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Abstract

Oil spill countermeasures are affected by weather such that, in some cases, these
countermeasures cannot continue under adverse weather conditions. A literature review was
carried out to determine if there were data related to the performance of all countermeasure
techniques under varying weather conditions. Although the literature did not provide any
quantitative guides for the performance of countermeasures under varying weather conditions,
data could be extracted to enable assessment of changes in their performance related to weather
conditions. Many estimates or traditional limits are found in the literature, but these vary
considerably and may not be useful.

Wind and wave height are the most important factors influencing countermeasures. These
two factors are related and, given sufficient time for the sea to become ‘fully-arisen’, can be
inter-converted. These factors must sometimes be considered separately, however, so that
specific weather effects can be examined. Other weather conditions affecting countermeasures
include currents and temperature. Currents are the critical factor for certain countermeasures such
as booms. Temperature primarily affects the performance of dispersants and has been shown to
have only minimal effect on other countermeasures. Formation of ice, however, is a problem
with most countermeasures.

Booms are the type of countermeasures most susceptible to weather conditions.
Conventional booms will fail at a current of 0.5 m/s (1 knot) regardless of the boom’s design or
other conditions. This is due to inherent hydrodynamic limitations. There is wave-associated
degradation of this value which is dependent on design. Failure data for some typical booms are
summarized.

Skimmers show degradation of recovery potential with increasing wave height and also
with relative current. Skimmer performance is very specific to a given skimmer. A number of
skimmer performance curves have been developed for this study. Some skimmers only function
effectively in absolutely calm waters while others have recovered oil in sea states of up to 5 or 6
(wave heights of up to 3 m or 10 feet with corresponding winds of up to 15 m/s or 30 knots).
Sufficient data exist to predict performance with waves and currents for over 30 specific
skimmers and over 10 generic types. Advancing skimmers often recover more oil with increasing
tow rate as this increases the encounter rate with the oil.

The weather affects dispersant application and effectiveness in three ways: the amount of
dispersant that contacts the target is highly wind-dependent; the amount of oil dispersed is very
dependent on ocean turbulence and other energy; and the amount of oil remaining in the water
column is dependent on the same energy. Nomograms for relative dispersant effectiveness have
been created. At high sea energies, natural dispersion is very much a factor for lighter oils.

The weather affects in-situ burning in two ways: the ability to ignite oil in a given wind
and the ability to sustain ignition in a given wind. While there are few data on these, the
probability of ignition was estimated based on prior experience.

The effects of weather on other countermeasure methods have been summarized.
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Wind and Wave Conversion Nomaogram
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List of Acronyms

ANS

APSC

ASMB

Corexit 9527
Corexit 9500
EPA

IFO

IFP

NOAA

ORR

PWSRCAC

RE

SERVS

TE

Alaska North Slope - Usually refers to the crude oil mixture at the end of
the pipeline

Alyeska Pipeline Service Company - The company that operates the
Alyeska pipeline and the Valdez terminal

Alberta Sweet Mixed Blend - A crude oil consisting of various low-in-
sulphur crude oils

Brand name of a dispersant from Exxon
Brand name of a dispersant from Exxon
United States Environmental Protection Agency

Intermediate Fuel Oil - A mixture of Bunker C and diesel used for ship
propulsion

The French Petroleum Institute - Usually used here as a description of their
laboratory test

National Oceanic and Atmospheric Administration (U.S.)

Oil recovery rate - The total oil recovered by a skimmer in a specified
period of time, usually one hour

Prince William Sound Regional Citizens’ Advisory Council

Recovery efficiency - The amount of oil recovered by a skimmer as a
percent of the total fluid recovered

Ship Escort Response Vessel System - A co-op operating in Prince
William Sound

Throughput efficiency - The percentage of oil recovered by a skimmer
compared to the oil presented to the skimmer
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Summary and Issues

Spill countermeasures are affected by weather conditions, often adversely. A literature
review was carried out to determine if there were data related to the performance of all
countermeasures under varying weather conditions. Although the literature did not show any
quantitative guides for the performance of countermeasure techniques or equipment under
varying weather conditions, data could be extracted to provide assessment of changes in
performance with weather conditions. Many estimates or traditional limits are found in the
literature, but these vary considerably and may not be useful. Examples of these estimates
include statements that skimmers will not work in waves over 1 or 6 m (3 to 20 ft) and that
burning cannot be carried out in winds over 10 m/s (20 knots). Many of these statements are
completely without basis.

Wind and wave height are the most important factors influencing countermeasures. These
two factors are related and, given a typical sea, can be inter-converted. Sometimes they must be
considered separately, however, so that specific weather effects can be examined. Other weather
conditions include currents and temperature. Currents are the critical factor for countermeasures
such as booms. Temperature primarily affects dispersants and has been shown to have only
minimal effect on other countermeasures, other than if icing occurs.

For each countermeasure, it was possible to find some performance data as it related to
wind and waves. These data then allow for calculation of how the relative performance
deteriorates or changes with increasing wind or relative current. These factors are then averaged
to yield curves of performance change with increasing wind or current. This data is then used to
predict when the performance of a particular technique reaches 50 or 25% of its initial value.
These performance curves are summarized in Table 1. It should be emphasized that this table
gives overall averages only and not specific unit performance, a factor that varies widely.

Table 1 Sunmary Table of Perfoamance Changes with Weather

R elative Change in Perfomance with:

Wave Heiglt Current Speedd Wind

50% walue 25% value  50% value 25% walue  50% value 25% walue

Jur} m mis Im s mfs mfs

Type of Counmtermeasure
Typical booms 1.5 2 0s 0.7 3 4
Harbour skimm ers 15 2 0E 1 7 10
Offshore skimmers 25 5 4 T 7 10
Fast current skimmers 2 4 5 g 10 15
Chemical dispersion 101018 22
Ignition (probakility of ignition reduction) 18 24

Booms are the countermeasures most susceptible to weather conditions. Booms will fail at
a current of 0.5 m/s (1 knot) regardless of design, due to inherent hydrodynamic limitations. There
is wave-associated degradation of this value which is dependent on design.
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Skimmers show degradation of recovery potential with increasing wave height and also
with relative current. Skimmer performance is very individual and a number of skimmer
performance curves have been developed for this study. Some skimmers can only function
effectively in absolutely calm waters while others have recovered oil in sea states of up to 5 or 6
(wave heights of up to 3 m or 18 feet with corresponding winds of up to 15 m/s or 30 knots).
Sufficient data exist to predict performance with waves and currents for over 30 specific skimmers
and over 10 generic types.

The weather affects dispersant application and effectiveness in three ways: the amount of
dispersant that contacts the target is highly wind-dependent; the amount dispersed on the surface is
very dependent on ocean turbulence and other energy; and the amount remaining in the water
column is dependent on the same energy. Nomograms for relative effectiveness have been created.
At high sea energies, many lighter oils can disperse naturally.

The weather affects in-situ burning in two ways: the ability to ignite oil in a given wind and
the ability to sustain ignition in a given wind. Estimates were made based on prior experience.

Figure 1 shows the overall effects of wind on oil spill countermeasures. All values shown
in the figure are relative values. Under optimal conditions, the relative value would be 100% times
the specific effectiveness to yield an actual working effectiveness. Generally, increasing wind
decreases relative effectiveness, although the relative chemical dispersion rises as more energy is
available to disperse oil. When winds increase to over approximately 10 m/s (20 knots), chemical
dispersion decreases as more and more dispersants are lost rather than deposited on the oil surface.
Booms are the most affected by winds and current. Skimmers vary widely in their susceptibility to
wind and waves.
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1. Introduction
1.1 Objectives

The objectives of this report are to review the literature and develop an assessment of the
effectiveness of oil spill countermeasures in relation to variations in weather and other
environmental conditions.

1.2 Scope

This review covers the literature published up to November 2003. The study focuses
primarily on literature related to issues of the effectiveness of oil spill countermeasures in relation
to variations in weather and other environmental conditions.

1.3 Organization

The report begins with a summary of oil spill countermeasures and how they might be
affected by weather. This is followed in turn with a specific review of data that is available. In
Section 3, a summary is given of the development of simple models or estimation techniques for
summarizing and predicting relative performance with weather conditions.



2. Review of Effectiveness of Countermeasures with Variations in Weather and Other

Environmental Factors
2.1 Introduction

Weather has been recognized as one of the most important factors in predicting oil spill fate
and behaviour (Lehr et al., 1999). Weather has not, however, been well recognized in designing oil
spill countermeasures (API, 2000; Pearson, 2000).

