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EXECUTIVE SUMMARY

The U.S. Coast Guard commissioned Pacific Northwest Laboratory (PNL) to
conduct this study of 45 self-help 0il-spill response techniques and equipment
for oceangoing tankers and inland tank barges to assess the potential effec-
tiveness of the proposed countermeasure categories. The self-help counter-
measure categories considered cover equipment stored on the vessel and
deployed by the crew, operated automatically, or carried aboard and used by
response crews in the case of unmanned barges. A basic requirement for the
response equipment is that it be capable of retaining oil after the o0il has
escaped the confines of the vessel in all expected environmental conditions.

This study considers the hypothetical outflow of 0il in the case of side
damage and bottom damage to single-hull designs. The results will be consid-
ered by the Coast Guard to determine whether response requirements can be
better met with shore-based equipment or vessel carried equipment. This study
considers only vessel carried self-help equipment and techniques.

PNL’s approach to this investigation included:

e assessing time-dependent o0il outflow in the cases of collision and
grounding of both tankers and barges

e identifying environmental constraints on self-help countermeasure
operation

e identifying human factor issues, such as crew performance, safety,
and training requirements for the self-help countermeasures
considered

e assessing each self-help countermeasure with respect to its
potential for minimizing 0i1 loss to the environment.

Results from the time-dependent o0il outflow, environmental limitations, and
human factors requirements were input into a simulation model. From the
simulation runs made in this study, no self-help countermeasure emerges as
clearly superior to the others. However, the results do suggest that a
pumping solution in conjunction with some form of containment has the most
promise in the near term. In addition, this study produced results that are
essential to future modeling efforts, including the fact that ground plugging
has a significant effect on 0il outflow in the case of grounding.




Based on the findings of this investigation, it is recommended that
research pertaining to onboard self-help countermeasures focus on pumping with
onboard containment category concepts. Other recommendations include further
developing the model used in this study to obtain more realistic oil outflow
times, especially in the case of grounding; combining the simulation models
used in this study into one global model; and making a more in-depth
investigation of the environmental data.
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1.0 INTRODUCTION

The Coast Guard Marine Environmental Protection Division of Coast Guard
Headquarters has determined that an in-depth investigation of feasible self-
help countermeasures will assist in formulating 0il Pollution Act of 1990
(OPA 90) mandated regulations regarding oceangoing tank vessels. Currently,
no regulation requires tank vessels to carry onboard equipment capable of
responding to an oil spill from the vessel. Section 4115 of OPA 90 mandates
that tank vessels be required to have double hulls by the year 2010 (with a
few exceptions, by 2015), and vessels under 5,000 gross tons are required to
have a double-hull or double containment system by 2015. 1In addition, OPA 90
requires the investigation of economical and technologically feasible struc-
tural and operational features to provide substantial environmental protection
for single-hull vessels until 2015.

The Federal Water Pollution Control Act (FWPCA), 33 USC 1321, as amended
by OPA 90, sets forth the requirements for tank vessel response plans and oil-
spill response equipment. Under Section 311(j)(6) of the FWPCA, as amended by
Section 4202(a) of OPA 90, vessels operating on navigable waters and carrying
0oil in bulk as cargo must also carry appropriate removal equipment. This
equipment is to employ the best technology that is both economically feasible
and compatible with the safe operation of the vessel. Section 311(j)(5) of
the FWPCA, as amended by Section 4202(b)(4) of OPA 90, requires owners and
operators of tank vessels, as defined in 46 USC 2101, to prepare and submit
individual response plans to the President for approval. Consequently, in
anticipation of this authority being delegated to the Commandant, the Coast
Guard is developing proposed rules to implement requirements for tank vessel
response plans, and the carriage and inspection of o0il-spill response equip-
ment. As a part of this effort, the Coast Guard is currently attempting to
identify equipment and techniques that will increase the effectiveness of a
tank vessel to mitigate a spill through engineering designs and the vessel’s
own actions and to establish those conditions under which its carriage and
deployment are appropriate.
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Pacific Northwest Laboratory (PNL) has been commissioned by the Coast
Guard to conduct a comprehensive investigation of feasible self-help spill
response techniques and equipment for 5,000 through 250,000 deadweight ton
(DWT) oceangoing tankers and for oceangoing and inland tank barges ranging
from 300 to 3,000 gross tons (GT). These self-help countermeasures will con-
sist of equipment stored on the vessel and deployed by the crew, operated
automatically, or carried aboard and used by response crews in the case of
unmanned barges. The response equipment will be required to deal with oil
once it has escaped the confines of the vessel in all expected environmental
conditions. This study considers the hypothetical outflow of oil in the case
of side damage and bottom damage to single hull designs consistent with the
assumptions made in MARPOL (1985).(*

The objective of the PNL investigation is to evaluate approximately
45 countermeasure concepts provided to PNL by the Coast Guard. These concepts
have been grouped according to type and ranked according to effectiveness in
mitigating oil spillage from a vessel. The results of this evaluation will be
considered by the Coast Guard in drafting future regulations pertaining to the
requirement for tanker vessels to carry oil pollution response equipment.

PNL’s approach to this investigation included:

e assessing time-dependant oil outflow in the cases of collision and
grounding of both tankers and barges

e identifying environmental constraints on countermeasure system
operation

¢ identifying human factor issues, such as crew performance, safety,
and training requirements for the countermeasure system types
considered

e assessing each self-help category under consideration with respect
to its potential for minimizing loss of oil to the environment.

(a) MARPOL is the International Convention for the Prevention of Pollution
from Ships, adopted in 1973 and amended in 1978. It constitutes the
basic international law for limiting all ship-source pollution, includ-
ing structural and operational provisions for tank vessel pollution con-
trol; the term is used in this study to describe the current standard
for vessel design.
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The regulations currently being considered by the Coast Guard would
address 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.

e 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-carriage
requirements?

- What are the desired capabilities of this equipment?

e Questions concerning crew performance, 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:

e Should tank 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?

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

PNL conducted a literature search of papers and reports that describe
the deployment and operation of self-help equipment. PNL also reviewed
approximately 45 proposals and suggestions submitted to the Coast Guard
Research and Development Center for potential merit. This review provided a
basis for identifying techniques and equipment that have been investigated in
past studies, and provided insight to problem areas and constraints that
state-of-the-art countermeasures will need to overcome. In reviewing this
material, PNL focused on understanding the engineering aspects of each pro-
posed or actual system and identifying their key features. The systems under
consideration were then categorized for subsequent evaluation.

The following summarizes the literature review. Also discussed are
PNL’s accomplishments in obtaining data that are critical to this study and
not available in the open literature.

A review of the literature initially provided to PNL by the Coast Guard
was completed (MARPOL 1985; NAS 1991; Ross 1983; Kohler and Jorgensen 1990;
USCG 1989). In addition, PNL performed a computer search of the open litera-
ture using the following key words: tankers, barges, collision, grounding, oil
poliution, 0il spill countermeasures. The files searched included NTIS,
COMPENDEX PLUS, and Water Resources Abstract. This search yielded an addi-
tional six citations.

Scurce literature pertaining to human factors was also identified
through a search on the DIALOG system, and through a bibliographic search in
the University of Washington library system. Documents were retrieved through
the Battelle Human Affairs Research Center (HARC) library, and through con-
tacts with the Marine Board of the National Academy of Sciences. The litera-
ture review revealed that while there is a respectable amount of human factors
literature covering general shipboard operations, and by implication a portion
of tanker and barge operations, there have been very few human factors studies
specifically directed at tanker safety. Moreover, the literature review
revealed virtually no information concerning the functions and tasks of crew
members during emergency operations on any ship, including tankers. As a
result, interviews with experts were also set up through a process of net-
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working through the Seattle maritime community, based on initial contacts with
the Coast Guard 13th District, the Seattle Community College Maritime Training
Program, and contacts within the maritime industry.

Much of the critical data required to perform a time-dependent outflow
analysis in the cases of grounding and collision are not available 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). Dimensions and configurations for 5,000 and 150,000 DWT tankers
listed in the original scope of work have not been located within the open
literature. Furthermore, no dimension or configuration information has been
located in the open literature for any barges that represent those specified
by the Coast Guard for this investigation. Moreover, no method for determin-
ing penetration sizes for the case of collision has been found in the open
literature.

The NAS study (NAS 1991) was not limited to double hull construction,
but included inboard containment systems that may be as effective as a double
hull in preventing oil spillage. However, outboard containment systems were
not covered, and only one size of single hull tanker was considered. This was
used as a basis for comparison for the double hull designs considered in this
study.

The Ross study (Ross 1983) of onboard self-help countermeasures con-
sidered both inboard and outboard countermeasures, but concentrated on the
unique specifications of arctic tankers and did not consider all oceangoing
tanker vessels. No rationale is given in this report for the penetration
sizes considered in the oil release calculations.

A report (Smedley et al. 1991) describing an ongoing Canadian evaluation
of tanker self-help recovery systems was reviewed. The report considers all
of the self-help options that are considered by PNL in this study. The report
concludes that the most practical tanker self-help systems are internal oil
transfer, hydrostatic loading, external oil lightering, and contingency plann-
ing. Booms and skimmers were not considered to 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 systems were regarded as a design modification and
not a self-help system and hence were deemed to be outside the scope of the
evaluation. Appendix A of the draft report is a comprehensive database of
spills of crude and refined product from both tankers and barges throughout
the world from 1974 through June 1990.

MARPOL (1985) was reviewed to determine assumptions required for outflow
calculations. It was determined that the MARPOL assumptions were inadequate
for determining penetration sizes. MARPOL only addresses damage dimensions
and not actual penetration sizes. It would be impractical to use damage dimen-
sions for the penetration sizes due to the extent of the damage assumptions.
(That is, the vertical extent of side damage is assumed to be the entire
height of the ship.) The hypothetical outflows assumed the entire contents of
any tank damaged would be leaked. This assumption is made in MARPOL to aid in
determining tank sizes for design purposes. In an accident scenario, not all
of the cargo will leak from a penetrated tank. Depending on the hydrostatic
balancing of the cargo, some penetrations due to grounding will result in less
than 8% of the cargo in a tank being leaked.

The analysis performed by Det Norske Veritas (Kohler and Jorgensen 1990)
was reviewed, and it was concluded that the Det Norske Veritas (DnVC) method
for determining penetration sizes in the case of grounding can be reproduced.
However, the DnVC method for determining penetration sizes in the case of col-
lision was based on statistics for damage resulting from collisions of ships.
No distinction is made between ship types or sizes in the statistical data.
DnVC makes the assumption that the data are also valid for tankers. For
dimensions that can not be determined from the statistical data, DnVC relies
on MARPOL assumptions. They assume the vertical height of the penetration is
equal to the ship’s height. To gain a greater understanding of the DnVC
method for determining penetration sizes, PNL contacted DnVC. DnVC made it
clear to PNL that their determination of penetration sizes was only meant for
comparing various tanker designs and not for modeling realistic time-
dependent outflows. DnVC was unaware of any databases containing actual pene-
tration sizes.
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According to the Coast Guard Research and Development Office, a model
(micro HACS) was developed for determining time-dependent outflow from chemi-
cal tankers. This model has been recently delivered to the Coast Guard
National Response Center. The model is capable of being operated in either an
emergency response mode or a contingency mode. Although any penetration size
can be input to the model, the model does have default values for each of the
operating modes. All penetration sizes are regarded by the model to be cir-
cular area. The default value for the contingency mode is a 10-in. diameter
circle. In the case of emergency response, 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 entire tank release. The default tank
size is 420 M®, which is smaller than for a crude carrier. Coast Guard staff
contacted by PNL stated that they were not aware of any database that would
contain penetration size data. These staff further stated that the National
Response Center would depend on an on-scene coordinator from the Marine Safety
Office to provide actual penetration size data. To date, the model has not
been used.

The American Bureau of Shipping (ABS), the Tanker Advisory Commission,
the Coast Guard, and some tanker owners were contacted by PNL but none could
provide detailed information pertaining to vessel Tayout and construction,
required to facilitate the outflow analysis. The Maritime Administration
(Division of Navel Architecture) was then contacted and information was col-
lected for the following size tankers listed by DWT: 33,000; 34,000; 40,000;
89,700; 22,500; 262,000; 390,000. Of these tankers the 34,000; 89,700;
225,000; and 262,000 DWT were selected for performing the outflow calcula-
tions. The Maritime Administration only had information on ships they had
built or renovated and had no information on barges. Therefore, information
pertaining to barges was obtained by PNL directly from barge designers,
owners, and operators located on both the West Coast and in the Mississippi
Delta Region.

The Coast Guard’s Marine Investigation Division’s databases contained no
information regarding penetration sizes. Their CASMAIN database 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 throughout the report. The literature reviewed in
this investigation is referenced at the end of each section of the report and
in Section 7.0 (bibliography).

1.2 HISTORICAL PERSPECTIVE

The following discussion puts in perspective the issue of oil spills in
U.S waters resulting from collisions and/or groundings of tank ships and
barges. The information is useful in characterizing these accident scenarios
and in bounding the performance requirements for onboard self-help counter-
measure systems, including the concepts considered in this study.

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 historical perspective of spills resulting from collisions and
groundings in U.S. waters.

There were 681 casualties worldwide involving tankers 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).
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O0f the 681 casualties worldwide, there were 42 tanker and 73 barge acci-
dents that occurred in U.S. waters during this survey period that resulted
from either collision or grounding.

Of the 42 tanker accidents occurring in U.S. waters, 15 involved vessels
of U.S. flag. The majority (30) of these tankers were between 15,000 DWT and
85,000 DWT, with 9 in the range of 25,000-35,000 DWT and 10 in the range of
75,000-85,000 DWT. The smallest tanker involved was 5000 DWT and the largest
was 211,000 DWT. These 42 tanker accidents were divided evenly between colli-
sions and groundings. Two accidents (both collisions) occurred in "open
water" (greater than 50 miles offshore), 16 accidents occurred in "restricted"
waters (0-50 miles offshore), 19 accidents occurred in harbors, and 5 acci-
dents occurred at piers. Based on these data, it is evident that 57% of the
tanker accidents occurred in inland waterways.

A total of five accidents occurred in U.S. waters during this survey
period that resulted in spills in excess of 15,000 tons; however, only three
of these accidents resulted from collision and/or grounding of tankers, namely
the Burmah Agate, EXXON Valdez, and Argo Merchant. The other two vessels,
Grand Zenith and Spartan Lady, were victims of hull rupture during severe
weather off the east coast of the United States resulting in fatalities and
the loss of both ships and their cargo.

In 1979 the Burmah Agate (61,674 DWT - Liberian flag) collided with the
Mimosa 4 miles from the entrance to Galveston Bay, Texas, and subsequently
went aground. This accident resulted in a fire, an explosion, and a spill of
approximately 34,661 tons (about 11.4 million gallons) of Nigerian light
crude. This spill ranked 23rd in size, on a global basis, during the survey
period.

In 1989 the EXXON Valdez (211,000 DWT - U.S. flag) went aground on Bligh
Reef, Prince William Sound, Alaska. This accident resulted in a spill of
approximately 32,721 tons (about 10.8 million gallons) of North Slope crude.
This spill ranked 27th in size, on a global basis, during the survey period.

In 1976 the Grand Zenith (30,000 DWT - Panamanian flag) broke-up and
sank in open water off the coast of Massachusetts. This accident resulted in
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38 fatalities and a spill of approximately 28,921 tons (about 9.5 miilion gal-
lons) of No. 6 fuel oil. This spill ranked 34th in size, on a global basis,
during the survey period.

In 1976 the Argo Merchant (28,691 DWT - Liberian flag) went aground 40
miles South East of Nantucket, Massachusetts. This accident resulted in a
spill of approximately 24,295 tons (about 8 million gallons) of No. 6 fuel/
naphtha. This spill ranked 40th in size, on a global basis, during the survey
period.

In 1975 the Spartan Lady (20,724 DWT - Liberian flag) was scuttled in
restricted water off the coast of New Jersey. This accident resulted in one
fatality and a spill of approximately 19,436 tons (about 6.4 million gallons)
of No. 6 fuel. This spill ranked 51st in size, on a global basis, during the
survey period.

