i i i I

Setup #4 2/27192 8:38 PM

Input Variables

1 12.0 6.00 34000
2 12.0 6.00 34000
3 12.0 6.00 34000
4 12.0 6.00 34000

Run # _JDJ;L.ID.._ Steady Current

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Wave Helaht _ _LE..T.g.Iz_

1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 52.0
4 14.8 0.75 37.9

Run# Start t nora SDrav Duration

1 10000 360
2 25.0 36O
3 25.0 360
4 25.0 360

i
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1: Untreated oil lost 2: Unlceated oil lost 3: Unh'eared oll lost 4: Untneated oll lost [ 5<H>1 I
4000000.00 ...............................................................................................................................................................................

2000000.00= ........................... ------- : ................ -.......... -...... -,---_------_

= t. . ----.-1--

•--4"'' _2 -''" 3'_''''---

#1 3" 4---"- --._., 2--- 3_
o.oo..... i

0,00 150,00 300,00 450.00 600.00

? 8 Page6 min 8:23 PM 2/27/92
, |m ii ii

II lill I I I't III III

Setup #7 2/27/92 8:21 PM
i

Input Varlablr s
I

1 2.00 1,00 89700
2 2,00 1,00 89700
3 2.00 1,00 89700
4 2,00 1,00 89700

_ Steady Current

1 10,0 0,85 1,10
2 10,0 0.85 1,10
3 17,5 2.00 2,70
4 27,0 0,00 1,00

Wave Heioht _

1 2.30 1.00 83.7
2 2,30 1,00 83,7
3 9,80 1,00 52,0
4 14,8 0,75 37,9

Run# Start t nora SDrav Duration

1 10000 360
2 25,0 36O
3 25,0 360
4 25,0 360

m t
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1' Untreatedoil lost 2: Untreatedoll lost 3: Untreatedoil lost 4: UntreatedoHlost J" 4<11>6 I

4000000,00 .............................................................................................................................................................................

................................i.........................2000000.00- t

" ! ...........

'i1_ 2,,,,3_4___.

1 41,1 i 2=='3m'4"l
i
!

0.00. : ,
0.00 150,O0 300.00 450.00 600.00

? 8 Page5 rain S:20 PM 2/27/92
ii

i i ii i

iii

Setup #6 2/27/92 8:19 PM
_ ii

Input Variables

Run
1 4.90 2.45 89700
2 4.90 2.45 89700
3 4.90 2.45 89700
4 4.90 2.45 89700

Run# _ Steady Current Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Wave Heioht _

1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 52.0
4 14.8 0.75 37.9

Run # Start t noql Sorav Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

i
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1" Unnated oil lost 2: Untcuted oil lost 3: Untnmted oil lost 4: Untreated oil lost i 3<1>5 I

4000000.00,= .............................................................................................................................................................

! 1 1- " 1 '

,ooooooooi/.....:
l

4 4 : 4 4--
3H 2"3 i I 1,2m3 I 2--3 i '

' i

i[ 'i!0.00 m _ ' m
0.00 150.00 300•00 450.00 600. O0

? ..8, Page,, rain 8:18 PM 2/27192

iii

Setup #5 2/27192 8:15 PM

Input Variables

1 12,0 6.00 89700
2 12.0 6.00 89700
3 12.0 6.00 89700
4 12.0 6.00 89700

Bun # _ Steady Current

1 10.0 0,85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

J_tl3J Wave Heioht =,_

1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 52.0
4 14.8 0.75 37.9

J_CL[L_ Start t nora Soray Duration

1 10000 360
2 25.0 360
3 25.0 36O
4 25.0 360

ii i i i
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1: Untreatm:l oil lost 2: Untreated oil lost 3: Untreated oil lost 4: Unb-eated oil lost I 3d>2 l

8000000.00 ...............................................................................................................................................................................

4000000.00- ....

= .... -........................... ; ....................................... ; ..............,;I ...................................

S I.___ ---I- -;2_3_4"_--i
,,I 2_";'3"'4 2--3"_J-

0.00 m II '
0.00 150.On 300.00 450.00. 600.00

? 8 Page1 rain 8:08 PM 2/27/92i i ii
i i

Setup #2 2/27192 8:07 PM
i

Input Variables

Run# J:L.auJ,ium L_auJ;Zu
1 2.00 1.00 262000
2 2.00 1.00 262000
3 2.00 1.00 262000
4 2.00 1.00 262000

Run# _ _SteadvCurrent Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run# Wave Height _

1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 52.0
4 14.8 0.75 37.9

_Run# Start t nora Spray Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360
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I' Untreated oil lost 2: Untn)ated oil lost 3: Untreated oil lost 4: Untreated oil lost I I,_I>3 I

8000000,00 .............................................................................. i......................................................................................
i
t
t
!