The traditional concept of “Windows of Opportunity’, or other concepts similarly named,
began with the topic of dispersants in about the mid-1990s. This concept largely related to the
window of opportunity for dispersal as time progressed and the oil became more weathered and
less dispersible. As time progresses, the window of opportunity to disperse closes (Fiocco and
Lessard, 1997). Thus, the prime variable for generating the window was weathering with time.
Subsequently, some of the same concepts, but only including the same parameters, were extended
to physical recovery and containment (Nordvik, 1995, 1999; Nordvik et al., 2002; Champ et al.,
1997; Champ, 2002). The windows of opportunity for ANS oil, based on weathering only, were
stated by Champ et al. (1997) to be 0 to 36 hours for burning, 0 to 36 hours for dispersing, 0 to 18
hours for oil-water separator, and 26 to 120 hours for reduced dispersant effectiveness.

Before the publication of the window of opportunity concept, it was not included in logistic
planning nor was weather considered essential in planning oil spill countermeasures (Hann, 1979).

Historically, most references to ‘windows of opportunity’ were to the time factor. The
biggest concern was the evaporation of the oil which leads to large increases in viscosity and
therefore increased difficulty in recovery and other countermeasures. The secondary time window
is that of spreading. A typical crude oil can spread over dozens of square kilometres on the first day
after the spill (Jeffery, 1971; Thalich and Xizobo, 2001). Furthermore, once spreading progresses,
the thickness approaches or is less than 1 pm, a thickness which cannot be dealt with by any form
of countermeasure. Oil that had been at sea for a period of time was sometimes thought to be lost
and countermeasures were hopeless (Beynon, 1969). It has only recently been recognized that
many of these problems do not occur with heavy oils (Dicks et al., 2002).

The presence of ice, although not strictly a weather condition, can severely affect the
recovery of standard equipment (Lamp, 1971)

The ability to perform multiple tasks at sea is typically recognized, although the ability to
use chemical dispersants and mechanical recovery are not compatible with one another (Harris,
1999).

The costs of spills have not been evaluated in terms of weather conditions (Etkin, 1999,
2001; Etkin and Tebeau, 2003). There is insufficient information in the literature with which to
judge the effect of weather conditions on the costs and general progress of oil spill cleanup. Harper
et al. (1995) reviewed costs and did not include the effects of weather. Harper et al. also noted that
the costs of offshore cleanup are less by a factor of 2.5 to 4 than shoreline cleanup. In-situ burning
is estimated to be about 5 times cheaper than offshore recovery and 10 times cheaper than
shoreline cleanup.

2.2 Spreading Compared to Weathering

Spreading, which is a function of time and oil properties, will result in thin slicks, which
may not be recoverable, burnable, or dispersible (Lystad and Martinson, 1981). Oceanic processes
including Langmuir circulation and the presence of ocean fronts may result in the collection of



material, thus reversing the effects of spreading to a certain degree (Thorpe, 2000; McWilliams and
Sullivan, 2000; Lehr and Simecek-Beatty, 2000; Simecek-Beatty and Lehr, 2000). Initial spreading
equations such as those by Fay do not consider weather factors such as wind and waves and
consequently under-predict the spreading when wind is a factor (Brown and Goodman, 1995).

23 Important Components of Weather

A review of factors relevant to the effectiveness of countermeasures in relation to changes
in weather shows that wind speed and the resulting wave heights are the most important factors.
Current or speed of water movement is not usually the result of changing weather, but will be
covered briefly in this report. Temperature affects countermeasures such as dispersion but is not as
significant in terms of other countermeasures. Temperature can be significant if it results in icing.
The relevant temperature changes at sea are only from 5 to 20°C. This spread in water temperature
in North America does not cause viscosity changes that are significant in relation to skimmers and
especially not to booms.

Wind is the component that generates waves and by itself can cause significant changes in
oil behaviour (Bayoumi and Ghalwash, 1999). Wind can also change the rate of surface drift of oil.
Youssef and Spaulding (1994) found through modelling that the drift factor (normally taken as
3.5%) varies with wind. In shallow water, the drift factor increases with increasing wind speed.
The deflection angle, however, was found to be insensitive to variations in depth, but increasing
slightly as wind speed increases.

For waves, the most important component to consider is the type of wave (Shonting, 1979;
Fredriksson et al., 1996). A regular wave does not impose as great a constraint on performance as
does an irregular wave. This will be considered here as a large amount of data was generated in the
OHMSETT facility with regular waves as well as ‘harbour chop’, and the difference can be shown
in performance degradation. At sea, many different types of wave energies have been recognized.
For example, breaking waves display more energy than non-breaking waves (Boumeester and
Wallace, 1985, 1986). Goodman (1994) noted that wave energy was a most important factor, but
one that was not understood. Cheng et al. (1998) designed waves for a test tank and noted that
wave shape was an important factor. Payne et al. (1991a) studied the weathering of the Exxon
Valdez oil in the field and in test tanks. They note that weather, especially the waves, is an
important factor in the fate and behaviour of the oil. Simecek-Beatty et al. (2002) developed a
model of chemical dispersion and use the fact that the mixing layer is 1.5 times the wave height.
This shows that wave height is a strong predictor of dispersion amount.

Weather data is stated by some to be a very important factor as it relates to spill
countermeasures (Simecek-Beatty and Timmons, 1995; Webb, 1995). Elliot and Jones (2000)
review the prediction of oil spill behaviour and fate during the Sea Empress incident and note that
the use of coarse-grid, non-operational data resulted in prediction errors. They note that accuracy
could be improved by using high quality and high resolution weather data.

24 QOil Properties Regardless of Weathering

Oil properties play a large role in the behaviour and fate of oil at sea, including how the oil
relates to changes in the weather. Buist et al. (1989) studied waxy crudes from Eastern Canada and
found that, from a countermeasures perspective, they behaved differently than other oils, regardless
of small differences in temperature. Fingas et al. (2003) noted that the dynamics of Orimulsion



were changed by variations in temperature. The lower the temperature, the more Orimulsion
surfaced.

2.5 Review of Booms and Boom Testing

Booms are very susceptible to winds, currents, and waves, probably more so than any other
oil spill equipment or technique (Fingas, 2000a).

A boom is a floating mechanical barrier designed to stop or divert the movement of oil on
water. Booms resemble a vertical curtain with portions extending above and below the water line.
Most commercial booms consist of four basic components: a means of flotation, a freeboard
member (or section) to prevent oil from flowing over the top of the boom, a skirt to prevent oil
from being swept underneath the boom, and one or more tension members to support the entire
boom.

Most booms are also fitted with one or more tension members which run along the bottom
of the boom and reinforce it against the horizontal load imposed by waves and currents. Tension
members are usually made of steel cables or chains but sometimes consist of nylon or polyester
ropes. The boom fabric itself is not strong enough to withstand the powerful forces to which booms
are subjected, except in protected waters. For example, the force on a 100-m long section of boom
could be as much as 10,000 kg, depending on sea conditions and the construction of the boom.

2.5.1 Types of Booms

The three basic types of booms are fence and curtain booms, which are common, and
external tension member booms, which are relatively rare. Booms are also classified according to
where they are used, i.e., offshore, inshore, harbour, and river booms, based on their size and
ruggedness of construction. The fence boom is constructed with a freeboard member above the
float. Although relatively inexpensive, these booms are not recommended for use in high winds or
strong water currents. Curtain booms are constructed with a skirt below the floats and no freeboard
member above the float. Curtain booms are most suitable for use in strong water currents. External
tension member booms, which are constructed with a tension member outside the main structure,
are used in strong currents and in water containing ice or debris.

The characteristics of booms that are important in determining their operating ability are the
buoyancy-to-weight ratio or reserve buoyancy, the heave response, and the roll response. The
buoyancy-to-weight ratio or reserve buoyancy is determined by the amount of flotation and the
weight of the boom. This means that the float must provide enough buoyancy to balance the weight
of the boom with the force exerted by currents and waves, thereby maintaining the boom's stability.
The greater a boom's reserve buoyancy, the greater its ability to rise and fall with the waves and
remain on the surface of the water. The heave response is the boom's ability to conform to sharp
waves. It is indicated by the reserve buoyancy and the flexibility of the boom. A boom with good
heave response will move with the waves on the surface of the water and not be alternately
submerged and thrust out of the water by the wave action. The roll response refers to the boom's
ability to remain upright in the water and not roll over.

Sorbent booms are specialized containment and recovery devices made of porous sorbent
material such as woven or fabric polypropylene, which absorbs the oil while it is being contained.
Sorbent booms are used when the oil slick is relatively thin, i.e., for the final 'polishing' of an oil
spill, to remove small traces of oil or sheen, or as a backup to other booms. Sorbent booms require



considerable additional support to prevent breakage under the force of strong water currents. They
also require some form of flotation so they won't sink once saturated with oil and water.

Fire-resistant booms are used when oil is burned on site. These booms are made of
specialized materials that withstand high heat fluxes. They are subject to the same current and
wave limitations as other booms. Often they are of heavy construction and lack much reserve
buoyancy and thus may be more subject to waves and currents.