Each of the remaining 39 tanker accidents involving collision or ground-
ing resulted in spills of less than 15,000 tons (less than 5 million gallons).

The database for barges was not as specific as for tankers. Of the
73 barges, only 14 were identified as to size. The sizes identified ranged
from 1,000 GT to 33,700 GT. Many of the barges in the database were not
identified as to name/number; however, the date and location of the accident
and type of cargo spilled were given for most barges. Almost all barge acci-
dents occurred in inland waters and resulted in spills of refined product.

In summary, during the survey period, 17% of the casualties worldwide
involving tankers and barges carrying oil (crude and product) occurred in U.S
waters, predominately in inland waters, and were the result of coilision and/
or grounding. Of these casualties, 63% involved barges and resulted in rela-
tively small spills of refined product, whereas 37% involved tank vessels.
Most of the tank vessels (71%) contained crude, were in the size range of
15,000 DWT to 85,000 DWT, and involved tank vessels other than U.S. fiag.
Except for three tankers, all of the spills in U.S. waters resulting from col-
lisions and/or groundings were less than 15,000 tons (5 million gallons). Dur-
ing this survey period, a total of 57 casualties occurred worldwide (8% of the
total casualties) that resulted in spills of 15,000 tons 6r larger.
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2.0 OQUTFLOW CALCULATIONS

Two parameters important 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 understanding of the quantity and rate at which the oil must be
handled.

To obtain an understanding of the time and oil volumes associated with
small, medium, and catastrophic accidents, an outflow analysis was performed
for hypothetical accidents involving vessels carrying oil. The analysis was
applied to various sizes of tankers and barges that transport oil through U.S.
waters. This Section discusses the assumptions applied to the outflow analy-
sis, describes the sources of data used and the specific ships analyzed,
explains the computational method, and presents the overall results of the
outflow calculations. Results for each case analyzed are included in
Appendix A.

2.1 ASSUMPTIONS

This section describes and discusses the assumptions used in the outflow
calculations. Any discussion regarding an assumption immediately follows the
statement of the assumption. The assumptions that apply to both groundings
and collisions are discussed first, followed by those pertaining only to cases
of groundings and then those for collisions.

Unless otherwise stated, each assumption applies to both tankers and
barges. Initially MARPOL assumptions were to be used in developing outflow
calculations. However, not all MARPOL assumptions are applicable to time-
dependent outflow calculations; therefore, they were only used if applicable.
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2.1.1 General Assumptions

1. The effects of turbulence, mixing, ship motion, and sloshing were
neglected.

This assumption was specified by the Coast Guard to simplify the prob-
lem. The inclusion of these factors would require a great deal more effort,
and the impact of these factors varies from case to case.

2. The draft and trim of the leaking vessel were held constant during

0il outflow. Designer water lines were assumed.

There was no way of properly accounting for the change of a penetra-
tion’s position relative to the water line without accounting for any change
in the vessel’s trim. The modeling of any listing or load imbalance was
beyond the scope of this analysis; therefore, the change in a vessel’s dis-
placement was neglected. In most cases, the actual change in a vessel’s
displacement was minimal due to the relatively small percentage of a vessel’s
overall mass lost (less than 2-3%). Some of the smaller barges leaked o0il
equivalent to 20% of their total weight; however, in these cases the barges
took on an almost equivalent amount of water.

In some instances, the change of a vessel’s trim could have a signif-
icant impact on the outflow of oil. The effects could result in either more
or less oil being spilled at a faster or slower rate depending on the specific
incident.

3. No oil was transferred via pumping or any other method during an
accident scenario.

The purpose of these calculations was to determine outflow times assum-
ing no action was taken to limit oil loss.

4. Vessels were fully loaded at the time of an accident. Full loads
consisted of cargo tanks 98% and 95% full for tankers and barges,
respectively.

These data were provided with vessel designs and confirmed by individ-
uals in the industry.
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5. Any evaporation of the cargo within the cargo tanks was neglected.

0i1 is not a highly volatile substance, and any significant pressure
changes within the tanks were small.

6. The outflow of o0il was considered an isothermal process. A con-

stant temperature of 45°F was assumed.

This assumption allowed the changes in gas temperatures within the tank
to be neglected. The effect of this assumption on the overall results is
negligible.

7. Penetrations will be generally rectangular in shape with random

petals jagged inward. A discharge coefficient of 0.61 was used.

This value comes from experimental data obtained from Dodge et al.

(1980).

Experimental work has shown that the discharge coefficient has little
dependence on fluid viscosity and penetration size but varies substantially
with penetration geometry (Dodge et al. 1980).

The shape of the penetration was assumed rectangular in the cases of
collision because penetration was assumed to be due to the bow of a ship. A
V-bowed vessel would tend to create a somewhat rectangular penetration when it
penetrated the side of a tanker assuming the striking vessel had a velocity
perpendicular to the tanker.

In the cases of grounding, the rectangular shaped penetration is assumed
because of the assumptions made in determining the size of the penetration.
These assumptions are explained in Section 2.1.2.

The assumption of random jagged petals inward was made because all
breaches of the hull are assumed to be made by penetration.

The experimental work of Dodge et al. (1980) determined discharge coef-
ficients (C)) for a variety of orifice geometries. Discharge coefficients
for geometries applicable to this analysis are listed below (Dodge
et al. 1980).
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Orifice Shape Edge Condition C

Rectangular Random Petals Jagged Inward on the Horizontal Edges 0.609
Rectangular Random Petals Jagged Inward on the Vertical Edges 0.613
Circular Random Petals Jagged Inward 0.577

8. The following values were assumed:

Specific gravity of seawater = 1.025

Specific gravity of freshwater = 1.0

Specific gravity of oceangoing vessel cargo = 0.86
Specific gravity of inland waterway vessel cargo = 0.92

The value for the specific gravity of seawater was the same throughout
the literature.

A specific gravity of 1 was assumed for inland waterways. The actual
value is slightly higher for many waterways due to silt and other material in
the water.

The specific gravity of crude oil varies between 0.83 and 0.90, a common
value being 0.86. This is the value used throughout all of the literature
involving analyses of oceangoing vessels carrying crude oil.

Most inland waterway vessels do not carry crude oil. A common cargo on
inland water ways is #2 diesel fuel; therefore, the inland waterway barges
were assumed to carry a cargo with a specific gravity of 0.92.

9. The penetration of ballast tanks was not considered in the analy-

sis. Only the outflow of oil and/or fuel was considered.

Outflow of ballast tanks would not directly effect the 0il outflow.
However, the penetration of ballast tanks could effect the vessel’s trim and
stability. Because changes in the vessel’s trim were not modeled, the pene-
tration of ballast tanks was ignored.

10. 0il outflow is assumed to be initiated after the penetration has

reached its final size. No leakage is accounted for during the
actual accident event.
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To include this factor would require detailed, time-dependent modeling
of the structural deformation 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 neglected of the penetration being
partially plugged due to the bow of the penetrating ship in the
case of collision, the ground in the case of grounding, or deformed
structural material in both cases.

The impact of penetration blockage can be significant on oil outflow
rates. It is unknown whether the effects of blockage can be generalized or
depend entirely on individual cases. The effects of blockage would require
experimental data or data from actual events, neither of which were obtained
for this analysis. Therefore, to avoid producing optimistic times for oil
outflow, the effects of blockage had to be neglected.

12. The outflow was assumed to only occur through the assumed penetra-

tions. Leakage through cracks, torn weld seams, and other damage
associated with the accident were not taken into account.

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

Refer to the Assumption 18.

14. Tankers were assumed to have a nitrogen cover gas initially pres-
surized to 2 psig.

The literature and individuals within the industry reported void pres-
sures in tankers ranging from 1-2 psig during transport. The higher the void
pressure the greater the initial hydrostatic head. A void pressure of 2 psig
was assumed to ensure results were conservative.

15. The cover gas system aboard tankers was assumed sealed off from any
penetrated cargo tanks during an accident scenario.

This assumption was made to be consistent with the assumption of no
action being taken to 1imit the oil outflow. Industry individuals also stated
that the cover gas systems on most oil tankers were not sophisticated on-line
systems.
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16. Barges were assumed vented to the atmosphere.

Little information was found in the literature regarding barges. Indi-
viduals within the industry reported that any relief valves used on barges
vented the cargo tanks at maximum and minimum pressures close to atmospheric
pressure. Refer to the discussion of Assumption 18.

17. Initial void spaces were not penetrated during an accident.

This assumption was made to keep initial conditions the same for all
accidents and to maintain conservative results. Penetration of the void space
in an accident would result in a lower initial hydrostatic head in the case of
tankers.

18. Minimum threshold pressures (P, ) for the relief valves on vessels

were assumed to be atmospheric pressure (P_._). The void pressure

in all cargo tanks was assumed to never fa1T’be1ow P,im

The program written to perform the outflow calculations is capable of
modeling the venting through a relief valve. However, specific information
was not obtained for the relief valves of the vessels analyzed. Incorrectly
modeling the relief valve could result in optimistic outflow times.

For tankers, the pressure of the void space (P, ,,) was assumed to change
assuming ideal gas behavior until the P
patm’ the onid
ciated with the relief valve.

voig Was equal to P_ . Upon reaching

was assumed to remain constant. No pressure loss was asso-

For barges, venting through the relief valve was completely neglected
since the void space of barges is not initially pressurized.

Some analyses were conducted that modeled the relief valve and evaluated
the qualitative affects of venting through the relief valve. The results are
presented in Section 2.4.

The void spaces of cargo tanks may be individually vented with separate
relief valves or manifolded into a single network containing a single relief
valve. Details of the venting systems for the vessels analyzed were not
obtained. To obtain a venting system for the qualitative analyses, details
from other vessels were incorporated. The Code of Federal Regulations for tank
ships was also consulted (46 CFR Part 32, Sections 32.55-20 and 32.55-25).
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Both individual tank venting and manifold venting were analyzed. The
modeling of the relief valve in both cases assumed the valve has a 10-inch
diameter opening when the valve is open and a discharge coefficient of 0.8.
No maximum threshold pressure was assumed. Calculations were performed
assuming minimum threshold pressures of -0.25 psig and -0.5 psig.

The manifolded system assumed individual cargo tank vents 3 inches in
diameter. The volume of the manifold system was assumed equal to the volume
of the void spaces in the unpenetrated tanks. This is a valid assumption
since the relative volume of the manifold piping is small compared to the
cargo tank void spaces. No flow resistance was modeled from the intact cargo
tank voids to the manifold. The flow resistance from the manifold to the
penetrated tanks was modeled. Also taken into account was air flow into the
manifold system via the penetration in cases where the oil level drops below
the top of the penetration.

2.1.2 Assumptions for Cases of Grounding

Assumptions 19 through 30 apply to groundings only. The method for
determining the penetration size in the case of grounding is similar to the
method used by Det Norske Veritas (DnVC) in their comparative study of tanker
designs (Kohler and Jorgensen 1990). This method was prescribed for this
study by the Coast Guard.

19. The vessel was assumed to have forward speed at the time of ground-

ing. Damage caused by the grounding while the ship was adrift,
executing a turn, or going astern was not considered.

20. Damage started at the forward perpendicular of the vessel and pro-
pagated toward the stern.

21. Only the center tanks were penetrated during the grounding of

tankers.

The longitudinal bulkheads separating the tanks are capable of absorbing
a great deal of energy compared to the longitudinal stiffeners. Because of
this, these bulkheads tend to 1imit the transverse propagation of a penetra-
tion. To ensure the largest penetration for a given ship speed, it was
assumed that the longitudinal bulkheads absorb no energy during a grounding.
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Because of the assumptions made in determining the size of the penetra-
tion created during a grounding, the penetration of only wing tanks would
result in less oil being leaked than for the case of only center tanks; there-
fore, this case was neglected (refer to Assumption 28).

22. Only one set of side tanks was penetrated during the grounding of

an inland waterway barge.

InTand waterway barges only have two tanks in the transverse direction.
It was assumed that the center longitudinal bulkhead absorbed no energy during
a grounding (refer to Assumption 21).

23. Outflow from ballast tanks was neglected; however, damage to bal-
last tanks was not necessarily neglected. Therefore, if the bow

contained ballast tanks, it was possible for a grounding calcula-
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 lifting of the vessel as a result of the vessel contacting the
ground was neglected.

25. Penetration sizes were calculated for tanker speeds of 5 knots

(Tow-energy case) and 10 knots (high-energy case) and barge speeds

of 4 knots (low-energy case) and 8 knots (high-energy case).

The Coast Guard prescribed the values of 5 and 10 knots for low- and
high-energy cases, respectively. The speeds were changed to 4 and 8 knots for
barges because the barges analyzed traveled at maximum speeds of 8 knots.

26. The ship was grounded on a wedge-shaped rock that did not crush,

and a constant breadth was assumed during the grounding process.

This is an assumption made by DnVC and is consistent with other analy-
ses. Groundings on sand or mud bottoms were not considered. This assumption
means the ground did not absorb any of the energy during the collision.

27. The vertical extent of damage due to grounding is determined from
statistical information. The maximum extent of vertical damage is

assumed for the entire length of the penetration. The damage
height was calculated from the following relationship:

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

2.8




where Br = Vessel’s Breadth (m)
The damage height was calculated to determine the damage breadth.

This equation was developed from statistical data on bottom damage (Card
1975). The data consisted of 30 cases, of groundings resulting in cargo out-
flow. Most of the cases involved vessels less than 40,000 DWT with only four
vessels being greater. The vertical extent of the damage ranged from 0.16 -
8.2 ft. The mean value was 1.985 ft (0.60512 m) with a standard deviation of
1.25 ft.

Card’s work showed that 90% of the 30 cases would have resulted in no
outflow if the vessels had contained double bottoms with a depth equal to
Br/15. It is from Card’- work that the MARPOL assumption of vertical damage
equal to Br/15 is usec in determining hypothetical outflow of oil for bottom
damage.

Card (1975) also pointed out that the 11 cases involving vessels below
3,000 DWT had an average vertical penetration of 1.3 ft, and the 19 ships
greater than 10,000 DWT had an average vertical damage of 2.5 ft. However,
Card-also states that "the amount of vertical damage sustained by a tanker
involved in a bottom damaging casualty is not related to the size of the
tanker" (Card 1975). Card did not discuss the relationship between tanker
velocity and bottom damage or bottom damage and damage length.

The work of DnVC (Kohler and Jorgensen 1990) uses Card’s work to esti-
mate the vertical damage 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 analysis is applied to
40,000 DWT tankers.

Because it was not clear exactly how DnVC calculated vertical damage, a
reasonable method had to be selected. Because the vertical damage is assumed
to be constant for the entire length of the penetration, increasing or
decreasing the damage height shortens or lengthens the penetration for the
same initial vessel energy. The majority of Card’s data fell in the range of
Br/15 = 0.5 - 1.7; therefore, it was decided to set the vertical damage equal
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to the mean at Br/15 = 1.0. This resulted in the vertical damage for the four
tankers and four barges evaluated ranging from 3.3 ft to 7.1 ft and 1.5 ft to
3.06 ft, respectively.

The actual extent of vertical damage in a grounding depends on the ves-
sel velocity, the structural design, the ground surface conditions, and the
ground position with respect to the vessel bottom. It is difficult to use
statistics from groundings occurring over a wide range of conditions to accur-
ately determine the vertical damage caused by a wedged rock that does not
yield.

The equation used for determining the vertical damage height predicts
damage heights within the range of those observed from past groundings.
28. The damage breadth is 2.5 times the damage height. This is an
assumption made by MARPOL.
This is an assumption also used by DnVC. This damage breadth is assumed

constant over the entire length of the penetration. The origin of this value
for damage width is unknown to PNL.