! i1
'°°°°°°°°.......................i _ i........... Z.,_ '

" ....._ i..................... i......................._2,-- ..................
141283i4 '! 2="'364 I 2"'3='°4

i =

0.00 I ' _ I ....
0.00 150.00 300.00 450.00 600.00

--,'_ 8 Page 2 min 8:11 PM 2/27192

II

Setup #3 2/27192 8:09 PM

Input Variables

Run# _ _
1 4.90 2.45 262000
2 4.90 2.45 262000
3 4.90 2.45 262000
4 4.90 2.45 262000

Run# _t]J:zcL.__._ Steady Current Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run# Wave Heiaht _=09.._£..[t_ _.-_:T.P,g_

1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 52.0
4 14.8 0.75 37.9

Run # Start t nora SDrav Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

i
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1: Untreated oil lost 2: UnVeated oil lost 3: Untreated oil lost 4: Untreated oil lost I 2<U>4 I

8000000.00. .........................................T...........................................I......................................................................................
i i

i /'--F'

_1 / !

! i

4000000.00_ _ _..... _.................. i ........ " ....- ............ _ ....."..........

i
i I ' 4 .......... ,_.. ....... ,,.o, 4, ....... ;;;.. ........... , ...... ,............ ;..1°.., .....

f1_2i3 2"3 ''= , T I 2i3'_i, ''.'4':'' ....... 2i3i.,:-4_I
i
|

!
0.00 m d m

).oo 1sooo 3oo.oo 45o.oo soooo
__? 8 P_e3 rain 8:13 PM _27/92=,, iiii i i iii

ii H li

iii ii IIII

Setup #4 2/27/92 8:11 PM

Input Variables

Run # _ _

1 12.0 6.00 262000
2 12.0 6.00 262000
3 12.0 6.00 262000
4 12.0 6.00 262000

Run# _ Steady Current

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

J_cln# Wave Height _

1 2.30 1.00 83.7
2 2.30 1.00 83.7
3 9.80 1.00 52.0
4 14.8 0.75 37.9

Run # Start t nora Spray Duration

1 10000 360
2 25.0 360
3 25.0 360
4 25.0 360

D.52



D.53



i



D.55



D.56



D.57



IIII I IIII II I II IIII II I Hl I

1: Leaked Oil 2: leaked Oil 3: Leaked Oil 4: Leaked Oil I 3<i!>2 I

ooooooo].....................................................................................t..........................................E...........................................!
1, F i.........! ' i

100000.00-.-----_....__-_l-i....... i --......"................. :;_--_-_"........_-------...."........ --- "--........ I

ooo lsooo soooo ,sooo .oooo
I III I IIII I I I lie

i i i ii i ii ii ii i i ii B i

III II I I I III

Setup #3 2/27/92 4:50 PM
,, H , ,, , ,,,,

Input Variables

1 2.00 1.00 628
2 2.00 1.00 628
3 2.00 1.00 628
4 2.00 1.00 628

Run# _ D.Eg_r_t= Dr.clo_r.a_

1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 60o 600 6oo

Run# _ Steady Current Tides

1 8.20 0.4 0.00
2 8.20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

Wave Heioht ._,,_I.Qg.._LJ_

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5

I I IIII III I III III I II L
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ii i I i i I

I' Leaked Oil 2: Leaked Oil 3: Leaked 011 4: Leaked Oil l I_II>_ J

2ooooo,,ooi .........................................._..................................................................................................................................
¢..,¢=-.------4 I 4---'---- -I ' .. 4----- -I 4---.-'--

F2KI00000.00- -- _3

0.00-
o.oo 15o,oo 30o.oo 4so.oo 6o0.o0

? 8 Page 2 rain 4:54 PM 2/27/92I i Ii

ii

Setup #4 2/27192 4:52 PM

Input Variables

Run_ _ _
1 4.90 2.45 628
2 4.90 2.45 628
3 4.90 2.45 628
4 4.90 2.45 628

Run# RPrat_ _
1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

Run# _ Steady Current Tides

1 8.20 0.4 0.00
2 8.20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

Run # Wave Height =.°dZ0.!y,_].¢,9. Air Temo

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1

e 4 1.60 1.00 32.5ii
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I' LeakedOil 2: LeakedOil 3:LeakedOil 4: LeakedOil

200000,001............................................................................................................................................................................