2.5.2 Uses of Booms

Booms are used primarily to contain oil, although they are also used to deflect oil. When
used for containment, booms are often arranged in a U, V, or J configuration. The U configuration
is the most common and is achieved by towing the boom behind two vessels, anchoring the boom,
or by combining these two techniques. The U-shape is created by the current pushing against the
centre of the boom. The critical requirement is that the current in the apex of the U does not exceed
0.5 m/s or 1 knot, which is referred to as the critical velocity. This is the speed of the current
flowing perpendicular to the boom, above which oil will be lost from the boom.

In open water, the U configuration can also be achieved by allowing the entire boom system
to move down-current so that the velocity of the current, as opposed to that of the boom, does not
exceed the critical velocity. If this velocity is exceeded, first small amounts of oil and then massive
amounts will be lost. This leads to several types of boom failure which are described in Section
2.5.3.

If used in areas where the currents are likely to exceed 0.5 m/s or 1 knot, such as in rivers
and estuaries, booms are often used in the deflection mode. It is relatively well-known that currents
in estuaries such as would be found in Prince William Sound can exceed 3 m/s (6 knots). The
boom is then deployed at various angles to the current, so that the critical velocity is not exceeded.
The oil can then be deflected either to areas where it can be collected or to less sensitive areas.

2.5.3 Boom Failure

A boom's performance and its ability to contain oil are affected by water currents, waves,
and winds. Either alone or in combination, these forces often lead to boom failure and loss of oil.
Eight common ways in which booms fail are summarized here.

Entrainment Failure - This type of failure is caused by the speed of the water current and
is more likely to happen with a lighter oil. When oil is being contained by a boom in moving water,
if the current is fast enough, the boom acts as a dam and the surface water being held back is
diverted downwards and accelerates in an attempt to keep up with the water flowing directly under
the boom. The resulting turbulence causes droplets to break away from the oil that has built up in
front of the boom, referred to as the oil headwave, pass under the boom, and resurface behind it.
The water speed at which the headwave becomes unstable and the oil droplets begin to break away
is referred to as the critical velocity. It is the speed of the current flowing perpendicular to the
boom, above which oil losses occur. For most booms riding perpendicular to the current, this
critical velocity is about 0.5 m/s (about 1 knot).

Drainage Failure - Similar to entrainment, this type of failure is related to the speed of the
water current, except that it affects the oil directly at the boom. After critical velocity is reached,
large amounts of the oil contained directly at the boom can be swept under the boom by the



current. Both entrainment and drainage failure are more likely to occur with lighter oils. One or
both of these two types of failure can occur, depending on the currents and the design of the boom.

Critical Accumulation - This type of failure usually occurs when heavier oils, which are
not likely to become entrained in water, are being contained. Heavier oils tend to accumulate close
to the leading edge of the boom and are swept underneath the boom when a certain critical
accumulation point occurs. This accumulation is often reached at current velocities approaching
the critical velocities, but can also be reached at lower current velocities.

Splashover - This failure occurs in rough or high seas when the waves are higher than the
boom's freeboard and oil splashes over the boom's float or freeboard member. It can also occur as a
result of extensive oil accumulation in the boom compared to the freeboard.

Submergence Failure - This type of failure occurs when water goes over the boom. Often
the boom is not buoyant enough to follow the wave motion and some of the boom sinks below the
water line and oil passes over it. Submergence failure is usually the result of poor heave response,
which is measured by both the reserve buoyancy and the flexibility of the boom. Failure due to
submergence is not that common as other forms of failure, such as entrainment, usually occur first.
Submergence is increased as waves and current increase.

Planing - Planing occurs when the boom moves from its designed vertical position to
almost a horizontal position on the water. Oil passes over or under a planing boom. Planing occurs
if the tension members are poorly designed and do not hold the boom in a vertical position or if the
boom is towed in currents far exceeding the critical velocity. The potential for planing also
increases as waves and currents increase.

Structural Failure - This occurs when any of the boom's components fail and the boom
lets oil escape. Sometimes structural failure is so serious that the boom is carried away by the
current. This does not happen often in normal currents and conditions. Floating debris, such as logs
and ice, can contribute to structural failure.

2.6 Review of Skimmers and Skimmer Testing

Skimmers are mechanical devices designed to remove oil from the water surface. They vary
greatly in size, application, and capacity, as well as in recovery efficiency (Fingas, 2000a).
Skimmers are classified according to the area where they are used, for example, inshore, offshore,
in shallow water, or in rivers, and by the viscosity of the oil they are intended to recover, that is
heavy or light oil. Skimmers are available in a variety of forms, including independent units built
into a vessel or containment device and units that operate in either a stationary or mobile
(advancing) mode. Some skimmers have storage space for the recovered oil and some of these also
have other equipment such as separators to treat the recovered oil.

The effectiveness of a skimmer is rated according to the amount of oil that it recovers, as
well as the amount of water picked up with the oil. Removing water from the recovered oil can be
as difficult as the initial recovery. Effectiveness depends on a variety of factors including the type
of oil spilled, the properties of the oil such as viscosity, the thickness of the slick, sea conditions,
wind speed, ambient temperature, and the presence of ice or debris.

2.6.1 Skimmer Performance

A skimmer's performance is affected by a number of factors including the thickness of the
oil being recovered, the extent of weathering and emulsification of the oil, the presence of debris,
and weather conditions at the time of recovery operations.
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A skimmer's overall performance is usually determined by a combination of its recovery
rate and the percentage of oil recovered. The oil recovery rate (ORR) is the volume of oil recovered
under specific conditions. It is measured as volume per unit of time, e.g., m*/h, and is usually given
as a range. If a skimmer takes in a lot of water, it is detrimental to the overall efficiency of an oil
spill recovery operation. The results of recent performance testing on various types of skimmers
are given in Table 2. The change in performance with weather is not given in this table, but will be
addressed in Sections 2.6.2 and 3.4 of this report. Other factors that are measured are the
throughput efficiency (TE), which is the percentage of the oil recovered compared to the amount of
oil presented to a skimmer, and the recovery efficiency (RE), which is the amount of oil in the
recovered fluid. The recovery efficiency is important as extra water in the recovered product will
necessitate handling and separation.

In addition to these characteristics, other important measures of a skimmer's performance
include the amount of emulsification caused by the skimmer, its ability to deal with debris, ease of
deployment, ruggedness, applicability to specific situations, and reliability.

2.6.2 Effect of Weather Conditions on Skimmers

Weather conditions at a spill site have a major effect on the efficiency of skimmers. Most
skimmers work best in calm waters. Depending on the type of skimmer, some will not work
effectively in waves greater than 1 m or in currents exceeding 1 knot. Most skimmers do not
operate effectively in waters with ice or debris such as branches, seaweed, and floating waste.
Some skimmers have screens around the intake to prevent debris or ice from entering, conveyors or
similar devices to remove or deflect debris, and cutters to deal with sea weed. Very viscous oils, tar
balls, or oiled debris can clog the intake or entrance of skimmers and make it impossible to pump
oil from the skimmer's recovery system.

2.6.3 Types of Skimmers

Skimmers are classified according to their basic operating principles: oleophilic surface
skimmers; weir skimmers; suction skimmers or vacuum devices; elevating skimmers; submersion
skimmers; and vortex or centrifugal skimmers. Each type of skimmer has distinct advantages and
disadvantages.

Oleophilic surface skimmers, sometimes called sorbent surface skimmers, use a surface to
which oil can adhere to remove the oil from the water surface. This oleophilic surface can be in the
form of a disc, drum, belt, brush, or rope, which is moved through the oil on the top of the water. A
wiper blade or pressure roller removes the oil and either deposits it into an onboard container or the
oil is directly pumped to storage facilities on a barge or on shore. The oleophilic surface itself can
be steel, aluminum, fabric, or plastics such as polypropylene and polyvinyl chloride. Oleophilic
skimmer concepts are illustrated in Figure 2.
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Table 2 Performance of Ty pical Skimmers

Recovery Rate | m3.-’hr} for given oil type' Percent
Skimmer Type Diesel  Light Crude | Heawy Crude Bunker C Qi
Oleophilic Skimmers
small disc 0.4ta1 0.2to2 80t 95
large disc 101020 1010 &0 B0 to 95
brush 0208 058t020 05to2 05102 80t 95
large drum 101030 80t 95
small drum 0&tms 05tos 80t 95
large helt 110 & 11020 dto 20 3to 10 751095
inerted belt 101030 85 to 95
rope 2020 21010
Weir Skimmers
srnall wisir 0.2to10 05tos 210 20 20 to 80
larne weir a0 to 100 Sto 10 Jtos a0 to a0
acancing weir 11010 g to a0 a1t 25 30 to 70
Elevating Skimmers
padde comeyer 11010 110 20 1to S 10 to 40
Submersion Skimmers
large 08m1 1 toao 11020 T0to 95
Suction Skimmers
small 0301 0.3to2 Jto 10
large trawl unit 240 20 to 90
large vacuum unit Jto 20 dto 10 10 to &80
Vortex/ Centrifugal Skimmers
Centrifugal unit 02008 0D2t010 2to 20

* Recovery rae depemds ey & uok o the thickress o the ol tyoe of oil, sea slate,
Frd & a7y ctherfaclors.