29. The damage length is determined from the following relationship:

Ly =0.5m VZ/(93369 B, t, +33422 t,) (2.2)

where L, = length of damage in longitudinal direction (m)
B, = breadth of damage (m)
V = ship’s velocity (m/s)

m_ = ship’s mass (kg)

ta = actual thickness of bottom plating (mm)

= equivalent thickness of bottom plating (mm) (accounts for

pe longitudinal 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
predict damage lengths in cases of grounding. The Vaughan Formula was
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developed from an analysis of the kinetic energy lost during the collision of
two ships (Minorsky 1959). Minorsky’s work developed an empirical correlation
between the resistance to penetration and the energy absorbed in a collision.
His work was intended to be used as an aid for ship design. Minorsky’s analy-
sis did not develop a relationship for the kinetic energy absorbed by either
the struck or striking ship; it only related the total kinetic energy absorbed
by both vessels.

Vaughan used Minorsky’s work as a basis for relating the initial kinetic
energy of a vessel to the damage sustained from the grounding of the vessel.
Vaughan’s Formula equates the kinetic energy of the ship with the work
required to deform the ship’s structure. The amount of work required to pene-
trate the ship’s hull is assumed to consist of the work required to tear or
fracture the bottom plating of the ship and the work required to move and bend
the plating and supporting structure as the ground enters the penetration.

The kinetic energy (Ke) of the ship =0.5m  V? (2.3)

The work required to penetrate the hull (W) =C,A, + C,Vol (2.4)

the area of the fracture
the volume of the plating and supporting structure moved

where A

S
n —
noon

the constant based on the energy function per unit length
fractured hull plating

the constant based on the energy function per unit volume of
moved and bent (displaced) material.

(]
~N
[}

A, =Lt (2.5)

pa

1}

Vol = LByt (2.6)




Therefore,

0.5 mV? =C LByt +C,Lyt, (2.7)

The solution of C, and C, requires the aid of experimental data. Experimental
work performed in Japan simulating actual ships (Akita and Kitamura 1972) pro-
duced data that allowed Vaughan to solve for the necessary constants, C, = 352
ton-knot’/m*-mm (93,369 N/m-mm), C, = 126 ton-knot?/m-mm (33,422 N/mm). These
constants are only applicable assuming steel structures.

Vaughan’s analysis and DnVC’s work have recently been compared to a more
extensive analysis of ship damage resulting from grounding (Wierzbicki et al.
1990). Wierzbicki’s analysis takes a more detailed look at the various modes
of structural failure occurring during a grounding. The predictions of this
analysis correlated well with Vaughan’s and Minorsky’s empirical formulas, but
only for specific ratios of the width to damage height (height of the wedged-
shaped rock).

Wierzbicki et al. (1990) also conclude that by proving the correctness
of Vaughan’s methodology, further support is added to DnVC’'s study. However,
in Wierzbicki’s analysis it is pointed out that by assuming a damage breadth
(B,) equal to 2.5 times the damage height (Assumption 27), it appears DnVC’s
analysis underestimates the resisting force of the bottom structure by a fac-
tor of 1.9 (Wierzbicki 1990). This almost doubles the predicted damage
length.

However, DnVC’s analysis assumes the damage height is constant through-
out the grounding. Card’s (1975) investigation of actual accidents along with
other data from actual groundings has shown that the maximum damage height is
not maintained for the entire length of bottom damage. DnVC’s damage height
assumption clearly tends to reduce the predicted damage length. Despite the
discrepancies discussed, DnVC’s work is still considered valid since it was a
comparative study of various ship designs.
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Most of the work done to date analyzing ship damage has been initiated
to aid in the design of ships. Previously mentioned works have provided use-
ful information in understanding and predicting vessel damage for design pur-
poses. However, the application of the present methods is uncertain for
predicting penetration sizes for outflow calculations.

Present methods for making damage estimates are concerned with sizes and
extent of structural damage. The problem with using the estimates of damage
size is that the size of damage is not necessarily correlated to the size of
the penetration. Even if a large portion of a vessel’s structure has been
damaged to the point of having no structural integrity, it may still provide a
substantial amount of flow blockage. Leaking may occur through numerous
cracks, but oil outflow is entirely different if the entire damaged area is
void of structural material. The use of the entire damaged area for the pene-
tration size should tend to greatly overestimate the outflow area.

30. After running aground over the wedge-shaped rock the ship was adrift.

No plugging due to the ground was assumed. In many grounding cases, the
vessel is stranded with a portion of its hull still resting on the bottom. In
cases such as this, it is not unreasonable to assume the ground may plug as
much as 90% of the outflow area of a penetration.

2.1.3 Assumptions for Cases of Collisions

Assumptions 31 through 34 apply only to cases of collision.
31. A1l penetrations were assumed at the water line.

A penetration at the water line gives worst-case results for oil outflow. A
worst-case condition was defined as one in which the outfiow rate of oil is
highest and the largest cumulative amount of oil is leaked. Only when the
penetration is at the water line will all of the oil be leaked from a tank
(Assumption 1 is assumed). If the bottom of the pénetration is above the
water line, all of the oil below the penetration will remain in the tank. If
the top of the penetration is below the water line, a column of 0il extending
from the height at which hydrostatic balancing occurred down to the top of the
penetration will remain in the tank.
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The largest initial flow rate will result for a penetration with its
bottom positioned slightly below the water line. The specific distance
depends on the ratio of the o0il and water densities.

If it is assumed that a penetration has its top above the water line and
its bottom below the water line, the lower the penetration is positioned the
smaller the initial outflow rate. This is because the average back pressure
due to the water is increased with increasing depth. The higher the penetra-
tion is positioned, the smaller the outflow rate during water ingestion. This
is because the available penetration area available for fluid transfer is
reduced as the height of the penetration is increased.

The position of the penetration at the water line does not affect the
0il outflow for small holes (>2 ftz). The significance of the penetration’s
position increases with penetration size.

For this analysis, the center of the penetration was positioned approx-
imately at the water line. This condition allows for the outflow to be
approximately a worst-case condition while at the same time reasonably assumes
the position of a penetration created by a striking vessel.

32. Penetrations will be positioned at the longitudinal locations that

yield worst-case conditions (i.e., result in the largest oil out-

flow). A worst-case condition is also considered to be the case

that yields the largest initial flow rate (refer to Assumption 31).

Because all tanks are loaded to the same height, the largest oil outflow
case will also yield the maximum initial outflow. Therefore, penetrations
were longitudinally placed so that the two adjacent tanks with the largest
cumulative volume were penetrated with a single hole. The penetrations were
centered between the two breached tanks.

33. Due to a lack of an applicable method of determining penetration

sizes, outflow calculations were performed over a range of penetra-

tion sizes.

For tankers, the penetration size varied from 0.5 to 72 ft2. For barges,
the penetration size varied from 0.5 to 8 ft2. The range of penetration sizes
applied to barges was smaller due to the smaller size of the barges. Barge
penetration sizes could not be increased without neglecting Assumption 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. A1l 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
perpendicular to the struck tanker.

2.2 DATA_SOURCES

Most of the information regarding ship damage resulting from accidents
came from technical literature. Telephone conversations were held with sev-
eral individuals of DnVC. The methodology used for determining damage sizes
in the case of groundings was taken from previous work done by DnVC (see
Section 2.1.1).

For collisions, very little information, which was applicable to this
study, was found in the literature. Therefore, information from individuals
within the industry was used to help determine the range of penetration sizes
to be evaluated in the study.

The methods used in modeling the oil outflow came from basic fluid dyna-
mics and work done by Franklin T. Dodge (Dodge et al. 1980).

The most difficult information to obtain was that regarding actual
tanker designs and specifications. Most of the individuals contacted regarded
this information as proprietary and hence declined to provide the information
to PNL. Sincere appreciation is given to the Maritime Administration’s Divi-
sion of Naval Architecture in assisting to make this.information available.
The four tanker designs used for the analysis are ships that were either built
or renovated for 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




obtained. The four tankers evaluated were of the following sizes: 34,000
DWT; 89,700 DWT; 225,000 DWT; and 262,000 DWT. Schematics of the four tankers
are shown in Figures 2.1 through 2.4.

The barge designs used in the analysis were provided to PNL by private
shipping companies operating in the Gulf region and on the west coast. The
specific barge designs evaluated were selected the same as those for the
tankers. The four barge designs evaluated consisted of the following sizes:
628 GT; 1,182 GT; 1,769 GT; and 2,713 GT. The first three barge sizes listed
are those of inland waterway vessels. The last barge listed is that of an
oceangoing barge. Two cases were evaluated for the 2,713 GT barge. The
amount of cargo that this design can carry depends on its certification date.
Those barges that have been grandfathered can carry cargo in all 15 cargo
tanks. Barges built after the regulation must not carry cargo in the three
bow tanks. (The exact date of the grandfather clause was not obtained).
Schematics of the four barges evaluated are shown in Figures 2.5 through 2.8.
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2.3 COMPUTATIONAL METHOD

The cumulative o0il 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
applied.

0il outflow is dependent on the pressure difference across the penetra-
tion. The initial outflow of o0il is caused by the difference in hydrostatic
pressure between the o0il 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 the
top. In this case, 0il outflow will cease when hydrostatic balancing is
achieved and the pressure difference across the penetration is zero. Only the
outflow of 0il 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 o0il outflow rate with
respect to time. The plot was generated utilizing the UNIRAS™ 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
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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 maximum fraction
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 maximum allowable 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. It was found that maximum volume 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 commence when 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-
Tem, all parameters were assumed constant throughout an entire time step. A
quasi-equilibrium was assumed in which water enters the tank 1ifting the oil,
increasing the hydrostatic head of the o0il, and thus increasing the pressure
difference across the penetration. In response to the increased pressure dif-
ference, 0il 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 cases.

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 the 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 Grounding

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 DWT tankers 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 damage widths and lengths can be obtained from the
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Vessel Velocity = 10.0 knots Damage Length = 293.73 ft.
3 Tanks penetrated Damage Width = 17.95 it.
Fraction of Penetration Plugged by Reef = 0.00

Cumulative Oil Volume in Penetrated tank(s) = 17302738.0 gal.

Total Qi Volume Leaked from Vessel = 870984.2 gal.

Flowrate (gal./min.)
Cumulative Oil Volume Drained (gal.)
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FIGURE 2.9. Outflow Plot for Individual High-Energy Case of Vessel Grounding
for 262,000 DWT Tanker

individual plots of each case found in Appendix A. Since this study was only
interested in 0il 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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TABLE 2.].

Damage Extent

Grounding Results for Tankers

Total Volume of

Low-Energy High-Energy Cargo Lost
Velocity = Velocity = % of Cargo Lost High Energy
Tanker DWT 5 knots 10 knots High Energy (gallons)

34,000 No Cargo 2 Tanks 13.4 187,000
Tanks Penetrated
Penetrated

89,700 No Cargo 2 Tanks 7.1 205,000
Tanks Penetrated
Penetrated

225,000 1 Tank 3 Tanks 7.0 1,445,000
Penetrated Penetrated

262,000 1 Tank 3 Tanks 5.0 552,000
Penetrated Penetrated

Time Required for
Hydrostatic Balancing
to be Achieved

Low Energy High Energy
(seconds) (seconds)
N/A 7.8
N/A 3.9
22.9 194

6.5 5.2




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 10).

Very little data are available on actual penetration sizes resulting
from grounding or collision. Some 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 ft?; its damaged areas were considerably larger. It was also stated
that the largest of these holes, of which there were several, was approx-
imately 120 ft’. 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. 1In 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 0il outflow
in the case of grounding is entirely due to the difference in hydrostatic
pressure between the 0il 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-0il that will leak from a single tank. It only determines the time
required for outflow and the number of tanks that are penetrated.

It 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-energy case, one tank is penetrated. In the
high-energy case, the penetration is larger and three tanks are penetrated.
However, it takes 8.5 times longer, 194 seconds compared to 23 seconds, for
hydrostatic balancing to occur in the high-energy case. The outflow time is
dictated by the size of the penetration in the tank with only a fraction of
its length penetrated. Given two different size holes that penetrate multiple
tanks, the penetration that results in the smallest penetration to a single
tank relative to the single tank’s cross-sectional area will yield the longest
outflow time. '

Table 2.2 shows the results obtained for the barges evaluated. The same
results with respect to penetration sizes were obtained for barges as were
obtained for tankers. The amount of damage sustained in terms of the number
of tanks penetrated was less for the barges than for the tankers. Only the
grandfathered case of the 2,713 GT barge had cargo tanks penetrated during the
low-energy collision. No more than one tank was penetrated under any of the
conditions evaluated, and the 2,713 GT (not grandfathered) barge never had a
cargo tank penetrated. The reduced damage can be contributed to several fac-
tors. All of the barges except for the grandfathered 2,713 GT have forward
rakes. The length of these rakes allow for a good deal of energy to be
absorbed before the cargo tanks are reached. Another factor contributing to
the reduced damage is the reduced mass with respect to cargo. A bargé con-
tains no engines, crew, or supporting facilities; therefore, a larger percen-
tage of its total mass is made up of cargo. This reduced mass with respect to
the size of the vessel results in the barge having less kinetic energy at the
time of grounding.

The smaller two barges resulted in no cargo being lost even when cargo
tanks were penetrated. This is because the cargo tanks were loaded to a level
that resulted in the hydrostatic pressure of the water at the bottom of the
barge being greater than the hydrostatic pressure inside the tank. In such a
case, the tanks are referred to as being hydrostatically balanced. The barges
that did lose cargo lost cargo percentages similar to those of the tankers.
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0g°¢

Barge (GT)
628

1,182

1,769

2,713
(Grand-
fathered
Bow Tanks
Carry
Cargo)

2,713
Bow Tanks
are Empty

TABLE 2.2.

Damage Extent

Low-Energy
Velocity =

4 knots

No Cargo
Tanks
Penetrated

No Cargo
Tanks
Penetrated

No Cargo
Tanks
Penetrated

1 Tank
Penetrated
Cargo Leaked

No Cargo
Tanks
Penetrated

(a) Cargo height in tanks is less than that

Tanks.

Grounding Results for Barges

Total Volume of

High-Energy Cargo Lost
Velocity = % of Cargo Lost High Energy

8 knots High Energy (gallons)
1 Tank 0.0(® 0.0(2
Penetrated‘®
1 Tank 0.0(® 0.0/
Penetrated(®
1 Tank 7.22 9,364
Penetrated
Cargo Leaked
1 Tank 11.45 17,516
Penetrated

Cargo Leaked

No Cargo
Tanks
Penetrated

required for hydrostatic balancing.

Time Required for
Hydrostatic Balancing
to be Achieved

Low Energy High Energy
(seconds) ~ _(seconds)
N/A N/A
N/A N/A
N/A 3.5
8.3 2.1
N/A N/A

Water enters Cargo




The relief valves found on tankers were not modeled; some calculations
were performed assuming a specific relief valve (refer to Assumption 18) so
that the qualitative effects of modeling the relief valve could be observed.

The inclusion of the venting model to the tanker grounding cases had a
large impact on the outflow times. The outflow time increased anywhere from 2
to 30 times as long. The main reason for the large difference was due to the
size of the hole. The Targe hole size results in an extremely high initial
flow rate of oil. The change in volume within the tank is much too large for
the relief valve to compensate; therefore, the pressure of the void space is
reduced rapidly, and the oil outflow becomes dependent on the infiow of air
through the relief valve. If the penetration size is reduced by assuming
blockage, the effects of the relief valve are greatly reduced.

The relief valve does reduce the amount of oil leaked from the cargo
tank in the case of grounding. The lower the valve threshold pressure the
lower the amount of o0il released. The lower void pressure reduces the
hydrostatic pressure of the oil at the penetration and allows a higher column
of 0il to exist when hydrostatic balancing is achieved. In most cases, a
threshold pressure of -0.25 psig resulted in 10% to 15% less oil being
reduced.

The actual penetration sizes calculated using the DnVC method are asso-
ciated with a lot of uncertainty. The results do predict the amount of oil
that may be Teaked in the case of grounding. The grounding results also show
which vessels are less likely to result in cargo spillage in the event of a
grounding.