FI _-"_"-3,,,....,..,.,.,,_,_4--'---I4---.--.I,,! ,4,-----I .......... 4,,.,,.---

O, 0011 II m _ ..... I

0.00 1_0.00 300.00 450.00 600.00
? 8 Page3 mln 4:57PM 2/27/9;2

t

i I i i iiiii i i ii i iii

Setup #5 2/27192 4:56 PM

Input Variables

Run # J::LgJ,L.DGt,]4E_ _

1 12.0 6.00 628
2 12.0 6.00 628
3 12.0 6.00 628
4 12.0 6.00 628

Run# _ _
1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

Run # _ Steady Current

1 8.20 0.4 0.00
2 8,20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

Run # Wave Height =_z._0.._LJ.g_ _LE._T.9.._9.

1 1,60 1,00 70.7
2 1,60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5

i i ii i
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I' leaked Oil 2: Leaked Oil 3: Leaked Oil 4: Leaked Oil I _2<11>I I
400000.00 .............................................................................................................................................................................

200000,00. .... _ /- -1 1 ....
_1 r ........... . +,..... +--,,:: ----++_........... ._:___,, +_+++

. ..+++__+_+_+_..__+_-- 4...........,..........................,,+_._ 4_..,

+/---._3 '

0,00. "_' 2"_'_ T"'%"'_ m"_ '"__ i 'ooo lsooo, aoooo ,5ooo 600,00
? 8 P.+_3 n,i,', 4:24,:,. P.]2+.I_2'_111 ii i I ii iiii

i

Setup #5 2/27/92 4:23 PM
, ii ,i,=l i

Input Variables

Bm_t _ L_mmmum Zammga
1 2.00 1.00 1 182
2 2.00 1.00 1182 _
3 2.00 1.00 1182
4 2.00 1.00 1182

J_jt BE.mm DBP__mm Z2mm..zaZ=
1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

_ Steady Current Tides

1 8.20 0.4 0.00
2 8.20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

J_:LJt Wave Hei_oht ,Snow ice _LC,...T.gZD_

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5

i
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1:LeakedOil 2:LeakedOil 3:LeakedOil 4:LeakedOil I . t<i>3 I
400000,00...........................................,t............................................

200000,O0.z_____¢:Z3---4-------I 4"--"-- - I- ' 4"---'-'-_

!1 i _ I 1

i ' 1
0.00

0.00 150.00 300.O0 450,00 600,O0
? 8 Page2 min 4:22PM 2/27/92

, i

II

Setup #4 2/27/92 4:21 PM

Input Variables

Run# J:Ljzr,tum L_Bazcaum
1 4.90 2.45 1182
2 4.90 2.45 1182
3 4.90 2.45 1182
4 4.90 2.45 1182

Run# RP rate _

1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

_ Steady Curr_nt Tides

1 8.20 0.4 0.00
2 8.20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

Wave Heioht _

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5

- i
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I" Leaked Oil 2: Leaked Oil 3: Leaked Og 4: Leaked Oil L _<I>2 I

400000.00 .............................................................................................................................................................................

.',_.J_ ,..,,,, , , ...... ! _.Jj, ,,, , ..... L _,_,,'

1_3,__._-'--_ 1 4, _1 4"-"-'-- -1 4----'_200000.00 _,,--'_'_-_. • ,._ -- :. , - ....

0.00 m _l m
o.oo 15o.oo 3oo.oo 4so.oo soo.oo

? _, Page 1 min 4:20 PM 2/27/g2
i

II ii

Setup #3 2/27192 4:19 PM

Input Variables

1 12.0 6.00 1182
2 12.0 6,00 1 182
3 12.0 6.00 11 82
4 12.0 6.00 1182

Run# RP rate _ Drain r.E_

1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

Run# _ Stead v Current Tides

1 8.20 0.4 0.00
2 8.20 0.4 0.00
3 13.4 0.66 0.00
4 13.4 7.80 0.00

Run _ Wave Hejaht Snow Ice Air TemD

1 1.60 1.00 70.7
2 1.60 1.00 70.7
3 3.60 0.75 36.1
4 1.60 1.00 32.5
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I' Leaked (::),ii 2: Leaked Oil 3i Leaked Oil 4: Leaked Oil I ;_<n>l

400000.00...................................................................................................................................................................