¥ Thiz iz the pemertage of of in the recovered pmoduct,. The Righer the valwe,
the less thre an ourt OF water 3nd thes the helter the shie o ers'perfom amoe.

Oleophilic skimmers pick up very little water compared to the amount of oil recovered,
which means they have a high oil-to-water recovery ratio. They therefore operate efficiently on
relatively thin oil slicks. They are not as susceptible to ice and debris as the other types of
skimmers. These skimmers are available in a range of sizes and work best with light crude oils,
although their suitability for different types of oil varies with the design of the skimmer and the
type of oleophilic surface used.

The disc skimmer is a common type of oleophilic surface device. The discs are usually
made of either polyvinyl chloride or steel. Disc skimmers work best with light crude oil and are
well suited to working in waves and among weeds or debris.



The drum skimmer is another type of oleophilic surface skimmer. The drums are made of
either a proprietary polymer or steel. The drum skimmer works relatively well with fuels and light
crude, but is ineffective with heavy oils.

Belt skimmers are constructed of a variety of oleophilic materials ranging from fabric to
conveyor belting. Most belt skimmers function by lifting oil up from the water surface to a
recovery well. As the motion of the belt through the water drives oil away from the skimmer,
however, oil must be forced to the belt manually or with a water spray. Belt skimmers have been
designed to overcome this problem, including one that pumps the oily water through a porous belt
and the inverted belt skimmer which carries the oil under the water. The oil is subsequently
removed from the belt by scrapers and rollers after the belt returns to a selected position at the
bottom of the skimmer. Belt skimmers of all types work best with heavier crudes. Belt skimmers
are large and are usually built into a specialized cleanup vessel.

Brush skimmers use tufts of plastic attached to drums or chains to recover the oil from the
water surface. The oil is usually removed from the brushes by wedge-shaped scrapers. Brush
skimmers are particularly useful for recovering heavier oils, but are ineffective for fuels and light
crudes. Some skimmers include a drum for recovering light fuels and a brush for use with heavier
oils. These skimmers can also be used with limited amounts of debris or ice. Brush skimmers are
available in a variety of sizes, from small portable units to large units installed on specialized
vessels or barges.

Rope skimmers remove oil from the water surface with an oleophilic rope of polymer,
usually polypropylene. Some skimmers have one or two long ropes which are held in the slick by a
floating, anchored pulley. Others use a series of small ropes that hang down to the water surface
from a suspended skimmer body. The rope skimmer works best with medium viscosity oils and is
particularly useful for recovering oil from debris- and ice-laden waters. Rope skimmers vary in size
from small portable units to large units installed on specialized vessels or barges.

Weir skimmers are a major group of skimmers that use gravity to drain the oil from the
surface of the water into a submerged holding tank. In their simplest form, these devices consist of
a weir or dam, a holding tank, and a connection to an external or internal pump to remove the oil.
Many different models and sizes of weir skimmers are available. A weir skimmer is illustrated in
Figure 3.

A major problem with weir skimmers is their tendency to rock back and forth in choppy
water, alternately sucking in air above the slick and water below. This increases the amount of
water and reduces the amount of oil recovered. Some models include features for self-levelling and
adjustable skimming depths so that the edge of the weir is precisely at the oil-water interface,
minimizing the amount of water collected. Offshore weir skimmers have been constructed and
these usually divert the top surface of the water and oil to a calm area. This can increase the weir
skimmer’s capability to very high sea states.

Weir skimmers do not work well in ice and debris or in rough waters and they are not
effective for very heavy oils or tar balls. Weir skimmers have also been built into booms and have
been moderately successful in providing high recovery rates of lighter crudes.

Suction or vacuum skimmers use a vacuum or slight differential in pressure to remove oil
from the water surface. Often the 'skimmer' is only a small floating head connected to an external
source of vacuum, such as a vacuum truck. The head of the skimmer is simply an enlargement of
the end of a suction hose and a float. Two suction skimmers are illustrated in Figure 4.

10



Suction skimmers are similar to weir skimmers in that they sit on the water surface,
generally use an external vacuum pump system such as a vacuum truck, and are adjusted to float at
the oil-water interface. They also tend to be susceptible to the same problems as weir skimmers.
They are prone to clogging with debris which can stop the oil flow and damage the pump. They
also experience the problem of rocking in choppy waters which causes massive water intake,
followed by air intake. Their use is restricted to light to medium oils.

Despite their disadvantages, suction skimmers are the most economical of all skimmers.
Their compactness and shallow draft make them particularly useful in shallow water and in
confined spaces. They operate best in calm water with thick slicks and no debris. Very large
vacuum pumps, called air conveyors, and suction dredges have been used to recover oil, sometimes
directly without a head. Both these adaptations, however, have the same limitations as smaller
suction skimmers.

Elevating skimmers or devices use conveyors to lift oil from the water surface into a
recovery area. A paddle belt or wheel or a conveyor belt with ridges is adjusted to the top of the
water layer and oil is moved up the recovery device on a plate or another moving belt. The
operation is similar to removing liquid from a floor with a squeegee. The oil is usually removed
from the conveyer by gravity. When operating these skimmers, it is difficult to maintain the
conveyor at the water line. In addition, they cannot operate in rough waters or in waters with large
pieces of debris, and cannot deal with light or very heavy oils. Elevating skimmers work best with
medium to somewhat heavy oils in calm waters. They are generally large and are sometimes built
into specialized vessels. Two concepts for elevating skimmers are shown in Figure 5.

Submersion skimmers use a belt or inclined plane to force the water beneath the surface.
The belt or plane forces the oil downward toward a collection well where it is removed from the
belt by a scraper or by gravity. The oil then flows upward into the collection well, and is removed
by a pump. Submersion skimmers move faster than other skimmers and can therefore cover a large
area, making them suitable for use at larger spills. They are most effective with light oils with a
low viscosity and when the slick is relatively thin. Disadvantages include a poor tolerance to debris
compared to other skimmers and they cannot be used in shallow waters. Submersion skimmers are
larger than other types of skimmers and are usually mounted on a powered vessel. The submersion
skimmer concept is shown in Figure 6.

2.6.4 Other Devices

Many other devices are used to recover oil. Several skimmers combine some of the
principles of operation already discussed. For example, one skimmer uses an inverted belt both as
an oleophilic skimmer and a submersion skimmer. A fish trawl has been modified by adding an oil
outlet. Once the trawl is filled, however, usually with water, it is almost impossible to maintain a
dynamic balance in the trawl so that further oil can enter. Regular fishing nets and fishing boats
have been used to recover extremely large tar balls, but the oil fouls the nets, making disposal or
expensive cleanup necessary. Garbage-collecting vessels have been successfully used to remove
oiled debris or tar balls.
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Special purpose ships have been built specifically to deal with oil spills. Several ships have
been built with a hull that splits to form a V-shaped containment boom with skimmers built into
the hull, although this requires very expensive design features so the ship can withstand severe
weather conditions. Other ships have been built with holes in the hull to hold skimmers, with
sweeps mounted on the side to direct oil to the skimmer area. Many small vessels have been
custom-built to hold skimmers.
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2.7 Sorbents

Sorbents are materials that recover oil through either absorption or adsorption. They play an
important role in oil spill cleanup and are used in the following ways: to clean up the final traces of
oil spills on water or land; as a backup to other containment means, such as sorbent booms; as a
primary recovery means for very small spills; and as a passive means of cleanup. An example of
such passive cleanup is when sorbent booms are anchored off lightly oiled shorelines to absorb any
remaining oil released from the shore and prevent further contamination or re-oiling of the
shoreline.

The performance of sorbents is measured in terms of total oil recovery and water pickup,
similar to skimmers. "Oil recovery" is the weight of a particular oil recovered compared to the
original weight of the sorbent. For example, highly efficient synthetic sorbent may recover up to 30
times its own weight in oil and an inorganic sorbent may recover only twice its weight in oil.

The amount of water picked up is also important, with an ideal sorbent not recovering any water.
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The effect of weather on sorbents is unclear as sorbents are typically used as a final
polishing tool. As this task is critical under most circumstances, sorbent use could wait until the
weather allowed.

2.8 Dispersants and Other Chemical Treating Agents

Dispersant is a common term used to label chemical spill-treating agents that promote the
formation of small droplets of oil which 'disperse' throughout the top layer of the water column.
Dispersants contain surfactants, chemicals like those in soaps and detergents, that have molecules
with both a water-soluble and oil-soluble component. Depending on the nature of these
components, surfactants cause oil to behave in different ways in water. Surfactants or surfactant
mixtures used in dispersants have approximately the same solubility in oil and water, which
stabilizes oil droplets in water so that the oil will disperse into the water column. This can be
desirable when an oil slick is threatening a particularly sensitive shoreline.