2.4.2 Collision

The plots of collision results for individuals cases are similar to
those found in Figure 2.9. This section contains the overall results obtained
from the parametric study with respect to penetration size. Plots and corre-
sponding tables for penetration sizes of 2, 8, and 50 ft? for each tanker are
included in Appendix A. The same plots are included in Appendix A for barges
with penetration sizes of 0.5, 2, and 8 2.
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For the tankers, calculations were performed for penetration sizes rang-
ing from 2 ft’ to 72 ft?. The results are presented in Figures 2.10 through
2.13 and Tables 2.3 through 2.6. Each plot relates the outflow time to the
penetration size for a specific percentage of cargo lost from the penetrated
tanks. The penetration size in each plot still refers to the total penetra-
tion size. The actual penetration area in each tank is half of this value.
The summation of the results in this form was done to aid in using the results
if additional penetration size data should become available in the future.
The plots allow outflow times to be predicted for a given quantity of oil and
a specified penetration area. Estimations of allowable damage can also be
determined if a specified time 1imit is given to save a corresponding amount
of oil.

Tables 2.3 through 2.6 correspond to Figures 2.10 through 2.13, respec-
tively. Each table Tists the points used to generate the plots. The rapid
discharge of the first 20% of oil in the penetrated tanks is the result of the
hydrostatic head present in the tank initially. By the time 30% of the oil in
the penetrated tanks has been discharged, 0il outflow is the result of water
ingestion. The driving force behind the water ingestion is much less than the
initial driving force.

Figures 2.14 through 2.17 and Tables 2.7 through 2.10 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 significant difference found
with some of the barges is that the first 20% is not lost as quickly when com-
pared to the total outflow time. This is because some of the barges are
hydrostatically loaded; therefore, the initial hydrostatic pressure found at
the water line is less compared to that of tanker loads. This means water
ingestion occurs after a smaller percentage of cargo has leaked.

Table 2.11 lists the frequency of hole occurrence for six penetration
size ranges. Data related to actual penetration and frequency of occurrence
were found to be scarce. The actual source of data used to develop this dis-
tribution is based on unpublished data provided to PNL by the Coast Guard.

Table 2.11 shows that 55% of the penetrations are less than 5 ft’. These
statistical data are very useful in helping to determine ranges of times
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o Tanker Size: 34000 DWT Po_n:tmlon Cantered on Waterline
Tots! Volume of Oil in Penetrated Tanks: 825500 gal.

60 Percentage of Cargo Lost
from Penstrated Tanks

& 10% « 82550 gal.

50 1 O 20% - 165100 gal.
- [0 30% « 247850 gal.
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E
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FIGURE 2.10. Plots of Outflow Time vs. Penetration Area for a
34,000 DWT Tanker in the Case of Collision (with the
penetration on the waterline)

TABLE 2.3. Calculated Qutflow Time for a 34,000 DWT Tanker in the
Case of Collision (with penetration on the waterline)

Percentage of Cargo Lost from
Penetrated Tanks'?®’

10%"" 20%'¢ 30%' 97 50% ¢/
Penetration Area (ft?) (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 53.1 224
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 0i1 in Penetrated Tanks: 825,000 gal

(b) 10% = 82,550 gal
(c) 20% = 165,100 gal
(d) 30% = 247,650 gal
(e) 50% = 412,750 gal
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Tanker Size: 89700 Penetration Centered on Waterline

100 Total Volume of Oil in Penetrated Tanks: 2995000
Percentage of Cargo Lost
80 from Penetrated Tanks

& 10% = 299500 gal.
O 20% = 599000 gal.
{0 30% - 898500 gai.

Outfiow Time (min)

0 20 40 80 80
Penetration Ares (sq. N.)

FIGURE 2.11. Plot of Outflow Time vs. Penetration Area for a
89,700 DWT Tanker in the Case of Collision (with
penetration on the waterline)

TABLE 2.4. Calculated Outflow Time for a 89,700 DWT Tanker in the
Case of Collision (with penetration on the waterline)

Percentage of Carqo Lost from
Penetrated Tapks'®’

10% 20%' 30%'% 50% ¢
Penetration Area (ft%) (min) {(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 0il in Pene- {c) 20% = 599,000 gal
trated Tanks: 2,995,000 gal (d) 30% = 898,500 gal
(b) 10% = 299,500 gal (e) 50% = 1,497,500 gal.
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Tanker Size: 225000 Penetration Centered on Wateriine
Total Voiume of Oll in Penetrated Tenks: 8262000 gal.

Percentage of Cargo Lost
from Penetrsted Tanks
& 10% = 826200 gal.

O 20% = 1652400 gai.

0 30% = 2478600 gai.

Outfiow Time (min)

0 M ¥ T : T d

0 20 40 80 80
Penetration Area (sq. st.)

FIGURE 2.12. Plot of Outflow Time vs. Penetration Area for a
225,000 DWT Tanker in the Case of Collision (with
penetration on the waterline)

TABLE 2.5. Calculated OQutflow Time for a 225,000 DWT Tanker in the
Case of Collision (with penetration on the waterline)

Percentage of Cargo Lost from
Penetrated Tanks'®’

10%"°7 20%' 30%'9T 50%¢’
Penetration Area (ft?) (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 0il in Pene- (c) 20% = 1,652,400 gal
trated Tanks: 8,262,000 gal (d) 30% = 2,478,600 gal
(b) 10% = 826,200 gal (e) 50% = 4,131,000 gal.
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Tanker Size: 262000 DWT Penetration Centered on Waterline

Total Volums of Oll in Penetrsted Tanks: 7317000 gal.
Percentage of Cargo Lost
from Penetrated Tanks
80 4
4 10% = 731700 gal.
O 20% = 1453400 gal.
1 O 230% = 2195100 gal.
T
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Penetration Area (sq. ft.)

FIGURE 2.13. Plot of Outflow Time vs. Penetration Area for a
262,000 DWT Tanker in the Case of Collision (with
penetration on the waterline)

TABLE 2.6. Calculated Outflow Time for a 262,000 DWT Tanker in the
Case of Collision (with penetration on the waterline)

Percentage of Carqo Lost from
Penetrated Tanks'®’

10%°" 20% 30%'% 50% ¢’
Penetration Area (ft%) (min) (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 0il in Pene- (c) 20% = 1,463,400 gal
trated Tanks: 7,317,000 gal (d) 30% = 2,195,100 gal
(b) 10% = 731,700 gal (e} 50% = 3,658,500 gal.
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Barge Sikze: 628 GT Penetration Centered on Wsteriine

50 1

Outfiow Time (min)
8

20 1

Totai Volume of Ol In Penetrated Tanks: 135300 gal.

Percentage of Cargo Lost
from Penetrated Tanks

& 10% = 13530 gal.
O 20% « 27060 gal.
[ 30% = 40590 gai.

FIGURE 2.14.

6 8 10 12

N -
»

Penetration Area (sq. ft.)

Plot of Outflow Time vs. Penetration Area for a
628 GT Barge (with penetration on the waterline)

TJABLE 2.7. Calculated Outflow Time for a 628 GT Barge in the Case
of Collision (with penetration on the waterline)
Percentage of Cargo Lost from
Penetrated Tapks'®’
10%°’ 20%’ 30%'¢ 50% ¢’
Penetration Area (ft%) (min) (min) (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 0il in Pene- (c) 20% = 27,060 gal
trated Tanks: 135,300 gal (d) 30% = 40,590 gal
(b) 10% = 13,530 gal (e) 50% = 67,650 gal.
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Barge Size: 1182 GT Penetration Centered on Waterline
Total Voiume of Oll In Penetrated Tanks: 214200 gsl.

Percentage of Cargo Lost
from Penetrated Tanks
4 10% = 21420 gal.

60 4 O 20% = 42840 gal.
[ 30% = 64260 gal.

Outflow Time (min)

T LE v L] L} L]
0 2 4 6 8 10 12
Penetration Area (sq. ft.)

FIGURE 2.15. Plot of OQutflow Time vs. Penetration Area for a
1,182 GT Barge (with penetration on the waterline)

TABLE 2.8. Calculated Outflow Time for a 1,182 GT Barge in the Case
of Collision (with penetration on the waterline)

Percentage of Cargo Lost from
Penetrated Tanks'?’

10%'°’ 20%'°’ 30%'% 50% "’
Penetration Area (ft?) (min) (min) {min) (min)
0.500 54 128 202 351
1.000 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 0il 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 gatl.
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Barge Size: 1789 GT

Penetration Centered on Waterline

Totai Voiume of Oll in Penetrated Tanks: 250200 gal.
50 - Percentage of Cargo Lost
from Penetrated Tanks
A 10% = 25920 gal.
O 20% = 51840 gal.
- “7 0 30% « 77760 gal.
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FIGURE 2.16. Plot of Outflow Time vs. Penetration Area for a
1,769 GT Barge (with penetration on the wateriine)
TABLE 2.9.

Calculated Qutflow Time for a 1,769 GT Barge in the Case

of Collision (with penetration on the waterline)

Percentage of Carqo Lost from

Penetrated Tanks'®’

10%° 20% '’ 30%9 50% <’
Penetration Area (ft?) (min) {min) (min) (min)
0.500 16 50 139 318
1.000 8.2 26 75 175
2.000 4.2 13 39 9]
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 0il in Pene- (c) 20% = 51,840 gal
trated Tanks: 259,200 gal (d) 30% = 77,760 gal
(b) 10% = 25,920 gal (e) 50% = 129,600 gal.
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Barge Size: 2713 GT Penetration Centersd on Waterline

40 Total Volume of Oli in Penetrated Tanks : 306000 gal.

+ Percentage of Cargo Lost
trom Penetrated Tanks

& 10% « 30600 gal.
30 4 O 20% = 61200 gal.
[ 30% = 91800 gal

Outfiow Time (min)
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FIGURE 2.17. Plot of Outflow Time vs. Penetration Area for a
2,713 GT Barge (with penetration on the waterline)

TABLE 2.10. Calculated Outflow Time for a 2,713 GT Barge in the Case
of Collision (with penetration on the waterline)

Percentage of Cargo Lost from
Penetrated Tanpks'?’

10%"" 20%' 30%'% 50%
Penetration Area (ft?) (min) (min) (min) (min)
0.500 16 38 122 333
1.000 1.8 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 0il in Pene- (c) 20% = 61,200 gal
trated Tanks: 306,000 gal (d) 30% = 91,800 gal
(b) 10% = 30,600 gal (e) 50% = 153,000 gal.

2.40




available in deploying self-help methods. It 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, lable 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
relief valves could be observed for both cases of independently vented tanks
and manifolded tanks. Relief valves help to lower the hydrostatic head of the
0il 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. When the void pressure reaches the relief valve’s mini-
mum threshold 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 DWT tanker 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 DWT are 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
Jjust 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.

It 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. It 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. Distribution of Penetration Sizes in Actual Accidents

Penetration Frequency of
Area (ft?) Hole Occurrence (%)
<1 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. Qualitative Effects of Venting ?W 0i1 Outflow Time for
Individually Vented Cargo Tanks'?

% of Cargo

Lgsked fro¥ Penetra%ed Tanks
10% 20% 30% 90%"®

Penetration

Venting Conditions Area (ft°) (min) (min) {min) (min)
Relief valve not modeled 2 21 57 292 1846
P =P 8 5.3 14 75 463
Thresh — ~Atm 50 0.9 2.5 13 75
Relief valve 2 21 60 314 1868
CQ = 0.8 8 5.5 16 81 469
Diameter = 10 inqhes 50 1.3 4.6 15 77

Prhresn = -0-25 psig
Relief valve 2 22 80 338 1892
CD = 0.8 8 5.7 22 87 475
Diameter = 10 iqches 50 1.3 5.3 16 78

Prhresh = ~0-5 Psig

(a) This is for a 89,700 DWT Tanker 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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JABLE 2.13. Qualitative Effects of Venting on Qi1 Outflow Time for
Tanks with Manifolded Void Spaces!®

% of Cargo
Leaked from Penetrated Tanks

Penetration 10%55;5 20%'7  30%'9  90%™®

Venting Conditions Area (ft?) (min) (min) (min) {min)

Relief valve 2 21 62 316 1870

CD = 0.8 8 5.5 16 81 469

Diameter = 10 inches 50 1.5 6.7 17 79
P = -0.25 psig

Thresh 2 22 83 341 1895

Relief valve 8 5.7 23 87 476

CD = 0.8 50 1.5 6.9 17 79

Diameter = 10 inches

pThresh = -0.5 psig

(a) This is for a 89,700 DWT Tanker 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.

similar relief valve conditions. One might expect the manifolded void spaces
to yield smaller outflow times due to the increased volume of cover gas ini-
tially at 2 psig. However, the tank vent leading to the manifold creates a
large enough pressure drop to negate the effects of the increased pressurized
volume as a driving force. The flow resistance of the tank vent results in
conditions similar to that of a tank with an independent relief valve.

Although the manifold system used in the calculations was not designed
specifically for the 89,700 DWT, it is similar to systems aboard other vessels
and complies with 46 CFR Part 32, Sections 32.55-20 and 32.55-25.

2.5 CONCLUSIONS

The outflow calculations provide relationships between penetration size
and time-dependent outflow and information to aid in determining the
requirements of self-help methods.

In the case of groundings, the outflow times are extremely short due to
overly conservative methods of predicting penetration sizes. 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 ENVIRONMENTAL LIMITATIONS FOR SELF-HELP COUNTERMEASURES

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 waterways (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: 1) barges cannot maneuver
without a towing/pushing vessel, 2) they have less freeboard than most tankers
working cffshore waters, and 3) barges carry limited auxiliary equipment for
handling topside or over-the-side gear.

3.1 COUNTERMEASURE TYPES

Table 3.1 lists 45 countermeasures proposed to the U.S. Coast Guard
Research and Development Center subsequent to the EXXON Valdez 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
bottom 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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TABLE 3.1. Self-Help Countermeasures Proposed to the Coast Guard

Research and Development Center 1989-1991

Prop PNL
No. Classification Comments
1 Boom Boom encircles tanker, skimmers remove o0il
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 Boom tethered to deck
18 Boom Encircling boom
21 Boom Encircling boom/envelope
23 Boom Tethered boom
25 Boom Encircling boom
28 Boom Tethered encircling boom
29 Boom Boom deployed by a smail boat
32 Boom Boom & onboard skimmer
33 Boom Boom
34 Boom Tethered boom
36 Boom Encircling boom
4] Boom Booms
42 Boom Booms
44 Boom Encircling boom
45 Boom Encircling boom
3 Envelope Booms deployed by lifeboats & ocean surface pumps
used to pick up spilled oil
9 Envelope Boom (w/0 vertical extension) tethered to tanker
11 Envelope External lining enveloping tanker
22 Envelope N/A
31 Envelope Encircling boom
13 Skirt Curtain dropped from deck & fastened to deck edge
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TABLE 3.1. (contd)

Prop PNL
No. Classification Comments
26 Skirt Skirt
5 Bladder Pump oil from ruptured tank into external bladder
so net flow is into tank
6 Bladder Pump 0il from ruptured tank into external bladder
16 Bladder Pump oil out of ruptured container so that net
flow is into tank. Pumped oil is stored
internally or externally
20 Bladder 0i1 transferred to other on deck tank or external
bladder
19 Patch with Pump attached to outside of tanker rupture
Plumb
2 Liner Hull liner
10 Liner Hull design with trailing skimmer
40 Adsorbent Absorbent material used to immobilize oil
7 Unclassified N/A
8 Unclassified Not sufficiently described
24 Unclassified N/A
27 Unclassified N/A
30 Unclassified N/A
35 Unclassified Not sufficiently described
37 Unclassified Not sufficiently described
38 Unclassified Boom
39 Unclassified Not sufficiently described
43 Unclassified Pumps & bladders supplied by another vessel
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FIGURE 3.1. Self-Help Countermeasure Classifications

proposed technologies are of this generic type. Oceanographic and meteoro-
Togical 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 0il and water below the boom, and allow it to escape
containment. The depth to which 0il mixes is a function of oil properties,
mainly density and viscosity, water temperature, wave height, and current
speed.

To be effective, a boom must 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 with respect 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. O0il 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.