• l=m 2.... ; =-- '" 3_4 ' 1--'-'-"--3---4 ..1 ........!_,.,,3_4-----'_

0.00 d m
o.oo 1so.oo 3oo.oo 45o.oo 6oo.oo

? 8 Page3 min 4:12 PM 2/27/92.....
i i ii

• Iii

Setup #5 2/27192 4:10 PM
i ,i li , i ii i

Input Variables

1 12.0 6.00 2713
2 12.0 6.00 2713
3 12.0 6.00 2713
4 12.0 6.00 2713

BUJ:L. BE.r.a JZr.a._r.a
1 0.00 0.00 0.00
2 600 600 600
3 600 600 6OO
4 600 600 600

Wind in kt Stead v Currept Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run # Wave Height

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75
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I" Leaked Oil 2: Leaked Oil 3: Leaked Oil 4: Leaked Oil

400000.00] ...................................................................................i......................................................................................
,,_....-,..,J_3_4"------_ 1 3_4_1_3_4_ =1 " 3_4---'-_

ooooooo'.....................

i
0.00 ..... i --

0.00 150oo 300oo 4sooo 600o_
? 8 Page2 rain 4:06 PM 2/27192i i i i i i i ii i

I iii I

Setup #3 2/27192 4:08 PM
i

Input Variables

Run# _ _
1 4.90 2.45 27,13
2 4.90 2.45 27'13
3 4.90 2.45 2713
4 4.90 2.45 271 3

Run# _ _ EcaJJa._cam
1 0.00 0,00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

Run# ._ Steady Current

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

J_JLt Wave I.leight

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00

4 14.8 0.75



,,,,11 i,
i ii

1" Leaked Oil 2: Leaked Oil 3: Leaked Oil 4: Leaked Oil I 3<!i>21 I

400000.00 .............................................................................................................................................................................

I 1 i
!" j

200000.00--...... _-_ ...... l ] i

. 2...... - _,_;........................i ............................................................................

y 2_._ . i

0.00_ _
0.00 150.00 300.00 4 50.00 600.00

? _E_ Page 1 rain 4:10 PM 2/27/92
iii i iiiii i

i,,=

.... 48Setup #4 2/27/92 :0 PM

Input Variables

Run_ _ _
1 2.00 1.00 271 3
2 2.00 1.00 2713
3 2.00 1.00 2713
4 2.00 1.00 2713

BuL_t BE_zam _
1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

Run# _ Steady Currept Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

P_KI._ Wave Height

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

i i iii i ii
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I" Leaked Oil 2: Leaked Oil 3: Leaked Oil 4: Leaked Oil
1000000.00 ...........................................................................................................................................................................

i

,,-,'3_¢4"_ 1! 3---4 --_ -----3-'--4--- 3---4------

0,00..... . ............ lm m
0,00 150,00 300, O0 4 50.00 600. O0

? 8 Page 1 rain 3:32 PM 2/27192
i

i -- p ii i I iii illl

Setup #3 2/27192 3:31 PM

Input Variables

1 2.00 1.00 34000
2 2.00 1.00 34000
3 2.00 1.00 34000
4 2.00 1.00 34000

1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

_ Steady Cur[ent

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Wave Heiaht Snow Ice

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

ii ,11 _ ,,,,
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1' LeakedOil 2: LeakedOil 3: LeakedOil 4: LeakedOil I 1<E>3 i]

1000000,00.......................................................................................i.......................................................................................

/__...._ 2-.3..,: I...... a ,-----

sooooo.ooJ...........a..-'--!............._....__...!...... !-.-_ _--_..__.i

I/ i 1 ,i
_1_.,..........................! .................., ......!..... l........... i
T _ "_ f " _!

J I J/
O. 00[_1 , I ' I ; .... if ........ D-- lbl ;

0,00 150,00 300.00 450,00 600,O0
Page2 rain 3:35 PM 2/27/92

la ii li I iii I ilil __

Setup #4 2/27/92 3:33 PM

Input Variables

1 4.90 2.45 34000
2 4.90 2.45 34000
3 4.90 2.45 34000
4 4.90 2.45 34000

1 0.00 0.00 0.00
2 600 600 600
3 60O 600 6OO
4 600 600 600

_ Steady Current

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Wave Heioht Snow Ice

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

l| tl i -- ii lt i
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LeakedOil 2: LeakedOil 3: LeakedOil 4: LeakedOil
1000000.00 .........................................................................................................................................................................:

i I
i i

i
I i
t !
t

1..-=2-.-- 3-.--4----'-_ 1 3.---4.------ - 1 .... 3"='4 " 1 3--'-4---=-!