The effectiveness of a dispersant is determined by measuring the amount of oil that it puts
into the water column and comparing it to the amount of oil that remains on the water surface.
When a dispersant is working, a white to coffee-coloured plume of dispersed oil appears in the
water column and can be seen from ships and aircraft. This plume can take up to half an hour to
form. If there is no such plume, it indicates little or no effectiveness.

Effectiveness is influenced by many factors, including the composition and degree of
weathering of the oil, the amount and type of dispersant applied, sea energy, salinity of the water,
and water temperature. The composition of the oil is the most important of these factors, followed
closely by sea energy and the amount of dispersant applied. Dispersion is not likely to occur when
oil has spread to thin sheens. Below a certain thickness, the applied dispersant will interact with the
water and not the oil.

Weather affects dispersant application and effectiveness in three ways: the amount of
dispersant that contacts the target is highly wind-dependent; the amount of oil dispersed is very
dependent on ocean turbulence and other energy; and the amount of oil remaining in the water
column is dependent on the same energy. The higher the wind, the less dispersant will be applied
to the oil from an aerial platform. The greater the sea energy, the more oil will be dispersed
downwards and the more that will stay dispersed.

Some oils are prone to natural dispersion, particularly those that contain large amounts of
saturates. For example, diesel fuel which contains mostly saturates, disperses both naturally and
when dispersant is added. The amount of diesel that disperses when dispersants are used compared
to the amount that would disperse naturally depends primarily on the amount of dispersant entering
the oil. On the other hand, oils that consist primarily of resins, asphaltenes, and larger aromatics or
waxes will disperse poorly even when dispersants are applied and will in fact separate to some
degree and remain on the surface. For this reason, certain products such as Bunker C are very
difficult or impossible to disperse with chemical treating agents available today. The major factor
in natural dispersion is sea energy in the form of waves and turbulence.

Laboratory studies have found that there is a trade-off between the amount (or dose) of
dispersant applied and the sea energy at the time of application. In general, it was found that more
dispersant is needed when the sea energy is low to yield the same amount of dispersion as when the
sea energy is high.

The relationship between the amount of dispersant applied and the sea energy has been
studied. A very large amount of dispersant is required when sea energy is low. In fact, this amount
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of dispersant would be very difficult to get into oil under most normal circumstances. At low sea
energies and with oils that disperse poorly, more dispersant is required at the interface between the
oil and the water, to the point that a typical application of surfactant would not be adequate.

2.8.1 Application of Dispersants

Dispersants are applied either 'neat' (undiluted) or diluted in sea water in the case of many
boat and ship application systems. Aerial spraying, which is done from small and large fixed-wing
aircraft as well as from helicopters, is the most popular application method. Spray systems on
small aircraft used to spray pesticides on crops can be modified to spray dispersant. Such aircraft
can perform many flights in one day and in many different conditions. Their capacities vary from
about 250 to 1,000 L of dispersant. Transport aircraft with internal tanks can carry from 4,000 to
12,000 L of dispersant.

Large transport aircraft such as Hercules fitted with portable spray systems can carry about
20,000 L which could treat 400,000 L of oil at a dispersant-to-oil ratio of 1:20. At a thickness of
0.5 mm, this oil would cover about 400,000 m* or 0.4 km®. This treatment could be applied in as
little as an hour after loading the dispersant and as many as eight flights could be flown in a day,
depending on the distance from the airport to the spill.

Spray systems are available for boats, varying in size from 10- to 30-m wide spray booms
to tanks from 1,000 to 10,000 L. As dispersant is almost always diluted with sea water to maintain
a proper flow through the nozzle, extra equipment is required on the vessel to control dilution and
application rates. About 10,000 to 100,000 L of dispersant can be applied a day, which would
cover an area of 1,000,000 m* or 1 km?. As this is substantially less than could be sprayed from a
single aircraft, spray boats are rarely used for a large spill. Smaller spray vessels are rarely used.

The essential elements in applying dispersant are to supply enough dispersant to a given
area in droplets of the correct size and to ensure that the dispersant comes into direct contact with
the oil. Droplets larger than 1,000 pwm will break through the oil slick and cause the oil to collect in
small ribbons, which is referred to as herding. This can be detected by the rapid clearance of the oil
in the dispersant drop zone without the formation of the usual white to coffee-coloured plume in
the water column. This is very detrimental and wastes the dispersant. Herding can also occur on
thinner slicks when the droplets of dispersant are smaller. The distribution of smaller droplets of
dispersant is not desirable especially when spraying from the air as small droplets will blow away
with the wind and probably not land on the intended oil slick.

Finally, it is very difficult with aerial equipment to spray enough dispersant on a given area
to yield a dispersant-to-oil ratio of about 1:20. The rate at which the dispersant is pumped and the
resulting droplet size are critical and a slick must often be under-dosed with dispersant rather than
creating very small droplets. Tests have shown that re-applying dispersant to the same area several
times is one way of ensuring that enough dispersant is applied to the oil.

Dispersants must always be applied with a system designed specifically for the purpose. If
pesticide spray equipment is used, small droplets form that may blow away and not enough
dispersant is deposited onto the oil slick. Unless suitably modified, fire monitors or regular hoses
from ships may not result in correct droplet sizes or quantities of dispersant per unit area.
Furthermore, the high velocity of the water/dispersant mixture can herd the oil away, resulting in
the loss of dispersant to the water column, where it has little effect on oil floating on top of the
water.
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29 In-Situ Burning

In-situ burning is an oil spill cleanup technique that involves controlled burning of the oil at
or near the spill site. The major advantage of this technique is its potential for removing large
amounts of oil over an extensive area in less time than other techniques. The technique has been
used at actual spill sites for some time, especially in ice-covered waters where the oil is contained
by the ice.

The most obvious disadvantage of burning oil is concerns about toxic emissions from the
large black smoke plume produced. The second disadvantage is that the oil will not ignite and burn
unless it is thick enough. Most oils spread rapidly on water and the slick quickly becomes too thin
for burning to be feasible. Fire-resistant booms are used to concentrate the oil into thicker slicks so
that the oil can be burned. This is then subject to the same wind and wave limitations as physical
recovery.

2.9.1 Ignition of Oil

Early studies of in-situ burning focussed on ignition as being the key to successful burning
of oil on water. It has since been found that ignition can be difficult under high winds (Fingas and
Punt, 2000). More recent studies have shown that slick thickness is actually the most important
factor required for oil to burn and that almost any type of oil will burn on water or land if the slick
is thick enough. Ignition may be difficult, however, at winds greater than 20 m/s (40 knots). The
weather thus becomes a key factor in a successful burn operation.

In general, heavy oils and weathered oils take longer to ignite and require a hotter flame
than lighter oils. This is also the case for oil that contains water, although oil that is completely
emulsified with water may not ignite at all. While the ignitability of emulsions with varying water
concentrations is not well understood, oil containing some emulsion can be ignited and burned.
Several burns have been conducted in which some emulsion or high water content in the oil did not
affect either the ignitability of the oil or the efficiency of the burn. Chemical emulsion breakers can
be used to break down enough of the emulsion to allow the fire to get started. As it is suspected
that fire breaks down the water-in-oil emulsion, water content may not be a problem once the fire
is actually burning.

Most ignition devices burn long enough and generate enough heat to ignite most oils.
Several igniters have been developed, ranging from simple devices made of juice cans and
propellant to sophisticated helicopter-borne devices. The state of the art in ignition technology is
the helitorch, a helicopter-slung device which dispenses packets of burning, gelled fuel that
produce a flame of 800°C lasting for up to 6 minutes. The device was developed to start back-fires
for the forestry industry. It must be added, however, that many of these devices have not been
tested under high wind conditions. Simple home-made devices have functioned relatively well
under higher wind conditions given that they sheltered the initial flame.

2.9.2 Use of Containment

Oil can be burned on water without using containment booms if the slick is thick enough (2
to 3 mm) to ignite. For most crude oils, however, this thickness is only maintained for a few hours
after the spill occurs. Oil on the open sea rapidly spreads to an equilibrium thickness, which is
about 0.01 to 0.1 mm for light crude oils and about 0.05 to 0.5 mm for heavy crudes and residual
oils. Such slicks are too thin to ignite and containment is required to concentrate the oil so it is
thick enough to ignite and burn efficiently.
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Special fire-resistant booms are available to contain oil when using burning as a spill
cleanup technique. As they must be able to withstand heat for long periods of time, these booms
are constantly being tested for fire resistance and containment capability and designs are modified
in response to test results. Fire-resistant booms require special handling, especially stainless steel
booms because of their size and weight. Furthermore, these booms are more subject to wind and
waves than the best regular booms.