3.5




Adsorbents are materials designed to immobilize spilled oil in or near a
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 SCENARIO DEVELOPMENT

The working definition of an environmental scenario is: a set of pre-

scribed conditions that have a high probability of occurring and could reduce
the effectiveness of self-help measures. An example scenario for Norton Sound
in the Bering Sea in January is: 1/2-m thick first-year ice (30% coverage),

winds averaging 25 knots, air temperature -15°C, blowing snow, 1-m wind waves,
and 4 hours of daylight. The scenarios are intended to répresent oceano-
graphic conditions for the coastal waters of the United States out to 200 nm,
the Economic Exclusion Zone (EEZ), estuaries, intracoastal waterways, major
rivers, and parts of the Great Lakes where o0il is transported by tanker or
barge. Because U.S. coastal waters encompass oceanographic regimes ranging
from ice-infested arctic seas (Beaufort, Chukchi, and Bering Seas) to the
tropical waters of southern Florida, a range of scenarios is required. 1In
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 1imit 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 0il-spill trajectory and surface-current forecasting is that the speed of
0il 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. O0il-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 0il 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 o0il. 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. ‘

Superstructure icing can render equipment inoperable or hazaidous 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 range 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 causing 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 *ide can
make placement of countermeasure equipment difficult.

Low visibility and limited daylight 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 cil.

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:

e Zone 1, Eastport, Maine, to Cape Hatteras

e Zone 2, Cape Hatteras to Key West, Florida
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3, Key West, Florida, to Brownsville, Texas

4, San Diego to Eureka, California

e Zone 5, Eureka, California to Ketchikan, Alaska
6, Ketchikan to Dutch Harbor

e Zone 7, Dutch Harbor to Demarcation Bay (Alaskan Beaufort Sea)

e Zone 8, The Great Lakes

o Zone 9, Intracoastal waterways and rivers.

The Intracoastal Waterway connects centers of maritime commerce from New
York to Brownsville, Texas, with a system of protected channels more than
2,700 nm long. Major oil terminals exist at a few locations along the water-
way (e.g., the lower Delaware, Atchafalaya and Calcasieu Rivers, Port Arthur,
and Galveston Bay, Texas). The scenario for Zone 9 was developed for the
lower Delaware River because the largest volumes of crude oil are conveyed
there (Waterbourne Commerce 1989a).

FIGURE 3.2. 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 272 oceanographic atlases, NOAA
National Data Buoy Center (NDBC) data s..ma»!e., 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 CFDs were 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) conditions were represented by the 50th percentiles of the
CFDs, and winter (inclement) conditions were represented by the 90th percen-
tiles. The 50th percentile is the wind/current speed, 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 provide a good
base function for evaluating success and failure. For example, based on engi-
neering data, a threshold parameter value can be selected for a piece of
equipment which if exceeded will cause it to fail or become ineffective. The
CFD for that parameter can then be used to estimate the percent of time the
failure condition or ineff..ient operation will likely occur.




Wind Speed: Cumulative frequency distributions for winds recorded by
NDBC buoys (NOAA 1990a) were used to estimate probable winter and summer wind
speeds. Summer wind 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 Height: Cumulative frequency distributions for significant wave
heights recorded by NDBC buoys 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. Summer wave
heights were estimated by the 50th cumulative percentile, and winter wave
heights were estimated by the 80th cumulative percentile. Wave data 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 conditions are less important than wind and current speeds in eval-
uating self-help measures for river navigation. On rivers and the intra-
coastal waterway, the sea state will depend heavily on local wind and fetch
conditions. Fetch lengths can easily vary from several hundred to several
thousand meters over a period of a day or more as storm systems transit a
navigation area. But fetch length usually limited wave growth, and wind-wave
periods are generally less than 3 seconds in protected waters.

Surface Currents: Cumulative current-speed frequency distributions were

developed from multi-year, near-surface current meter records. Summer current
speeds were estimated by the 50th cumulative percentile, and winter current
speeds were estimated by the 90th percentile.

Surface current data of the type used to analyze offshore and tidal cur-
rent speed statistics are limited for the Great Lakes. It was, therefore, not
possible to generate CFDs. Surface circulations in the Great Lakes differ
from of fshore waters because there are no density gradients caused by salinity
variation or significant astronomical tides. Surface currents in 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 NDBC Buoy 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 CFD was 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 1 through 3.

Sea Ice: NASA satellite 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 NDBC buoys for January (March for Lake Michigan) and August were

used to estimate winter and summer values, respectively.

Visibility, Precipitation, Superstructure Icing: 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 common in the Gulf of Mexico
(Zone 3). It 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 common in 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-lLevel Fluctuations: TIDE 1 software was used to generate tidal

range statistics. The values given in the scenarios are the maximum tidals 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 are 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 SCENARIO DESCRIPTIONS

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 summer may be marginally or completely ineffective, or too
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hazardous to consider in the winter. Conditions that have a low probability
of occurring in a zone, such as sea ice, superstructure icing, and low visi-
bility, are not listed.

The tables presented in this section list weather and oceanographic con-
ditions that are considered likely for U.S. navigable waters. They provide a
way to factor physical conditions into analyses of the effectiveness of self-
help countermeasures.

It is important to know the limitations of these tables. First, the
numbers for wind and current speeds, wave heights, etc., do not represent
forecasts for a particular location or time. Second, winter and summer are
generic scenarios because it is generally true that inclement weather and sea
conditions occur in winter, and milder conditions occur in summer in the mid
latitudes. Hurricanes, persistent dense fog, and torrential rains are three
obvious exceptions to the generic association of summer with mild conditions.
The main utility of the tables is for the selection parameter ranges for
analyzing how well a particular countermeasure might perform in a particular
geographic area. For example, skimmers do not operate efficiently in waves
greater than about 2.0 ft or currents faster than about 0.9 knots; however,
these conditions can be expected in many zones. It is therefore reasonable to
expect inefficient skimmer operations at many potential spill sites in exposed
U.S. waters. Section 5.0 and the model runs in Appendix D provide a more
detailed treatment of how the information in Tables 3.2 through 3.10 can be
used in the evaluation of countermeasures.

3.4 SEA AND LAKE ICE

Zone 7 is ice infested every winter. O0il 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. 0il 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
reasons, a general assessment of the effects of sea ice on countermeasure
effectiveness is provided in this section.
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TABLE 3.2. Zone 1, Eastport, Maine to Cape Hatteras

Winter Summer
Primary Conditions
Wind Speed® 24 kn 13.5 kn
Sea State (H an’ 3.57 m 1.5m
Current Speed'™ 0.46 m/s (0.89 kn)  0.22 m/s (0.43 kn)

Secondary Conditions

Air Temperature(® 7.5°C 23.8°C
Sea Surf?%e Temperature!® 14.8°C 25.5°C
Daylight'® 9.3 h/d 15.0 h/d

Tidal Range!®’

1.3 m
Tidal Current Speed® 0.33

4.2
0.64 m/s (0.64 - 1.24 kn)

(a) NDBC Buoy No. 44004 (NOAA 1990a).

(b) 106-mile Site. Battelle Ocean Sciences. Draft. Winter
Survey of Selected Areas in the New York Night in Support
of Designation of an Alternative Mud Dump Site.

(c) TIDE 1 and 2 (Micronautics 1991).

TABLE 3.3. Zone 2, Cape Hatteras to Key West, Florida

Winter Summer
Primary Conditions
Wind Speed® 18 kn 9.7 kn
Sea State (H ) 2.6 m 1.3 m
Current Speed'™ No Data 0.33 m/s (0.64 kn)

Secondary Conditions

Air Temperature® 19.5° 27.9°C
Sea Surf?ge Temperature 23.0°C 28.9°C
Daylight'c 10 h/d 14 h/d
Precipitation!? - >0.01 in. in 24 h

(a) NDBC Buoy No. 41006 (NOAA 1990a).

(b) Battelle Ocean Sciences. Draft Final Report. The Physical
Oceanography of the U.S. Atlantic and Eastern Gulf of Mexico.
Volume II.

(c) TIDE 1 (Micronautics 1991).

(d) NOAA 1989a.




TABLE 3.4.

Zone 3, Key West, Florida to Brownsville, Texas

Winter Summer
Primary Conditions
Wind Speed‘® 19 kn 10 kn
Sea State (H %ga’ 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(® 20.5°C 28.7°C
Sea Surf?ge Temperature(®’ 23.8°C 29.6°C
Daylight'® 10.3 h/d 14 h/d
Precipitati?q‘“ - >0.01 in. in 24 h
Tidal Range'® 0.7 - 1.0m
Tidal Current Speed‘®! 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 1 and 2, Houston & New Orleans (Micronautics 1991).

(d) NOAA 1989b.

TABLE 3.5. Zone 4, San Diego to Eureka, California
Winter Summer

Primary Conditions
Wind Speed® 17.5 kn 8.5 kn
Sea State (H %“’ 3.0m 1.6 m
Current Speed'™ 0.61 m/s (1.19 kn) 0.36 m/s (0.70 kn)
Secondary Conditions
Air Temperature(® 11.1°C 13.7°C
Sea Surf?se Temperature® 11.9°C 14.4°C
Daylight'c 9.5 h/d 15.0 h/d
Tidal Range!®’ 2.7 m
Tidal Current Speed' 0.81 m/s (1.57 kn)

(a) NDBC Buoy No. 46012 (NOAA 1990a).
(b) EG&G (1989, 1990a, 1990b).

(c) TIDE 1 and 2, Golden Gate, CA, (Micronautics 1991).




TABLE 3.6. Zone 5, Eureka, California to Ketchikan, Alaska

Winter Summer
Primary Conditions
Wind Speed‘® 23.5 kn 13.5 kn
Sea State (H ) 4.4 m 2.1m
Current Speea No data No data
Secondary Conditions
Air Temperature!® 8.9°C 15.3°C
Sea Surface Temperature!® 10.0°C 16.1°C
Daylight® 8.4 h/d 16.2 h/d
Tidal Range(” ) 3.3 m
Tidal Current Speed() 0.36 m/s (0.70 kn)

(a) NDBC Buoy No. 46005 (NOAA 1990a).
(b) TIDE 1 and 2, Strait of Juan de Fuca, WA (Micronautics 1991).

TABLE 3.7. Zone 6, Ketchikan to Dutch Harbor, Alaska

Winter Summer
Primary Conditions
Wind Speed® 27 kn 17 kn
Sea State (H_) 4.5m 2.2 m
Current Speea No data No data
Secondary Conditions
Air Temperature'® 3.3 12.4°%C
Sea Surfase Temperature!?® 4.7°C 12.9°C
Daylight 6.8 h/d 18 h/d
Tidal Range!® . 5.4 m
Tidal Current Speed() 0.31 m/s (0.60 kn)

(a) NDBC Buoy No. 46001 (NOAA 1990a).
(b) TIDE 1 and 2, Prince William Sound entrance, Cape Bear, Alaska
(Micronautics 1991).
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TABLE 3.8. Zone 7, Dutch Harbor to Demarcation Bay (Alaskan Beaufort Sea)

Winter Summer
Primary Conditions
Wind Speed'® 23 kn 13 kn
Sea State (Hs}é) No Data 2.2 m
Current Speed'™ No Data 0.25 m/s (0.49 kn)
Superstrwcture Icing Yes No Data
Sea Ice'S 1 m/60% No Data
Secondary Conditions
Air Temperature(® -14.1°C 7.4°C
Sea Surf?ge Temperature® 2.5°C 11.0°C
Daylight'® 4 h/d 22 h/d
Visibility!® ] Fog
Precipitation(® - >0.01 in. in 24 h
Snow Yes -
(a) NDBC Buoy No. 46016 (NOAA 1990a).

(b)

EG&G. 1985. Meteorological and Oceanographic Monitoring in St.
George Basin, Summer-Fall 1984 RAT No. 1 Well. ARCO Alaska, Inc.,
Anchorage, Alaska.

NORTEC. 1985. Meteorological & Oceanographic Data Acquisition
Program. OCS-Y-586, Package #1 Navarin Basin, Bering Sea, Alaska
ARCO Alaska, Inc., Anchorage, Alaska.

Parkinson et al. 1987.

NOAA 1989c.

TIDE 1 (Micronautics 1991).




TABLE 3.9. Zone 8, Great lLakes

Winter Summer
Primary Conditions
Wind Speed® 13.4 kn 8.2 kn
Sea State (H }‘a’ 1.1 m <0.5m
Current Speed'® 0.20 m/s (0.29 kn)  0.12 m/s (0.23 kn)
Supfrstructure Icing Yes -
Ice!® 0.3 m/20% -
Secondary Conditions
Air Temperature®) 2.3°%C 21.5°C
Water Tewgerature‘a) 2.6°C 22.0°C
Day]?qht 9 h/d 13.5 h/d
Snow'€ Yes -

(a) NDBC Buoy No. 45007 (NOAA 1990a).
(b) Average Wind Speed X 0.03.

(c) NOAA 1983.

(d) TIDE 1 (Micronautics 1991).

(e) NOAA 1991b.

JABLE 3.10. Zone 9, Intracoastal Waterways and Rivers

Winter Summer

Primary Conditions
Wind Speed'® 13.4 kn 8.2 kn
Sea State (H l(b) <0.5 m ) <0.25 m
Current Speed'®) (m/s) 0.50 m/s (2.4 m/a:)) 0.50 m/s (2.4 m/?(“)
Current Speed'®) (kn) 0.97 kn (4.66 kn'%) 0.97 kn (4.66 kn'?)
Secondary Conditions
Air Temperature® 0.8°C 23.8°C
Water TemBerature") 2.3°%C 26.0°C
Daylight 9.4 h/d 13.1 h/d

(a) NOAA 1991a.

(b) Personal Observations.

(c) TIDE 1 & 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 0.1-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 more than 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 Distribution in the Bering, Chukchi, and Beaufort 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 April, and by June only traces of ice
remain in the northern coastal regions of Norton Sound. At the maximum cover-
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 Ice in The Great Lakes

Ice begins to form in shillow coves and inlets of the Great Lakes begin-
ning in December and persists until early April. Winter winds blow ice floes
offshore where they can be a hazard to navigation. Average ice thickness and
percent coverage in the offshore waters are considerably less severe than for
Zone 7; however, the possibility of encountering ice during winter should be
considered in the evaluating self-help measures for Zone 8. In shallow, pro-
tected waters, ice concentrations can exceed 50% and ice can be as much as 1 m
thick as a result of rafting and ridging (NOAA 1983).

3.4.3 0il Behavior _in Ice-Infested Waters

In ice-free waters, the major processes effecting spilled-oil behavior
are gravitational spreading, advection by surface currents, transport by wind
stress, and evaporation (Payne et al. 1987). Because it forms a partial bar-
rier to spreading and wind transport, sea ice has a major effect on the oil
behavior when the percent coverage is larger than about 30%. O0il composition,
air and water temperature, and near-surface turbulence all exert secondary
effects on 0il transport when there is wind, waves, and currents at a spill
site. Evaporative losses of fuels and volatile components of crude o0il are
substantial within the first 24-48 hcurs following a spill.

Sea ice is a major factor in countermeasure design because of its direct
effect on spilled-~ : behavior and the limitations it imposes on the selection
and deployment of equipment over the side. Each prospective self-help tech-
nology must be evaluated for multiple scenarios where the surface extent,
thickness, and mixture of ice types are varied. The proximity of the sea ice
to the tanker may bar deployment and/or effective operation of a given
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countermeasure. Moreover, the efficacy of a particular technology may depend
on whether 0il is spilled directly onto, beneath, or immediately adjacent to
an ice floe.

The spreading behavior of oil spilled directly onto ice is affected pri-
marily by the surface roughness of the ice and the volume of spilled oil. In
the case of small spills, the oil may be adequately contained by surface
irregularities. The effects of low temperature and/or ice salinity may be
important for self-help technologies which are sensitive to changes in oil
viscosity. 0il released beneath ice tends to float into cavities in ice bot-
tom. Within a matter of only a few days this oil will be entombed by the
growth of new ice and will remain essentially unweathered until the ice begins
melt and breakup (Ross 1983; NORCOR 1975). At this time, trapped oil will
migrate to the surface through fractures and channels. Effective containment
of oil spilled onto or underneath of ice may be further confounded by the

movement of the floe.(?