500000.00. ........... -- _-- _ ---__"'2_ "- - .........._.......... -_;--.....

, i
°

0,00..... II ..... i
0,00 150.00 300.00 450,00 600,00

? 18 Page3 min 3:36 PM 2/27192
i Bi ii i i iiii i

ii

lllll II

Setup #5 2/27192 3:35 PM

Input Variables

Run_ J:Lalu_,U._ _
1 12.0 6.00 34000
2 12.0 6.00 34000
3 12.0 6.00 34000
4 12.0 6.00 34000

1 0.00 0.00 0.00
2 600 600 600
3 6O0 600 600
4 600 6O0 60O

._L[zcL.jD.__ Steady Current Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run # wave Helaht Snow Ice

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75
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Setup #6 2/27/92 3:38 PM
, i,, ,

Input Variables

1 12.0 6.00 34000
2 12.0 6.00 34000
3 12.0 6.00 34000
4 12.0 6.00 34000

Rup # _ _ D,.,53,t.o._r._

1 0.00 0.00 0.00
2 0.00 600 0.00
3 0.00 600 0.00
4 0.00 600 0.00

Run # ._Lo..cL.JJL_ Steady Current

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

,Wave Heioht Snow Ic_

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75
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1' Leaked041 2: Leaked041 3: LeakedCHI 4: Leaked041 I 4<11>1I
1000000.00 .............................................................................................................................................................................

i ,lill iii ii I iii

Setup #7 2/27/92 3:40 PM
• . . , i,=.,

Input Variables

1 12.0 6.00 34000
2 12.0 6.00 34000
3 12.0 6.00 34000
4 12.0 6.00 34000

1 0.00 0.00 0.00
2 0.00 0.00 600
3 0.00 0.00 600
4 0.00 0.00 600

Run# ._.[DJ;Ug__ Steady Current Tides
1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run # Wave Heioh_

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

i= == __
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8 Page 7 rain 9:33 AM 1!/1!7/92
_ i i lmii i iii I I
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Setup #3 2/27/92 9:35 AM

Input Variables

1 2.00 1.00 89700
2 2.00 1.00 89700
3 2.00 1.00 89700
4 2.00 1.00 89700

Run # _ _ D..GtJJ1.._.

1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 6OO 6O0

Run# .VY.JJ_I_iD._ Steady Current .T.L¢[_

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

,Wave Heiaht Snow Ice

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

D.72
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?8 Page 2 mln 9:37 AM 2/27192
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Setup #4 2/27/92 9:36 AM

Input Variables

1 4.90 2.45 89700
2 4.90 2.45 89700
3 4.90 2.45 89700
4 4.90 2.45 89700

RPrate _
1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

_lnkt Steady Current

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

J_ Wave Height Snow Ice

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

iiii iiiml
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Setup #5 2/27192 9:40 AM
i i ,,,

Input Variables

1 12.0 6.00 89700
2 12.0 6.00 89700
3 12.0 6.00 89700
4 12.0 6.00 89700

Run# BE_caIa _
1 0.00 0o00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

J

Run# _ Steady Cm'rept

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run # Waye Height

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

l i
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ooooooo..........................................Ii.......................................!iii.............iii ''..........
................; r_:_-', "'_I-"_3-'- i!__-' '2000000.00-

/

t

o.oo ,, i ....o,oo 1sooo 300,00 4so.oo 600.00
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Setup #6 2/27/92 9:43 AM
,,

Input Variables

U__us,tu_ _ Zo.a_ga
1 12.0 6.00 89700
2 12.0 6.00 89700
3 12.0 6.00 89700
4 12.0 6.00 89700

1 0.00 0.00 0.00
2 0.00 600 6O0
3 0.00 600 600
4 0.00 600 6O0

_ Steady Current Tides
1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Wave Height Snow_Ice

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

-- -- i I i ii
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1: Leaked Oil 2: Leaked oil 3: Leaked Oil 4: Leaked Oil I_ 4<11>1 ! ,_
4000000,00 .............................................................................................................................................................................

Setup #7 2/27/92 9:46 AM
i i,i, , i i i ......