Booms are also used by spill responders to isolate the oil from the source of the spill. When
considering burning as a spill cleanup technique, the integrity of the source of the spill and the
possibility of further spillage is always a priority. If there is any possibility that the fire could flash
back to the source of the spill, such as an oil tanker, the oil is usually not ignited. Oil is sometimes
contained by natural barriers such as shorelines, offshore sand bars, or ice. Several successful
experiments and burns of actual spills have shown that ice acts as a natural boom so that in-situ
burning can be carried out successfully for spills in ice. Oil against a shoreline can be burned if the
shoreline is in a remote area and consists of cliffs, rock, gravel, or sandy slopes and is a safe
distance from any combustible material, such as forests, grass cover, or wooden structures. This
then makes burning much more feasible under adverse weather conditions.

2.10 Shoreline Cleanup

The fate and behaviour of oil on shorelines is influenced by many factors, some of which
relate to the oil itself, some to characteristics of the shoreline, and others to conditions at the time
the oil is deposited on the shoreline, such as weather and waves (Fingas, 2000a). These factors
include the type and amount of oil, the degree of weathering of the oil, both before it reaches the
shoreline and while on the shoreline, the temperature, the state of the tide when the oil washes
onshore, the type of beach substrate, i.e., its material composition, the type and sensitivity of biota
on the beach, and the steepness of the shore.

Other important factors are the existence of a high tide berm on the beach, if the oil is
deposited in the intertidal zone, and whether the particular length of shoreline is exposed to or
sheltered from wave action. An exposed beach will often 'self-clean' before a cleanup crew can
perform the task, which can result in the released oil being transported to other beaches or even
back to the same beach.

The extent of oil coverage often depends on the stage of the tide when the oil is deposited
on the shoreline. At high tide, oil can be deposited above the normal tide line and often spreads
over a broad intertidal area. The least amount of oiling occurs when the oil is deposited on the
shoreline during the falling tide, although this is less likely to occur as the water is moving away
from the shoreline. The nature of the intertidal zone, i.e., its composition and slope, will often
dictate the fate of the oil. If large amounts of oil are not retained in the intertidal zone, then the oil
will have less impact on the area.

The fate of oil on shorelines also depends on the wave regime. Oil can be removed and
carried away by energetic waves within days, whereas it can remain for decades in sheltered areas.
For example, some of the oil spilled from the Arrow in 1970 remains in the sheltered coves of
Nova Scotia to this day. Similarly, a significant amount of oil spilled from the Metula in 1974
remains on sheltered beaches in Chile. In both cases, the oil was Bunker C and weathering
produced a crust on top of the oil. Under this crust, the oil is still relatively fresh, even after
decades.
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Beaches are a dynamic environment that change in profile during seasonal storms. This can
result in oil being buried on the beach in layers, often as deep as 1 metre, or buried oil can be
brought to the surface.

Oil stranded on shorelines, especially above the high tide line, weathers with time and
becomes more adhesive, viscous, and difficult to remove. If nutrients are present and the oil is
crude, limited biodegradation can take place, but this occurs slowly and only a small percentage of
the oil may be removed in one to two years. As oil stranded above the high tide line is above the
limit of normal wave action, physical removal can occur only during storm events.

2.10.1 Recommended Cleanup Methods

Some recommended shoreline cleanup methods are natural recovery, manual removal,
flooding or washing, use of vacuums, mechanical removal, tilling and aeration, sediment
reworking or surf washing, and the use of sorbents or chemical cleaning agents. Many of these
methods are only practical if weather conditions permit.

Sometimes the best response to an oil spill on a shoreline may be to leave the oil and
monitor the natural recovery of the affected area. This would be the case if more damage would be
caused by cleanup than by leaving the environment to recover on its own. This option is suitable
for small spills in sensitive environments and on a beach that will recover quickly on its own such
as on exposed shorelines.

2.10.2 Types of Shoreline

The type of shoreline is crucial in determining the fate and effects of an oil spill as well as
the cleanup methods to be used (Environment Canada, 1998). In fact, the shoreline's basic structure
and the size of material present are the most important factors in terms of oil spill cleanup. There
are many types of shorelines, all of which are classified in terms of sensitivity to oil spills and ease
of cleanup. The types discussed here are: bedrock, man-made solid structures, boulder beaches,
pebble-cobble, mixed sand-gravel beaches, sand beaches, sand tidal flats, mud tidal flats, marshes,
peat and low-lying tundra, and mangrove.

Bedrock shorelines consist of rock that is largely impermeable to oil, although oil can
penetrate through crevices or fractures in the rock. For this reason and because plant and animal
life is scarce, bedrock shorelines are not particularly vulnerable to oil spills. Oil is more likely to be
deposited in the upper tidal zone. If the shore is exposed to wave action, a significant amount of oil
is likely to be removed after each tidal cycle.

Shorelines consisting of man-made solid structures include retaining walls, harbour walls,
ramps, and docks and are generally made of rocks, concrete, steel, and wood. This type of shoreline
is usually considered impermeable to oil. Man-made structures are very similar to bedrock and are
the least sensitive of any shoreline to oil.

Boulder beaches consist primarily of materials that are more than 256 mm in diameter.
These beaches are not altered by any conditions other than ice, human activity, or extreme wave
conditions. Boulder beaches often give way to mud or sand tidal flats in the lower intertidal zone.
Because of the large spaces between individual boulders, oil can be carried down to the sediments
and remain there for years. Boulder beaches are considered to be moderately sensitive to oil and do
not recover rapidly from oiling.

Pebble-cobble beaches consist of materials ranging in size from 2 to 256 mm. Some fine
materials may be present in the interstitial areas between pebbles and there may also be large
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boulders in the area. Oil readily penetrates pebble-cobble beaches through the open spaces between
the rocks. Retention of the oil may be low as it is often flushed out from the interstitial areas by
natural tide or wave action. Oil will likely concentrate on the upper reaches, however, where there
is little flushing action. As wave action constantly rearranges or reworks the sediments, few
animals and plants are present, especially in the middle intertidal zone.

A mixed sand-gravel beach consists of a variety of materials from 0.1 to 64 mm in size.
These beaches are often called gravel beaches, because the larger gravel appears to predominate.

Sand beaches are what most people envision as a 'beach' and they are found in every part of
North America. On many coasts, they are often located between other types of beaches. Sand is
defined as a particle 0.1 to 2 mm in diameter, consisting of several different sizes and types of
minerals. Coarse sand is usually defined as 0.5 to 2 mm in size and fine sand is less than 0.5 mm.
Oil can easily become buried in sand and over time this can result in layers of sand and oil, referred
to as 'chocolate layer cake'. This is particularly true in the case of frequent storms.

Sand tidal flats consist of material similar to sand beaches but are at shallow angles and
never drain completely. They contain a lot of silt or very fine material. The surface layer of sand
flats, which consists of a few centimetres, is dynamic and unstable.

Peat and low-lying tundra are similar types of shoreline found in the Arctic regions.
Although different, they have similar sensitivity and cleanup methodologies. Peat is a spongy,
fibrous material formed by the incomplete decomposition of plant materials. Peat erodes from
tundra cliffs and often accumulates in sheltered areas, as does oil. Oil does not penetrate wet peat,
but dry peat can absorb large amounts of oil. Low-lying tundra is normally dry land but is flooded
by the sea at certain times of the year.
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3. Review of Literature on Spill Countermeasures and Weather
3.1 A priori Decision Guides

A number of ‘a priori’ guides have been issued. A classic and very good a priori guide is
described by Al Allen in 1988, the concept of which is summarized in Figure 7. As shown in the
figure, the guide is meant to be used as an intermediate in calculating volume rates for each
countermeasure analyzed.

The logic that Allen (1988) uses is summarized here. For burning, it is assumed that a
sufficient thickness (2 to 3 mm) is needed for oil to burn and that ignition cannot be carried out at
winds greater than about 10 m/s (20 knots) but that, once ignited, burns can be sustained much past
this value. Allen notes that mechanical cleanup techniques typically work best on thick oil layers in
calm seas and that this drops off quickly at winds of 7 to 10 m/s (Beaufort 3 to 4). The thickness
relationships are also crucial as shown in Figure 7. High-seas skimming equipment may have an
extended envelope, but this is not defined. Allen notes that, as short-period wind-waves build to
0.6 to 0.9 m (2 to 3 feet), booms will suffer significant losses due to entrainment and splashover.

The lower bound of dispersant use was estimated to be a wind of about 5 m/s (Beaufort 2)
on the basis of the mixing required. The upper limit of dispersant application was estimated to be
about 12 to 14 m/s wind (Beaufort 5 to 6) on the basis of the benefits compared to natural
dispersion which should be great at this sea level. These weather options are later combined by
Allen (1988) with a volume recovery versus spill thickness to provide an assessment basis for
offshore countermeasures.