Temporal and spatial variability in the formation
and breakup of ice and the velocity and trajectory of floe movement contribute

additional uncertainty in planning effective countermeasure strategies.

In the absence of waves and high currents, o0il spilled in open water
will not be carried beneath floes, but rather will be herded against the ice
resulting in a relatively greater thickness of oil than that which would be
achieved when ice is not present (Ross 1983). The extent to which this may
aid in the initial containment of o0il depends largely on whether subsequent
efforts to recover the oil are physically inhibited by the nature and prox-
imity of the ice.

Turbulence generated by wind stresses, waves, and currents produce a
stable oil-water emulsion called "mousse." Mousse can be produced within a
matter of hours following a spill (Bridie et al. 1980). The processes associ-
ated with ice formation and movement may enhance both the rates of dispersion

(a) Information obtained from a presentation handout prepared in 1989 by
Engineering Computer Optecnomics, Inc., for the Alaska 0il Spill
Commission, Anchorage, 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 impact of sea ice-o0il interactions on the utility of different
containment/cleanup technologies is difficult to predict. Much of this uncer-
tainty can be attributed to the variable effect of sea ice on oil movement.
Ice can act as a physical barrier effectively restraining the movement of oil,
or greatly enhance transport and dispersion in cases where 0il is entrained
within moving ice floes. Effects of temperature and brine incorporation on
the chemical and physical properties of oil may be important for some counter-
measures, especially those which are based on o0il 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 driven by environmental conditidhs 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 Ranges

Wind Speed 8.2 to 27 kn

Sea State (H.) <0.5 to 4.5 m

Current speea 0.12 to 2.4 m/s (0.23 to 4.66 kn)
Sea/lake ice None to 60% coverage of l1-m ice
Superstructure Icing None to 50% chance of occurrence

Seasonal and geographic variation of conditions in U.S. waters probably
warrants region-specific system designs. Systems that will be effective for
all seas and all seasons seem impractical. The determination of critical
environmental conditions that could render the performance of a particular
countermeasure unacceptable involves complex and interrelated system and
design attributes. For this reason, the environmental scenarios developed for
this study should be used with other criteria, including flow rates, naviga-
tion situation, and human factors to evaluate countermeasure efficacy.
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4.0 HUMAN FACTORS

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
assessment is necessary.

It is particularly important to conduct such an assessment in the early
stages of countermeasure development to identify potential mismatches between
countermeasure requirements and crew knowledge, skill, and ability. An over-
riding question in this study is the extent to which existing or reduced crew
would be able to perform additional pollution control tasks during damage
control.

4.1 APPROACH

The principal aim of the human factors portion of this study is to
determine the extent to which proposed countermeasure technologies can be
employed by the existing crew of a tanker or tug. A corresponding goal is to
determine the impact of reduced manning scales on the potential utility of
onboard countermeasures.

To address these questions, it was necessary to undertake a preliminary
function and task analysis of emergency operations as conducted aboard tankers
and barges. Function and task analysis identifies the major activities and
their components performed by various crew members during "damage control and
salvage operations." Further, such an analysis can be used to identify safety
and training issues associated with performance, and any new requirements that
may result from onboard countermeasures. The general process of function and
task analysis is shown in Figure 4.1.
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FIGURE 4.1.

the proposed technologies.
on the DIALOG system and through a bibliographic search in the University of
Washington library system.
Affairs Research Center (HARC) library and through contacts with the Marine

$9203026.1

Human Factors Approach to 0il Spill Countermeasure Evaluation

The main tools employed in the preliminary function and task analysis
were literature review, interviews with experts, and human factors analysis of

Source literature was identified through a search

Documents were retrieved by staff in the Human

Board of the National Academy of Sciences.

Interviews with experts were set up through a process of networking
through the Seattle maritime community, based on initial contacts with the
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Coast Guard 13th District, the Seattle Community College Maritime Training
Program, and personal ~ontacts within the maritime industry. The following
personnel were interviewed:

e newly licensed chief mate unlimited with tanker experience

o area operations coordinators of two major oil shipping companies
(one former master unlimited)

e« one 2nd mate unlimited with tanker experience
o one master unlimited with primarily cargo ship experience

e one master unlimited employed by a major oil shipping company
(onboard tanker interview)

e the fleet services manager, senior marine advisor, engineering and
electrical support head, the regulatory compliance and environ-
mental coordinator advisor, and the government relations head of a
major oil shipping company (group telephone interview)

e the assistant fleet manager and the safety, training, and environ-
ment manager of a major oil shipping company (group telephone
interview)

¢« Chief of the Marine Safety Division, Marine Safety Office, Seattle

e Chief of the Inspections Department, Marine Safety Office, Seattle

e Captain of the Port, U.S. Coast Guard 13th District

e president of a Seattle-based marine salvage company

e tug boat captain with extensive barge and cleanup experience

e director of bulk petroleum products for a major towing company

o safety and training director for a major towing company.

The interview format evolved from a fairly unstructured discussion, in
order to learn what questions to ask, to a structured protocol. The questions
from this protocol are as follows:

1. What is the typical crew structure of your company’s tankers (tugs)?

Please also consider potential reductions in manning as a result of
automation.

2. What damage control and salvage activities do each of the crew members
perform in the event of an emergency, such as a collision or grounding?
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3. What types of training are provided to the various crew members in the
area of emergency response and poliution control?

4. In the event that shipboard damage has been controlled, what activities
would the crew be engaged in?

5. Does your company currently utilize any onboard self-help oil spill
countermeasures?

6. What are the physical limitations (e.g., ship size, structure) in the
use of potential onboard countermeasures? Where is the limitation in
crew structure--supervision or labor?

7. Are there any potential onboard self-help countermeasures that you can
suggest, and under what circumstances would they be employed?

The following sections present the results of the literature review and
the interviews that have been conducted to date. Appendix B contains details
of the human factors analysis of the proposed countermeasures.

4.2 HUMAN FACTORS AND SAFETY IN MARITIME OPERATIONS

The Titerature review identified a large number of sources concerned
with the general issue of human factors and safety in maritime operations.
While a complete review of this material is beyond the scope of the current
project, it is worthwhile to briefly consider some of the major human factors
issues associated with maritime operations, since these will have a bearing on
the safety of tanker operations.

Safety analyses conducted by the Maritime Administration and the
National Research Council in the middle 1970s and early 1980s suggest that
human error contributes to 85% of maritime accidents. In 1976, the Maritime
Transportation Research Board reported an initial investigation into human
factors in marine accidents (MTRB 1976). Inattention was listed on a survey
of mariners as an important cause of accidents. Thirteen categories of human
error were identified, but were not ranked according to frequency of the cause
or the types of accidents most likely to result. A subsequent study by the
same organization published in 1981 developed more detail on maritime tasks,
the potential human errors, and research requirements to alleviate error
potentiai (MTRB 1981).
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An analysis of maritime accidents by the National Transportation Safety
Board (1981) analyzed the causes of 82 major marine accidents, and recommended
an enhanced research program to better identify the contribution of the human
operator. More recent work by the National Research Council (1991) indicates
that overall safety in the maritime industry is improving, but the human fac-
tor remains largely ignored. Despite the earlier demonstrations of the need
for research to develop solutions to human factors problems, government and
industry did not respond with a vigorous program. The 1991 report reiterates
the need for such research-based sclutions and proposes a relatively compre-
hensive approach. The basis of the research program would be a functional
analysis of shipboard operations, development of a task-based tool for manning
decisions, development of user-centered automation to ensure proper operation,
and implementation of watch assignments that would reduce fatigue.

4.2.1 Shipboard Operations

Research into shipboard operations has focused almost exclusively on the
physical tasks performed by the crew, such as cargo loading and unloading,
record keeping, equipment maintenance, and navigation. However, as previous
research has shown, cognitive factors are often implicated in groundings and
collisions. For example, inattention during a watch or the improper plotting
of a course or position can have disastrous consequences. Similarly, oper-
ation of highly sophisticated equipment that has multiple modes (e.g., auto-
pilot) can lead to errors due to lack of proper feedback or misinterpretation
of operation. Future research in human 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.

4.2.1.1 Manning Scales

Shipboard manning is an area of developing concern with the increasing
economic and technological pressure to réduce 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
rat:ng level personnel are specified in 46 CFR parts 10-12.

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 sate opera-
tion, but the country of certification determines watch 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. It 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-
tions performed by crew members when not on watch (USCG 1989b).

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 need 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
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TABLE 4.1. Manning Scales for United States, Federal Republic

of Germany, and Japan (NRC 1991)

German "Ship of the
Future Design"
Early 1980s

Federal
Republic
of United
Germany States
Master 1 1
Chief Mate 1 1
2nd Mate 1 1
3rd Mate 1
Unlicensed deck 6
personnel
Chief Engineer 1 1
Ist Asst. Eng. 1 1
2nd Asst. Fng. 1
3rd Asst. Eng. 1
Electrician 1
Boatswain 1
Unlicensed eng. 3
personnel
Maintenance personnel
General purpose crew 4
Dual-licensed officer
Stewards/catering
personnel 2 3
Radio officer 1 1
TOTAL 14 21

4.7

Japanese
"Pioneer"
Ship Design

Late 1980s
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propulsion with diesel. Deck department 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
monitoring 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 Fatique

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 for 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 among mariners, that can lead to
degraded performance.

The recent introduction of the work hour limitations of the 0il 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 HUMAN FACTORS AND SAFETY IN TANKER AND TUG/BARGE OPERATIONS

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. It appears that many of the
operational practices 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 Manning 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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tankerman training requirement applies to barges, in practice. No additional
certifications are required for officer licensing beyond the 1600 GT level.

As a recent study by the Tanker Safety Study Group (USCG 1989b) points out, it
is no longer the case that a master of a coastal tanker is qualified to
command a liquid natural gas (LNG) or ultra-large crude carrier (ULCC) ship.
Thus, the current licensing system "does not reflect the qualifications of the
individual holding the license." The shipping industry has taken
responsibility for ensuring that the crew is qualified for their positions.

Tanker size has little impact on the crew size of U.S. ships. The
tankers observed for this study were 70,000 DWT and 810 feet long, and main-
tained a crew of 24 (2 more steward department personnel than typical); this
crew size may be the same or smaller on more modern larger ships, since newer
ships can be certified for unattended engine room operation, and would have
more modern cooking facilities.

Discussions with the various interviewees indicated that they did not
anticipate any reductions in manning scales for their ships in the near
future. The largest crew size observed was the one mentioned above--24
(Company A); the other two oil shipping companies maintained crew sizes of
19--25 (Company B and C), depending on ship design, trade location, and trad-
ing pattern. Company C had recently added three crew members (an able-bodied
seaman, engineer, and steward) to reach the crew size of 19; this recent
addition of crew members was done in order to meet the requirements of
OPA 1990 stating that no crew member shall work more than 15 hours within a
24-hour period, or 36 hours within a 72-hour period. Company A maintains a
maximum 12-hour day for all personnel in order to accommodate the OPA 1990
requirement.

The Tanker Safety Study Group (USCG 1989b) discussed some of the prob-
lems with current manning practices based on the changing task demands of
navigation and cargo operations. For example, a two-man bridge team (watch
officer and helmsman) may be sufficient for open sea sailing, but may be
quickly overloaded by information in areas where a pilot is not required.
Such information would include small craft traffic, vessel traffic system




(VTS) communications, radar tracking, and maintaining a navigational fix.
Transitions from information underload to overload particularly can lead to
errors.

4.3.2 Tug/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 Cargo Operations for Tankers

Normal cargo operations on a crude oil tanker fall into three functional
categories: 1) 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 (USCG 1989a).

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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FIGURE 4.2. Flow Diagram of Normal Operations of an 0il Tanker (USCG 1989a)
of the ship to contain spillage, but these are easily breached, and a great
deal of time is required to pump the oil from the deck to slop tanks. One
captain suggested a retrofit system involving a below-deck piping arrangement
that would be relatively low-cost.

Normal Cargo Operations for Tug/Barges

As with normal tanker operations, cargo activities for tug/barges

involve the activities of loading and discharging. After the barge is secured
to the terminal by the tug crew, the tankerman lines up the barge manifolds
with the refinery header, ensuring that a proper fit is achieved. Improper
fitting of these couplings is the single largest cause of spills. A filling
sequence is established by the tankerman (this is much less complex than for
tank ships, which use computers), and communication is established between the
tank barge and pump operators.

4.3.4

Communication is critical because the flow
must be reduced and then stopped as the cargo reaches the top of the tanks.
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During the filling procedure, the tankerman monitors the tank filling, and as
the tanks approach their capacity, he opens relief valves to bleed pressure.

4.3.5 Emergency Operations and Pollution Control for Tankers

The conditions under which self-help measures would be employed (i.e.,
groundings and co]]isions) would result in the mobilization of emergency
operating procedures aboard ships. One of the primary issues investigated in
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, the master of
the vessel responds in an emergency according to three priorities: 1) 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
actions taken by vessel captains in emergency circumstances. Any procedure or
regulation that interferes with these priorities is likely to result in
"selective compliance."

The literature review revealed virtually no information concerning 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-
fore, the interviews focused on investigating the damage control actions and
limited salvage activities taken by tanker crews in the event of an accident.
This took the form of discussing the general functions performed by each of
the crew members, developing a function and task list, and reviewing the
station bills of crew members during an emergency.

The main steps in emergency response for tanker accidents are shown in
Figure 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 damage control
teams at designated locations (e.g., the damage control lockers). There are
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FIGURE 4.3. Stages of Emergency Response for Tanker Accidents

variations in the number and composition of teams from one company to the
next. Some are organized into port and starboard teams, with deck, engineer-
ing, and rating personnel on each team. Others are organized into similarly
composed primary, secondary, and tertiary teams. Finally, another company is
organized into a seamanship/deck team composed of members of the deck depart-
ment, a technical team composed of members of the engineering department, and
a health and welfare support team 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., assessment of damage) involves
personnel from both the engineering and deck departments. The master of the
ship will be on the bridge, usually with another licensed officer (e.g., the
third mate). On most ships, the chief engineer and an assistant will be sta-
tioned in the engine room. Damage assessment may involve an on-site evalu-
ation of the problem, in which case the chief mate, assisted by engineering
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TABLE 4.2. Functional Analysis of Crew Activities During Tanker Emergency Operations

ST v

Personnel
Deck Department Engine Department
Chief 2nd 3rd Chief Ist 2nd 3rd Unlicensed
Emergency Operations Master Mate Mate Mate  AB(x6) | Engineer  Asst. Asst. Asst. (x3)

Assessment & Control

Decision-mak ing/bridge X X

Engine room X X

Onsite damage evaluation X X X X X X

Ballast shifting X

Soundings X
Communicat ion

Radio X X

Hard line X X

Walkie talkie X X

Messenger network X X
Equipment Movement & Control

Electrical X X X X

Physical X X
Fire Control

Isolate electrical X X X X

Isolate steam/hydraulic X X X

Ensure water lines intact X X X X

Ensure pumps operational X X X X

Ensure firemain & bilge lines intact x X X X
Pollution Control

Tank pumpout to alternate tank X X

Stress measurements X




personnel and seamen, would physically move to the site to observe it. It
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. It 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 had
assessed the 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. All 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




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 o0il spills. The following action 1ist describes what the master must do:

1. ensure that steps are taken to minimize the oil spill, including
e confirming that the ship is stable and not in danger of foundering

e segregating the source of the o0il 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 o0il 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. It 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. It 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 0il 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 Emergency Response and Pollution Prevention for Tuq/Barqges

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 maneuverable and closer to the water, it is generally more
feasible to use self-help o0il 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,
0oil 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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1. evaluate any potential safety risks

establish safety zone and level of personal protection equipment
stop source of spill, if possible

shut down and isolate operations

notify Coast Guard, state, and company response teams

A N e W N

initiate containment and recovery procedures.

The personnel involved in this type of response will be virtually every-
one on the tugboat. The captain stays on the tug, with an engineer, to main-
tain a command center and maneuver as necessary. Two or more deckhands board
the barge and open the container of pollution control equipment. Details of
equipment deployment depend on the nature of the spill.