Input Variables

BU_L_ JCJz._r,tJ,L_ _ E.0._c_g=
1 12.0 6.00 89700
2 12.0 6.00 89700
3 12.0 6.00 89700
4 12.0 6.00 89700

Run# BP_.ca_ _ D.r.cJJz..Lai_
1 0.00 0.00 0.00
2 0.00 1200 0.00
3 0.00 1200 0.00
4 0.00 1200 0.00

._L_I;LJD_Et Steady Current Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run # Wave Height _now lc?

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

iii iiiii
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Setup #8 2/27/92 9:54 AM

Input Variables

1 12.0 6.00 89700
2 12,0 6.00 89700
3 12.0 6.00 89700
4 12.0 6.00 89700

Run# _ _
1 0.00 0.00 0.00
2 0.00 0.00 1200
3 0.00 0.00 1200
4 0.00 0.00 1200

,_ Steady Current Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 1 7.5 2.00 2.70
4 27.0 0.00 1.00

Run # Wave Heiaht

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

iii i iii ii i i __ ii i iii
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_"7 8 Page 1 rnin 8:57 AM 2/27192
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Setup #3 2/27192 8:56 AM

Input Variables

Run_ _ _
1 2.00 1.00 262000
2 2.00 1.00 262000
3 2.00 1.00 262000
4 2.00 1.00 262000

BuJ_ RP rate .0.EE__ JZr.aJ_._
1 0.00 0.00 0.00
2 600 600 6oo
3 600 600 600
4 6O0 6OO 600

_ Steady Current Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run # Wave Heioht

1 2.30 1.00
2 2.30 1.00i

3 9.80 1.00
4 14.8 0.75

i _ m iii
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Setup #4 2/27192 8:58 AM

Input Variables

1 4.90 2.45 262000
2 4.90 2.45 262000
3 4.90 2.45 262000
4 4.90 2.45 262000

L_:_j RPrate D32__r.a_
1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 6G0 600

J_CEL_ ._LD_L.Jn.._ Steady Current Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run_# Wave Hei0ht

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

ii i ii i
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Setup #5 2/27/92 9:00 AM

Input Variables

Run_ _ _
1 12.0 6.00 262000
2 12.0 6.00 262000
3 12.0 6.00 262000
4 12.0 6.00 262000

Run_ BE_ra_ _
1 0.00 0.00 0.00
2 600 600 600
3 600 600 600
4 600 600 600

Run# _ Steady Curren_t Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run _ _WaveHeight _zJ:)9__LLg._

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

ii i ulll i i|r .......
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Setup #6 2/27192 9:06 AM
........... , ,.,,,,, ,, ., ,,, ,,

Input Variables

Run# l:L.lz,ulc,ium _
1 12.0 6.00 262000
2 12.0 6.00 262000
3 12.0 6.00 262000
4 12.0 6.00 262000

Bum_t _ _ D.zaJ.o...u_
1 0.00 0.00 0.00
2 1200 1200 7200
3 1200 1200 1200
4 1200 1200 1200

J_ZCL._ _ Steady Current Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Bun# Wave Height _SnowIce

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

i l llllll
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Setup #7 2/27192 9:08 AM
, ,, , , , ,,,,,, , , --

Input Variables

1 12.0 6.00 262000
2 12.0 6.00 262000
3 12.0 6.00 262000
4 12.0 6.00 262000

Run # _ _ D.[.Eig.._.r.a_

1 0.00 0.00 0.00
2 0.00 1200 1200
3 0.00 1200 1200
4 0.00 1200 1200

._6(._L.JD_Et Steady Current I_,_S

1 10.0 0.85 I .'_0
2 10.0 0,85 I ,10
3 17.5 2.00 2,70
4 27.0 0.00 1.00

Run # YNaveHeioht Snow Ice--

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

,,, ,,,,= u
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1' Leaked Oil 2: Leaked Oil 3: Leaked Oil 4: Leaked Oil
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? 8 PageS min 9:11 AM 2/27192
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Setup #8 2/27/92 9:10 AM

Input Variables

1 12.0 6.00 262000
2 12.0 6.00 262000

' 3 12.0 6.00 262000
4 12.0 6.00 262000

RPrate _ J2zaJo_r.¢_
1 0.00 0.00 0.00
2 0.00 1200 0.00
3 0.00 1200 0.00
4 0.00 1200 0.00

J_EL_ Wind in _ Steady Current Tides

1 10.0 0.85 1.10
2 10.0 0.85 1.10
3 17.5 2.00 2.70
4 27.0 0.00 1.00

Run # Wave Height =_,Og.._L_I,_

1 2.30 1.00
2 2.30 1.00
3 9.80 1.00
4 14.8 0.75

D.83
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