Figure 7 A Classic Weather Windows Diagram (Allen, 1988)
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ExxonMobil (2000) lists the weather limitations (upper limit) for dispersant application as:
work boats (tugboat type) - wind speed 3 to 11 m/s (7 to 21 knots), significant wave height 0 to
3 m (1 to 9 feet); single-engine airplanes - wind speed 8 to 11 m/s (17 to 21 knots), significant
wave height 2 to 3 m (6 to 9 feet); medium-sized helicopters - wind speed 9 to 11 m/s (17 to
27 knots, significant wave height 2 to 8 m (6 to 17 feet); and large multiple-engine airplanes - wind
speed 15 to 18 m/s (30 to 35 knots), significant wave height 9 to 12 m (17 to 23 feet).

DeCola (2003) presents a survey of world guidelines and decision trees for dispersant use.
Of the about 30 guides or decision trees presented, only two decision trees note restrictions on
weather conditions. The US EPA Region 6 guideline indicates an upper limit of 13 m/s (25 knots)
on dispersant use and the Washington/Oregon guidelines specify a lower limit of a sea state of 1
and an upper sea state of 4 (1 to 10 m/s winds). The latter guideline also specifies an upper limit of
0.5 m/s current for mechanical countermeasures.

Koops and Huisman (2002) give a priori limits of Beaufort 6 for skimmers and other
mechanical recovery, a limit between 2 to 8 Beaufort (2 to 20 m/s wind) for dispersion, and a lower
threshold of greater than 3 Beaufort for natural dispersion. Koops (1988) gives the limit of
skimmers as 1.5 m wave heights and notes that swell has no effect on the capability to
mechanically recover.

The Mechanical Equipment Calculator, part of NOAA’s Spill Tools on the internet, does
not include the effects of weather on containment and recovery, although effectiveness is
calculated in the program (Gregory et al., 1999).The program includes primarily the inputs of slick
thickness and efficiency.

Dempsey (2002) suggests a limit of a wind speed of 12 m/s (25 knots) and a sea state with a
wave height not exceeding 3 m for offshore work.

Reed (Reed et al., 1995, a,b,c) described the OSCAR spill model and noted the mechanical
recovery efficiencies in the model were set as 80% with a 5 m/s wind and 60% with a 10 m/s wind.

3.2 General Countermeasures

Most authors presume low limits for at-sea countermeasures. The presumption is typically
that countermeasures cannot be conducted if the sea is not dead calm (O’Brien, 2002; Steen et al.,
2002). Steen et al. suggest a limit of 1 m waves, while at the same symposium, Koops and
Huisman (2002) suggest a limit of five times that amount.

Det Norske Veritas in co-operation with the Norwegian Pollution Authority has developed
standards for the certification of oil spill recovery technologies (Johanesson and Mjelde, 2001).
The certification focusses on test methods specifically geared to smaller test tanks as exist in
Norway and not on developing minimum specifications for such equipment.

33 Booms

Schulze and Lane (2001) and Schulze (2003) review the performance of booms and
summarize 20 years of testing. They note that it is important to relate first-loss velocity as well as
test oil viscosity, freeboard, boom draft, and boom buoyancy-to-weight ratio. Much of the boom
testing was conducted in OHMSETT where the results of boom testing have varied over the years.
Devitis and Hannon (1995) note that the results of testing have gone up over the years, that is the
first-loss tow velocity has increased. Particularly, Devitis and Hannon note that there was a jump
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between the 1982 and 1992 results. During that period, no testing was conducted in OHMSETT
and, when it resumed, the first loss failures jumped from about 0.5 to 0.6 m/s. However, Devitis
and Hannon note that the range of results are about the same and the differences may stem from the
fact that the earlier results were conservative and, secondly, that boom designs have improved
somewhat. The results of testing from 1975 to 1982 and the procedures for offshore testing for oil
spill containment booms were reviewed by Nash and Hillger (1988). The first loss speed ranged
from 0.1 to 0.57 m/s for a calm situation and from 0 to 0.56 m/s for regular waves and 0 to 0.38
m/s for chop. Testing results from OHMSETT are summarized in Table 3.

The classic failure of oil spill containment booms at currents of about 0.4 m/s (0.8 knots) is
well established by hydrodyamic models and tests. Much of this theory was established by Wicks
(1969). Milgram and van Houten (1978) summarized the classic theories and demonstrated these in
a test tank. Delvigne (1989) described boom failure by critical accumulation of viscous oils.
Delvigne also noted that the classical droplet breakaway failure varied as a square of the current
velocity. Tedeschi (1999) reviews booms and notes that the typical failure is at winds of 8 to 9 m/s
(15 to 18 knots). Fitzmaurice (1993) reviews containment and failure modes and suggests that
multiple boom configurations might be used to avoid critical accumulation. Van Dyck (1994),
Clavelle and Rowe (1993), An et al. (1997), Goodman et al. (1997); Brown et al. (1997), Fang and
Wong (2000), Swift et al. (2000a), and Grilli et al. (2000) utilized models to study failure modes.
None included waves as a failure mode. Chen (1998) also reviews containment and proposed to
raise containment limits by using porous nets in front of the booms to slow the currents. Johnston
et al. (1993) identified a boom failure mechanism just before critical accumulation occurs with
heavy oils. This mode is characterized by a surging under the boom. Zhu and Strunin (2002)
propose a new containment model utilizing the Froude number submergence depth and the amount
of oil trapped by the barrier.

The effect of waves has been studied by Van Dyck and Bruno (1995). They conducted a
series of tow tank tests which show that short wavelength waves are the most difficult sea
conditions for a floating boom to follow, even at optimum tow speeds or relative currents. It was
found that wave height was not the limiting parameter, provided the wave length/height ratio is
12:1 or greater. Short length/height ratios lead to breaking waves where the height of the breaker
must not exceed the available freeboard of the floating boom or there will be significant oil loss.
Optimum catenary tow speeds are verified to be near 0.5 knot full scale for all wave sizes tested.

Lee and Kang (1997) review the performance of booms in currents and waves. They
suggest that the effect of waves is to increase the horizontal current velocity. They present a
graphical algorithm to predict the failure resulting from symmetrical waves. Kordyban (1992)
developed a model to examine the effect of waves on boom failure. His approach is similar to Lee
and Kang and a sinusoidal wave increases the effective velocity. Marks et al. (1971) analyzed the
forces on a boom and calculated the total force was directly related to the wave amplitude as well
as 12 other factors.

Milgram (1977) reviewed the specific mechanical design features of booms. He derived the
following relationship to predict fabric tearing force as:

f = (C,pg(d+b)’eH'?)/10 (1)

where: f. = tearing force,
C = flow around the boom,
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p = density of oil or contained product,
g = gravitational constant,
d and b = constants related to fabric strength, and
H = the significant wave height.
Milgram notes that fabric tearing is the most significant type of physical damage to the
boom and that it relates to the one-third power of the significant wave height.
Several workers have noted that the wave period is a serious factor in determining boom
capabilities in waves (Oebius, 1999). Oebius noted that a height-to-period ratio of 0.04 is optimal
for boom containment, but that shorter periods such as 0.056 would result in loss of containment.

Potter et al. (1999) studied the towing forces on booms. The first formulation that they
review has the wave height as a direct and linear factor. The second formulation has the wave
height as a constant that varies with boom and wave type. A typical constant for wave height is
about 2 for a calm condition, 3.5 for regular waves, and 4 for harbour chop. Allen-Jones (1997)
reviewed the towing forces and suggested that the direct use of significant wave height might be
appropriate. Schulze and Potter (2002) subsequently conducted a series of tests in OHMSETT to
measure the tow forces. This resulted in a new estimator of tow force which includes the tension
caused by the force of water being directly proportional to the significant wave height.

Several attempts have been made to increase the containment capability of booms in fast
waters using energy dissipative devices (Wooten, 1973; Dorrler et al., 1975; Jensen et al., 1975;
Zhang et al., 1999). Wong and Witmer (1995) used an elliptical shape to increase containment
capability. Fang and Wong (2001) used a ramp and a series of vertical barriers to create a calm
recovery area.

Sloan et al. (1994) and Nordvik et al. (1995a, b) tested several booms offshore in the New
York/New Jersey area. Findings included the result that many of the booms tested were not
suitable for the conditions encountered in offshore waters, and that the wave height was only one
of the factors that caused an excess of tow forces for the boom designs. It was also noted that there
was a strong relationship between tow speed submergence initiation and reserve buoyancy and that
the calculation methods for tow force underestimated the tow force. It was suggested that this
might be a result of not adding the second tow vessel’s acceleration. Nash and Molsberry (1995)
discuss the offshore testing and note that the size of the system is a factor. They observed that
larger booms performed better in an offshore environment.

Suzuki et al. (1985) tested booms in ice and found that the ice presence actually increased
the critical tow speed. The critical tow speed with ice present generally increased from 0.4 to
0.5 m/s depending on a variety of conditions.