Two persons, preferably three, are the minimum crew required for deploy-
ment of the self-help measures. One crew member 1ifts and manipulates equip-
ment, while another operates the workboat. Since the smallest crew size for a
tug reported in this study was five persons, it appears that tugs are ade-
quately manned for deploying self-help oil spill countermeasures.

4.4 CONCLUSIONS OF HUMAN FACTORS ANALYSIS

The human factors analysis of the propesed 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 provided descriptions of 45 self-help oil spill counter-
measures. Of these, 37 were reviewed for potential applicability. The
remaining 8 were not classified into any particular category because of lack
of detail. The 37 countermeasures reviewed from the human factors standpoint
yielded 13 with insufficient detail for evaluation (i.e., no description of
how the technology operates, making a crew resource assessment impossible);
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10 countermeasures required a workboat, and 14 appeared to be operabie from
the deck of the ship, if they required human interventicn 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 existing pollution prevention and mitigation programs.
It is clear that there will be limits on the utility cf workboats, primarily
in the form of weather. Although specific thresholds for prohibiting the
deployment of workboats were not identified in the course of this work, the
judgment of the tug master prevails. 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/Taunching 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. It 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.
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The results of the analysis presented in this chapter suggest that self-
help 0il spill countermeasures are a viable technology from a human factors
perspective, although further engineering is required for unobtrusive 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 of
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 ASSESSMENT OF TANKER SELF-HELP OIL SPILL CONTROL SYSTEMS

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

TABLE 5.1. Categories of Self-Help 0il Spill Concepts

Category 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 features considered as possessing major engineering or safety
constraints.

"Notional" concepts were created for each category by comparing con-
cepts. These notional concepts are self-help systems thought to best repre-
sent their particular category. These notional concepts have drawn heavily
from related ideas found in the literature and in the Coast Guard submissions,
and they have been put together incorporating the needed and superior fea-
tures, while avoiding obvious pitfalls.

Next, the notional systems were defined in enough detail to allow their
evaluation. This was an important requirement for the notional systems as
none of the systems encountered in the literature, nor those supplied by the
Coast Guard, were sufficiently detailed for this purpose. It should be noted,
however, that no claim is made that these notional systems are optimal. The
intent has been to establish a baseline for further evaluation, by experts in
the field, of the relative merits of one or another of the techniques
described.

Finally, the ability of each of the notional systems to contain oil
spills was evaluated using a computer simulation. This simulation was per-
formed for several spill scenarios, ranging over a variety of environmental
conditions. Graphs illustrating the total volume of oil released as a func-
tion of time are included in Appendix D.

The notional concept must be evaluated in a context. We define this
context as the combination of three sets of data; one of which describes the
ship on which equipment is mounted and its cargo (Ship Data Set); the second
for the location and conditions at, and just after, the time of the casualty
(casualty Scene Data'Set); and the last, the information which describes the
extent of the damage (Casualty Severity Data Set). Figure 5.1 illustrates how
the various sub-categories within the data sets combine to form scenarios. In
particular, the heavy line that traverses the chart indicates the actual com-
binations of conditions for which we conducted simulations. These combina-
tions were selected so as to present cases that were both real and severe,
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thus groudings were not studied, since a more severe case is a hole at the
waterline, which has the potential for releasing all of the stored oil.

5.2 CONTAINMENT

In this report, "0il1 containment" means the equipment and/or procedures
used to sequester spilled oil (or oil in danger of being spilled) in some form
of enclosure, thereby preventing (or at the least, retarding) the spread of
0il into the environment.

In this study, there are four main types of external containment: boom,
skirt, curtain, and bladder. A description of each type is given in
Table 5.2. The first three are size scaled variants of one another. These
three "fence" type barriers can remain completely passive, once deployed. The
fourth type (bladder) must have an auxiliary power source working to pump o0il
into it, and unless coupled with another containment means would only retard
0oil flow into the environment. The bladder has fundamental differences from
the "fence" type systems, so it will be discussed separately {(under the
heading "pumping").

TABLE 5.2. Outboard Containment Types

Name Characteristics

Boom o Essentially a line of buoyancy
e traps thin layer of oil: thickness < 1 ft
e Encloses large pond area
o Current/Sea State lTimited

Skirt o Boom plus short width of pendant material
e Traps moderate layer of oil: 1 ft < thickness < 5 ft
¢ Encloses moderate pond area
e Primarily current limited
Curtain o Boom plus wide pendant material
o Traps very deep volume of o0il: 5 ft < thickness < 20 ft
e Pond area only slightly larger than ship platform
e Only moderately sensitive to current
Bladder e 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.

0i1 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 o0il 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 work 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 of this part of the evolution must
be done automatically and very reliably. It is also 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 maximum size. 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

The various concepts investigated for outboard containment of oil vary
widely in the manner in which they store the containment equipment. Fig-
ure 5.2 provides a concise view of the options encountered.

5.2.1.1 Continuous and Circumferential

Continuous and circumferential storage was the most frequently cited
preferred method for storage of containment equipment. It involves completely
surrounding the ship near the gunwale with a connected length of boom, skirt,
or curtain. Some concepts advocated storage outboard of the deck edge, which
avoids deck obstruction, but puts the containment in jeopardy during a colli-
sion. Other systems utilize deck-edge space for storage, and the efficacy of
this approach is not established, given the need for clear passage of people
and equipment over the side.

5.2.1.2 Multiple Equipment Caches

Some of the literature researched advocated multiple equipment caches.
With caches, the deployment is heavily dominated by manual activities. On
larger ships, the amount of 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 passage of equipment and personnel over the side. This
may be a cost-effective way of handling small spills in stable, protected
conditions; however, for spills of considerable magnitude, the need for con-
siderable manned interaction limits the effectiveness of this storage method.

5.2.1.3 Single-Point Storaqe Locker

The single locker described in some concepts was usually located at the
stern, either on the fantail, or in a special purpose hold below the main
deck; (some concepts deployed two booms from the same general location at the
stern, to port and starboard). In either case, long lengths of boom must be
pulled from one location, so some form of mechanical power augmentation was
necessary. This was frequently in the form of an auxiliary boat, 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

Although the mode of 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 problem 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). 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. It 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 MWinch-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

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 boom deployment 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 boom 360° around a large tanker without causing damage will be
nearly impossible to guarantee; accordingly, either two lengths (port and
starboard) and two boats, or two excursions with a Tink 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 Traveling 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 ft%), 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
actual work. A problem with manual deployment is that an accident may place
the lives of the crew in immediate danger (e.g., a fire), where such lengthy
boom deployment 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 OQOperation

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.
Some concepts 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. Some even 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 existng 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 1and-Qased system. A
Jife-cycle cost analysis could show that a less rugged, dispbsab]e 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
option merits further exploration.

5.2.5 Size Optimization Analysis

In order to gain some insight into the possible optimal configurations,
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
0il spill size. This analysis is first order only, and involves a number of
assumptions, detailed below. It 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 DWT tankers. 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
0oil in the two largest tanks on the vessel. The general configuration of the
containment was uniform throughout, and as follows: each is fitted with a
buoyancy float of 4-ft° 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-inches, partly to account for packing inefficiency. A
computer program then figured out the volume, perimeter, and depth of the
containment needed to satisfy all conditions.

An interesting result is that, even though the 0il spill volume varies
by a factor of over 50:1 (from about 20,000 ft* on the coastal barge to almost
1,000,000 ft*> on the DWT tanker), the volume of containment varies only by a
factor of 7. The boom cross section (stowed) is close to 5 ft? in all cases.
Clearly, this is a very readily manageable unit volume, even at double this
valuc. This optimization routine is imbedded in the simulation, which is
described later.

5.2.6 Containment Notional Concept 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 containment system to be eviluated 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 outilowing 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 o0il 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
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TABLE 5.3. Containment Notional Concept Downselect Chart

Containment Feature

Advantages

Disadvantages

Partial circumference
Complete circumferential

Air filled tubes, stacked
Standoff outrigger beams at bow
Outriggers all along boom
Shallow booms

Medium depth skirts

Deep curtains

Curtains, attached at gunwale
Gunwale storage, peripheral
Stern deck compact storage
Pull around from stern to bow
Gravity deployment

Boom radially propelled out from side

Modest size and weight

Best coverage for arbitrary damage
Good reserve buoyancy; wave follower
Prevents oil outflow overtopping boom
Assures hull clearance all around
Small storage vol., weight, tension
Hold more oil, readily deployed, handled
Largest oil capture in least area
Traps oil from any outflow
Immediately ready to deploy

Localized storage and transportation
Readily automated

Simple, reliable, automatic

Captures more leaked oil

Incomplete coverage

Large, bulky costly

Sinkage may req. heavy weights, windage
May be difficult, dangerous to deploy
Multiplied difficulty

Easily swamped in modest seas

High drag loads, more storage vol.

Extreme loads, may only work drifting

Very large surface areas, controllability

May be damaged, accessibility issues
Lost time in deployment

May subject boom to high deploy loads
Falls close to ship

Inherent ly unreliability

Yes
No
Yes
No
No
Yes

No

Yes
No
No
Yes

No




treatment have been developed for mitigating the effects of o0il 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:

e Sorbent Material e Sinking Agents
e Gels/Coagulants o Combustion
e Dispersants e 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 cétegories: natural products, modified or
treated natural products, and synthetic or manmade products. 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 1 to 2 inches thick in various shapes
and sizes up to 1 ft by 4 ft. The oil-to-sorbent ratio by weight was 46:1.
Polyurethane, which has been ground to particles approximately 1/2 inch in
diameter, proved effective in oil removal as well, 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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e The sorbent must be distributed over the floating oil and, in all
probability, agitated so that it absorbs the maximum amount of oil.
Wind can be a deterrent to the spreading of the sorbent material.

e Sorbents can present pollution problems if not removed from the
water.

e Polyurethane in its unmixed state (polyol and MDI components)
presents a health hazard.

e Onboard storage requirements of the sorbent materials must be
considered.

o The ability of a particular sorbent to pick up oil may be a func-
tion of the weight/type of oil.

e Some sorbents need to be treated prior to use to cause them to have
a higher affinity for oil than water.

e Many sorbents absorb water and become waterlogged with time, and
some actually sink (closed-cell polyurethane foam is an exception).

o Compared with other 0il 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.




5.3.2 Gels/Coaqulants/Solidifying Agents

Gelling agents or coagulants have been considered for preventing the
rapid spread of oil. In the ideal case, the oil becomes thick enough to stop
up the rupture or hole from which it is spilling. In general, the formation
of a gel requires the addition of an appropriate chemical agent (i.e., fatty
acids, treated colloidal silicas, polymer systems) to the oil.

5.3.2.1 Performance Attributes

In addition, for any of these agents to be effective, they must take
action rapidly (e.g., between 5 to 10 minutes). For a gelling agent to be
effective generally requires that it be well mixed in the oil. It takes
approximately 10 hours before the 0il starts to set when mixed with gelling
agents. This time restriction would make it nearly impossible to develop a
gelling system that could be used after the o0il is actually spilled onto the
water surface, and for internal usage a gelling system would be effective only
for combating small openings with a very slow leak rate from the ship.

In the report A Study of Onboard Self-Help 0il Spill Countermeasures for

Arctic Tankers, the conclusion was made that solidifying agents may be of some
use because of their fast-acting nature (Ross 1983). Solidifiers cause oil to

begin solidifying within about 10 minutes. Again, the solidifying agents must
be well mixed with the oil, and they require a mixing ratio of approximately
30% to 40% polymer and other additives by weight be added to the oil.

5.3.2.2 State of Development

Internal Use - Gelling agents have not been used operationally for the
treatment of oil, but British Petroleum is investigating the use of solidify-
ing agents at or near leaks in tank walls. Analysis indicates that mixing
solidifying agents through the use of air sparging or nozzle jets could result
in solidification in 20 to 70 minutes. This solidified oil will not flow from
holes with an area of approximately 0.0l m’ or less.

External Use - It is felt that the external treatment of 0il on the
surface of water would not be feasible because of the need to thoroughly mix
the chemical agent with the oil to cause gelling. No research was found dis-
cussing the feasibility of treating oil using a gelling or solidifying agent
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while the o0il is contained within a boom or skirt. It has been noted that
gelled oil would present additional difficulties in clean-up.

5.3.3 Dispersants

The purpose of dispersing oil is to minimize damage from an unrecover-
able o0il spill. When a volume of o0il is spilled onto the surface of water,
the oil has a driving force to spread. The tendency to spread is affected by
the surface tension of the water, o0il, and interfacial tension between the
two. Dispersants tend to lower the interfacial tension between the o0il and
water (surface active agent or "surfactant"). For the surfactant to be effec-
tive, it must also prevent the coalescence of the dispersed oil droplets after
they are formed. Oil that is properly dispersed with a chemical surfactant
will not stick to solid surfaces.

Where the recovery of 0il is not feasible, the following incentives
exist for chemically dispersing oil:

e The rate of biodegradation of o0il is increased (1 to 2 orders of
magnitude).

¢ Damage to marine life is minimized.

e The fire hazard is minimized.

e The spilled o0il is prevented from wetting beach sand.

e The formation of tar-like residue is prevented.

e The formation of gelatinous water-in-o0il 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 1:1 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
spil]l will endanger human life or waterfowl, or presents a fire hazard.
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Some form of solvent generally needs to be added to the surfactant to
reduce its viscosity to allow application. Stabilizers are also added, which
help to fix the emulsion once it is formed and increase stability of the mix-
ture. The cost of dispersants is about $2.00 to $5.00 a gallon.

Figure 5.6 shows the relative effectiveness for various oils and four
different dispersants. It can be seen that the effectiveness for these tests
can be as low as 5% to as high as 90%, depending on the dispersant and oil
involved in the testing.

5.3.3.2 State of Development

Internal Use - The injection of chemical dispersants into a cargo tank
will not stop the outflow of o0il, but most likely will reduce the amount of
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FIGURE 5.6. Effectiveness of Four Oil Dispersants
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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

Common sinking 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 0il 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 o0il. Many sinking agents
release oil after sinking; therefore, sinking may extend the time that aquatic
life is exposed to 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-term effects on the bottom life in this area have not been adequately
analyzed (Mile 1970). The existing EPA policy restricts their use to waters
exceeding 100 m in depth.

5.3.5 Combustion

One method proposed for the removal of oil from water is by burning.
For this method of removal to be successful, the fire must be provided with
sufficient oxygen to burn and must be kept hot enough to sustain burning.

5.3.5.1 Performance Attributes

The burning of oil from the surface of the water:
e can result in complete removal/elimination of oil spilled
e vresults in air pollution
e may create a fire hazard

e is difficult for thin layers of 0il due to the cooling effect of
water sublayers (0.12 inches or more required)

e may be difficult as time progresses because the material quickly
loses its volatile components and ignition is difficult; (the
heavier crude is most difficult to burn, and it is also the most
difficult to remove from beaches and the environment.)

e 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 stricken tankers (i.e., Torrey
Canyon in 1967) with effectiveness. It was used as a "last resort" by the
British Government to remove the 15,000 to 20,000 tons of crude oil from the
severely damaged tanker. Air dropped starters were used that contained sodium
metal, calcium carbide, and oil impregnated sawdust. There were no crew
members onboard the tanker when the burning of the o0il was initiated.

Commercial burning agents are available for promoting combustion of an
0il slick, and patents have been filed for wick type devices that can be
placed on a floating oil mass to provide sustained burning points. Although
burning may be an effective way to dispose of 0il on th 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 o0il 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 o0il into a
neutral substance. 0il 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 o0il 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.

o The effectiveness and behavior of microbes are unknown when applied
to oil that has had a dispersant previously applied to it.

o The nutrients and agents that promote or retard the growth of the
bacteria have not been fully defined.

» Some concern 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
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allows the application of three product formulations: (1) bacteria only,
which would use existing nutrients; (2) nutrients, only which would cause the
indigenous species to multiply more rapidly; or (3) both.

In controlled testing done on products from the Mega Borg spill, a bac-
teria and nutrient mixture was applied at a rate of 3 1b/acre with good suc-
cess in breaking down weathered mousse. )

Different types of bacteria degrade oil compounds with varying effi-
ciency depending on the type of 0il compound. There are nearly 200,000 dif-
ferent compounds in crude oil, and fewer and fewer species of bacteria are
able to consume the hydrocarbons as the molecular chain lengths of the hydro-
carbons increase (LeBlance and Fitzgerald 1990).

5.3.6.2 State of Development

Internal - No systems have been developed to apply this technology to
internal use.

External - Bioremediation was used successfully for the removal of oil
during shoreline testing at Prince William Sound, Alaska, and also in the Gulf
of Mexico following the spill from the Mega Borg.

5.3.7 Bulk Treatment Notional System Selection

As previously discussed, several methods can be used for the bulk treat-
ment of oil. Of these, several are not viable tanker self-help methods due to
logistic, technological, regulatory, or operational issues. The bulk treat-
ment systems that are deemed unfeasible are gels/coagulants, dispersants,
sinking agents, and combustion (which are discussed previously).

Sorbent material and bioremediation are the two bulk treatment processes
deemed worthy of further investigation as tanker self-help systems. The two
notional systems are similar in many regards, but the logistics associated
with handling the raw product, the amount of product required, and the

(a) This information is referenced in Mega Borg 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 46:1 by weight have been observed during large-
scale tests in which polyurethane foam chunks were used.)

The notional system consists of the following components:

o heated holding tanks for the raw chemicals (polyol and isocyanate)
that mix to form polyurethane foam

+ pumps and mixing heads to mix the chemicals into a foam that
expands to about 30 times the volume of the unmixed chemicals

» shredding equipment to apply the polyurethane foam 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 maximum of 260 1b/min of raw chemicals.
Given an absorbent ratio of 46:1, a single foam dispensing system operating at
100% efficiency could distribute enough foam to absorb 0il leaking at a rate
of about 24,000 1b/min (3,200 gal/min). The ratio of 46:1 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. It 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 mixing unit)

Chemical Storage Requirements 2% of volume of spill
Maximum Application Rate (Per Applicator) 70 gpm (520 1bm/min)
Absorption Ratio (weight oil:weight sorbent) 46:1

Power (Per Applicator) 60 Horsepower

Time to Deploy Estimate 25 minutes

Non-Performance Factors

e Chemicals are toxic in unmixed form.

e Chemical viscosity presents a pumping problem if temperatures are
too low.

o Some degree of training will be required to operate the application
machinery.

o Three people may be required to operate each pumping machine.

o (lean-up of the sorbent material is necessary following
application.

e 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. The risks 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 Bioremediation Notional System

As previously discussed, bioremediation of spilled oil makes use of bac-
teria to transform hydrocarbons to a non-oil substance via microbial action.
When bioremediation is used as an oil treatment, no attempt is made to phys-
ically remove the bacteria from the sea following application. The product
that is applied to the spilled o0il consists of a mixed culture of naturally
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occurring hydrocarbon degrading bacteria, inorganic nutrients, and growth
factors. This mixture has a shelf 1ife 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 o0il) is also important.
If there are insufficient bioremediation products, the spill will not be effi-
ciently converted to a non-o0il 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%.

In addition, the bioproducts can be applied either by premixing with
water and spraying over the spill, or the powder can be applied directly to
the surface. The product typically 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
maximum effectiveness, 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 0il 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.

e 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 Dispension
Nozzles

Manifold
Plping

FIGURE 5.7. Bulk Treatment Notional Concept
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The attributes and operating sequence of this system are as follows:

Performance Characteristics

Chemical Storage Requirements 2% of spill volume
Bioproduct Application Rate (Per Applicator) 480 1bm/min

Time to Deploy Estimate 25 minutes
Horsepower Estimate 90 Horsepower
Application Range (Per Applicator) 200 Feet

Non-Performance Factors

e Microbes can be stored for up to 1 year.

¢ Manufacturer states that the bioproducts are not hazardous to
personnel.

+ Some training will be required to operate the application
machinery.

o Estimated that two people will be reoquired for system operation.

* Wind or rain could hamper the effectiveness with which the bacteria
are applied.

5.3.7.2.1 Prerequisites. The following requiremeiits are expected to be
met to ensure that the system operates properly when required for treatment of

an oil spill.

e Periodic maintenance must be performed on pumping and storage
equipment.

e Bioproduct "expiration" dates will not be exceeded. The bio-
products must be replaced within the shipboard containers as
required by manufacturers’ recommendations.

e A supervisor trained in bioproduct application must be onboard
whenever the ship is underway.

e 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:

e The extent of damage and estimates of the leak rate must be deter-
mined prior to the initiation of treatment.
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e The bioproduct feed rate into the application stream must be set
based on the spill rate. It is envisioned that this would require
one operator located at the bioproduct storage/feed station.

e The application stations must be manned. It is anticipated that a
maximum of three spray application stations would be manned at a
time. These application stations are located along the gunwales of
the ship.

e 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 CLOSURE MECHANISMS

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 Tocalized plugging or patching include:

o Significant pressure can be exerted on an external patch by small
holes, thus making the patch difficult to install. For example,
given an o0il level w1th1n a hold 7 ft above the waterline, a hole
with an area of 5 ft? will exert a force of over 2,500 1b 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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o 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.

e 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
obstacles associated with such a liner or membrane to be insurmountable.
Internal tank structure and equipment are not physically conducive to the
fitting of liners. The presence of piping, pumps, heating coils, washing
machinery, and ladders interfere with the incorporation of such a system.
Cargo pumping and crude oil wash systems could damage such liners. Liners
could also inhibit the performance of normal hull inspections. The National
Research Council did conclude that liners could possibly be incorporated into
tanks that have fewer obstructions or operating constraints than cargo tanks.
For this report, liners will not be further analyzed as they are not seen as
self-help systems, but as a large-scale tanker design modification.

5.5 PUMPING/COLLECTION

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-help collection/pumping concepts use the ship’s exist-
ing cargo transfer pumps and piping. Other systems operate using a hydrosta-
tic head to pump the oil. Still other approaches employ pumps (and power)
that are completely independent of the ship’s existing equipment in case the
ship’s systems are damaged during the accident.

Various containers have been proposed for temporary storage reservoirs
for the pumping systems. Some of the concepts depend on the availability of
additional storage space in the ship’s ballast tanks or in other empty (and
undamaged) cargo tanks. Other system concepts provide this storage volume
with expandable bladders.

For the purposes of this review, two major subcategories (and thus two
notional systems) were created; one that collects the oil from inside the dam-
aged cargo tank, and a second tkat collects the oil from the surface of the
water beside the tanker. For both of these concepts pumping is provided by
pumping and power systems that are independent of the ship’s systems, to
provide some additional assurance that the equipment will not be damaged
during the accident. Also, for both concepts a temporary storage reservoir is
assumed to be carried on the ship, so that it too will be available when
needed.

5.5.1 Interior Collection/Pumping

This concept is made up of the following equipment:

e« one or more deepwell pumps, which are sized such that they can be
manually lowered through the standard tank openings into the dam-
aged cargo tank

» a combination of hose and hard piping (pre-plumbed) to carry the
pumped o0il to the temporary storage reservoir

e a temporary storage reservoir for holding the oil until it can be
off-loaded to another tanker. This bladder is stored compressed in
a container at the stern of the ship. Upon activation, the reserv-
oir is self-deploying with gravity.
The flowrate of existing self-powered pumping systems (e.g., ADAPTS) is
in the range of 1200-1500 gal/min, when drawing out of a cargo tank and

through a reasonable run of piping to a storage reservoir. In order to
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accommodate various amounts of oil, multiple storage reservoirs may be carried

on large tankers. For those tankers with multiple storage reservoirs, a dis-
tribution valve at the stern of the ship selects which reservoir is being
filled.

5.5.2 Pumping/Skimming Methods

One method of dealing with oil after a leak occurs as a result of
grounding, collision, or structural failure 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 0il can take place by directly pumping from one location to
another, or in the case of removal from the sea surface, removal may be cou-
pled with skimming devices that concentrate the oil prior to pumping.

For the purpose of this study, pumping has been divided into distinct
categories. The first category analyzed for tanker self-help is pumping from
a location external to the ship’s hull to a holding tank or bladder (the hold-
ing tank or bladder existing either internal or external to the ship), and the
second category is the pumping from the leaking tank(s) to a holding tank or
bladder. Each of these categories possesses unique capabilities.

Pumping 0il that has escaped from the confines of the ship to a storage
location typically requires that the oil be concentrated prior to pumping, in
order to avoid pumping large quantities of water to the holding location.
Mechanical treatment incluces such techniques as:

¢ skimming/pumping with a suction device
e skimming/pumping with a weir
o 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:

e easy handling

s easy operation
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e low maintenance

e ability to withstand rough handling

o versatility to operate in various wave and current situations
o ability to skim oil at a high oil-to-water ratio.

Skimmers generally consist of a pickup head, a pumping section, and an
oil/water separator. The most significant variation in these systems is the
pickup head configuration. The three most popular pickup heads (that part of
the oil removal device in contact with the oil) for oil skimmers are the weir,
floating suction, and adsorbent surface types. One state-of-the-art weir sys-
tem is said to be able to collect oil at a rate of 400 gpm (Machine Design
1991). For a weir system to operate efficiently, the oil slick thickness
should be maintained at greater than 0.25 inches, and the water must typically
be calm to prevent water from spilling over the weir. A weir skimmer is not
as sensitive to variations in the oil type as long as the oil thickness can be
maintained and the seas are relatively calm. Floating suction devices are
sensitive to the type of oil they are pumping. Heavy oils tend to clog
intakes and flow passages, thereby rendering the devices inoperable. Again
the operation depends on having a sufficient thickness of oil to prevent water
entrainment. Sufficient 1ift must be provided to move the oil from the sea
surface to the point where oil/water separation takes place.

Adsorbent surface types of skimmers require relatively calm seas to
operate efficiently. The oleophilic properties of the sorbent are degraded by
the continuous wetting with water, which may occur in the presence of waves.
Sorbent skimmers are usually more expensive and as with the previously men-
tioned pickup heads, the mechanical complexity may require that the system be
operated by adequately trained personnel.

Off-hull skimming devices are only marginally suitable as self-help
countermeasures. Tests and experiences have indicated that skimmers generally
do not operate efficiently in wave heights greater than 1.5 to 2.0 ft or in
currents greater than 1.0 to 1.5 ft/s (0.6 to 0.9 knots). This limitation
1imits their use to calm or protected areas. Other detrimental aspects 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 well. One skimmer (BP Vikoma Skimmer) is said to have a
recovery rate of 100 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

e a combination of hose and hard piping (pre-plumbed) to carry the
pumped o0il to the temporary storage reservair

e 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.

5.36




Bladder
Storage
Compartments

=\
- /' /)
,'/ Coliapsible
Oll Recovery
Bladder

FIGURE 5.8. Pumping/Recovery Notional Concept

Tests and experiences indicate that skimmers generally do not operate
efficiently in wave heights greater than 1.5 to 2.0 ft or in currents greater
than 0.6 to 0.9 knots. Overtipping of the device is the 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. It 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
counterproductive.

5.6 SIMULATION DESCRIPTION

The analysts decided early in the study that definitive evaluation of
self-help concepts would be premature, 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 among and 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 1imit 0il lost to the environment. The
simulation should account for first-order relevant physical and human phen-
omenon. It 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 1ife 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 o0il 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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0i1 Spill Venn Diagram

diagram, the multiplicity of states in the which the 0il can exist throughout
the spill event.

A1l 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

level, we have selected one set of conditions, representing worst-case
conditions; specifically:
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e All accidents are breaches at the waterline, since this always
results in complete loss of oil in the tank if no action is taken.

o Two adjacent tanks are taken to be holed.

o The carrier is assumed to be free of any entanglements, at least by
the time the self-help system has been actuated.

e The carrier is assumed to be holding station in the water, head to
current and wind.

o The self-help system is evaluated as to total loss of untreated oil
for 10 hours after the casualty.

e All 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™ 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 il1l1-defined
or poorly understood causal relationships may be included 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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TABLE 5.4. Self-Help Casualty and Notional Concept Data Sets
Self Help Casualty Data Sets
Parameters Descriptors Units Data Sets
Environmental Parameters (Data Sets) Fresh (1) Fresh (11} Fresh (111) S/w (1) S/W (II) S/W (III)
Wind speed Wind knots 8.2 13.4 13.4 19 17.5 27
Current speed Current ft/sec 8.4 8.66 7.8 8.85 2
Tida) current speed Tide ft/sec 0 [ ] 1.1 2.7 1
Wave height Wave height ft 1.6 3.6 1.6 2.3 9.8 14.8
Wave period Period sec 3 3 3 3 6 8
Water Type Water type -- Fresh Fresh Fresh s/w s/w s/w
Snow or ice Snow ice -- No Yes No No No Yes
Air temperature Temperature deg Of 78.7 36.1 32.5 83.7 52 37.9
Acceieration of gravity g ft/sec 32.2
Ship Parameters . . .
Carrier ship Tonnage GT/DWT 628 1,182 1,769, 2,713 34,000 89,708 225,008, 262,000
Carrier type Carrier type -- Barge Barge Barge, Barge Tanker Tanker  Tanker Tanker
Length of ship Lship ft 195 246 300, 258 666.75 894 1094.37, 1100
Beam of ship Wship ft 36.5 52 54, 76 84 185.75 143.5, 178
Tank height Tank height ft 18.5 1 13, 17 58.7 64.3 82, 86
(Tank Length) (Tank Length) ft 99.4 105.4 104, 186 114.4 211.4 314.4, 263.7
(Tank Width) (Tank Width) ft 18.2 26 27, 25.3 19.5 30 39, 44
Tank area Tank area ft 1,809.08 2,740.4 2,808, 2,538 2,230.8 6,342 12,261.6, 11,602.8
Height of waterline 2w ft 9.6 9.6 9.6 12 36 49.1 78.3 67.2
Puncture Parameters
Height of puncture H puncture ft 2 4.9 12
Length of puncture L puncture ft 1 2.45 6
{Area of puncture) (A puncture) ft? 2 12 72
Outflow orifice
coefficient Cd -- 8.61
Fresh (1) Benign (zone 9, summer)

Fresh (11) Moderate (zone 8, winter)
Fresh (111) Severe (zone 9, winter)

S/w (1) Benign (zone 3, summer)

S/W (11) Strong current (zone 4, winter)
S/W (111) High wind (zone 6, winter)
NOTES:
3) () Parameters shown for ref. only.

1) A1l tankers operate in s/w; only 2713 GT barge operates in s/w; 2) Asterisks show other available data not used in simulations;
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TABLE 5.4. (contd)

Notional Concept Data

Parameters Descriptors Units Data Sets
Bulk Treatment Parameters
Start time of treatment
(nominal) Tt min 25
Start time (if “auto- Tt min 5
matic™)
Treatment spray rate Treat spray 1b/min 480
rate
Conversion efficiency Conver b/ 1b 50
factor
Pumping Parameters
Start drain time
{nominal) Tdr min 25
Drain rate Drain rate GPM [} 680 1208
Start return pumping
time {nominal) Trp min 25
Return pumping rate RP rate GPM 0 600 1200
Start off-board
pumping time
{nominal) Tobp min 25
0ff-board pumping .
rate 0BP rate GPM [/} 600 1200
Containment Parameters
Deployment complete
time (nominal) Td min 25




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
1. 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, centered 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 resuilts.
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 confiqguration 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 pump moves o0il
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.

Qutflow Characterization Sector

Key modeling premises:

A single tank is punctured slightly (1 ft) below water line.
e Tank overpressure is vented when it reaches atmospheric.

e Cargo tank is taken to be a rectangular prism.

¢ Puncture is rectangular with height-to-width = 2.

¢ Discharge coefficient = 0.61.

o Water flows into the tank and settles to the bottom (driving out
more 0il1) when the driving pressure differential reaches 0.01 ATA.

Key features:

o tankage overpressure (or underpressure) as a function of oil level
and/or time

e bi-modal outflow: gravity driven (stage 1), density difference
driven (stage 2)

o« 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