3.3.1 Typical Booms

Yazaki (1983) described the Japanese government requirements for two types of booms as
being able to contain oil in winds of 10 or 20 m/s (type C, small harbour, or type D, larger, boom);
wave heights of 1 and 1.5 m, and 0.25 and 0.5 m/s current.

Brown et al. (1993) noted that booms would fail at tow velocities of 0.25 m/s if the oil was
heavier.

3.3.2 Special and High Current Booms
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Getman (1977) reports on the tests of three fast current oil recovery devices - the Shell
ZRV skimmer, the Seaward streaming fibre skimmer, and the French Cyclonet 050. Getman noted
that the Shell ZRV performed well in a high current and in a wave train and the other two devices
performed poorly in a wave train.

Bitting (1993) reports on the testing of the NOFI Vee-Sweep system noting that this device
retains oil at higher speeds than most other devices. Hansen (2000a, 2001) measured the
performance of a number of devices including sorbent booms in fast water. The JBF 6001 and
Current Buster worked up to 3 and 3.5 m/s currents respectively. Hansen (2002) described a series
of tests to measure the performance of fast water booms and deflectors.

Brekne et al. (2003) describe a boom designed to work in up to 2.5 m significant wave
height and 20 m/s winds (50 knots). This new specialized boom, known as the Uniboom, uses a net
for the lower portion of the skirt and is self-inflating. No subsequent data was actually provided on
measured performance.

Williams and Cooke (1985) studied and tested bubble barriers for containing and burning
oil. They found that the depth of slick contained varied as the square of the current velocity. For
example, in 8 to 10 m/s wind, the floating bubble barrier held a 3.2 cm slick several metres away.

Eryuzlu and Hauser (1977) describe the use of floating deflectors to move oil out of
currents to calm areas. A prototype deflector was tested in currents from 0.8 to 2.1 m/s and
successfully deflected oil simulant to a calm area.

Folsom and Johnson (1977) describe a streamlined boom which was claimed to contain or
deflect oil at currents up to 3 m/s.

Nash and Johnson (1981) report on the use of plunging water jets to converge oil slicks.
They found they could converge slicks at current speeds of up to 3 m/s using this technology.

Brown et al. (1992, 1993) and Brown and Goodman (1998) report on the study and testing
of several high-speed containment concepts including vertical cylinders, vertical slats with and
without a back wall, vertical walls with fins at an angle, a hydrofoil, and horizontal structures
including inclined screens and a variety of filters. Several of these innovations improved the
containment ability, but no single system was recommended.

Swift et al. (2000b) reported on tests of an inclined submergence bow plane device which
retained oil at currents up to 1.03 m/s.

34 Skimmers

Extensive testing of skimmers has been conducted in the OHMSETT facility. Tests from
the 1970s are summarized in Smith and Lichte (1981) and Farlow and Griffiths (1981). Additional
data are given in Lichte et al. (1981) and Lichte (1979). These tests are summarized again in
Schulze (1998). Schulze is used as the prime source of data here, as summarized in Table 4.

Watkins (1995) notes that a measure of the effectiveness of a skimmer is the ability to
recover the most oil in the least time. Suzuki et al. (1989) tested model skimmers at scale models
and described the flow mathematically. Guenette and Buist (1993) reported on extensive testing of
the Lori brush skimmer.

While it is acknowledged that skimmers may have similar limits as booms [about 0.5 m/s
(1 knot)], these limitations can be overcome by several means, most typically by moving the
skimmer at a lesser relative velocity to the oil on the sea. Several workers have proposed skimmer
designs to overcome these limitations. Several earlier works used air herding or sheltering of the
recovery area (Ayers et al., 1975; Freestone et al., 1975; Neal et al., 1975; Widawsky, 1975).
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Clauss and Kiihnlein (1991) proposed and demonstrate the use of massive wave-shielding hulls
and energy-absorbing designs to allow at-sea recovery. Ueda et al. (2001) tested a model skimmer
that avoids the effects of waves by diverting oil into a calm area. Hara et al. (2002) propose to use
a moon pool inside a vessel to increase the wave limit from 1 to 2 or 3 m wave height. Akahoshi et
al. (2002) suggest the current limit of sea recovery is a wave height of 2.5 m and propose to use a
compensating float-pump system to deal with motion of the recovery platform. Hvidbak and
Gunter (2002a) note that heavy oil imposes additional restrictions on recovery at sea.

Provant (1992) described the capabilities of the recovery equipment for the weather
conditions of Prince William Sound. Provant provides tables of expected wave heights with winds
in the sound. The degradation of performance of skimmers is given as: sea height up to 0.9 m,
80%; 1 to 2 m, 70%:; 2.1 to 2.7 m, 50%; and over 2.8 m, 10%.

Nordvik (1999b) described modifications of the Transrec oil recovery system to improve its
recovery efficiency and to enable high seas recovery. The unit recovered 15 to 85% of the oil
presented to it during individual tests in 1.5 m waves and was thought to be capable of operating in
waves up to 4 m.

Nordvik (1995) suggested limits for windows of opportunity for skimmers based on
viscosity increase. Nordvik suggested a limit of 3 to 10 hours for a disc skimmer and 10 hours for a
brush skimmer for the heavy oil BCF 17. For BCF 24, the window was estimated to be 2 to 3 days
for a disk skimmer and after 3 days for a brush skimmer. These limits were based on the viscosity
number generated from an oil viscosity model.

A test of skimmers and booms in cold weather conditions showed no differences from
warmer weather tests of the same skimmers (Environment Canada, 1984). Shum and Borst (1985)
tested a rope-mop skimmer in a test tank with ice and found that the recovery rates were not
affected by up to 50% ice concentration. After 50% ice concentration, the mouth of the skimmer
became jammed with ice. These tests show that the most significant factor in temperature is the
formation of ice.

Gates and Corradino (1985) described a test of a weir skimmer in a test tank. The recovery
did not deteriorate significantly when waves were increased from .18 to .47 m.

3.4.1 Harbour/Small Skimmers

The standard specifications for a harbour skimmer are that they should be able to achieve
the specified performance with a 0.3 m wave (Smith et al., 1989). Velocity of the skimming
surface is important and studies have shown that significant performance improvements in a
skimmer can be achieved if the rotation speed is slowed (Christodoulou and Turner, 1987). Yazaki
(1983) noted that the government of Japan specified that small skimmers must be able to operate at
winds of 10 m/s and up to 0.5 m wave height and larger skimmers at winds of up to 15 m/s and
wave heights of up to 1.2 m.

3.4.2 Offshore/Larger SKimmers

Nordvik (1995) noted successful recoveries on the open seas at up to 10 to 13 m/s winds
and in waves up to 2.5 m/s. Peigne (1985) reports on the test of the Sirene and ESCA offshore
skimming systems. Both systems were able to recover oil during offshore tests in winds up to 10
m/s and the accompanying waves of 1 to 2 m. Leigh (1973) described efforts to build and test two
skimming devices to withstand sea state 5 (equivalent to winds of 10 to 14 m/s and wave heights of
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about 2 m). The two devices were a disc-drum skimmer and a weir basin that sheltered the basin
face from oncoming waves.

Wilson (1981) reported on the testing of a high seas weir boom and noted that high
recoveries were obtained in seas with up to 3 m waves and winds of up to 15 m/s. Up to 7,500 tons
of oil or emulsion were collected in high seas.

3.4.3 Special/High Current Skimmers

Schwartz (1979) describes some of the first tests on higher-speed skimmers, noting the
performance decrease with both waves and tow speed. Hansen (2002) described a series of tests to
measure the performance of fast-water skimmers. The “Ocean Buster” skimmer, a unit using a weir
and calm area behind the weir, has been successfully tested at tow speeds up to 2 m/s (4 knots)
(Brekne et al., 2003). The same skimmer was tested in seas up to 3 m significant wave height at a
tow speed of 0.8 m/s (1.5 knots). Coe (1999) describes a similar effort in which the USCG high-
speed skimmer capability was increased up to 3 m/s (6 knots) by using a deflector.

3.4.4 Skimming Ships

Several Dutch efforts have taken place over the past 20 years to use dredger vessels with
their systems for the recovery of oil (Ouwerkerk et al., 1995). Recent efforts have focussed on
modifications to the input system to allow the dredger vessels to use their own pumps, thereby
utilizing this enormous capacity. The heart of the system is the floating unit known as a dredge
skimmer, which replaces the regular draghead. This skimmer follows the wave movements and the
suction pipeline is kept in position about 2 m under the water level by the suction tube gantries. A
sweeping arm is connected to the skimmer through a double hinge, allowing the arm freedom of
movement horizontally and vertically. Koops et al. (1985) describe the use of the earlier versions
of these skimming vessels to recover the heavy oil during the Katina oil spill. The modified
dredges recovered oil in waves of up to 2 m, at which point the sweeping operation was stopped to
avoid damage. Recent versions of the vessel recovered up to 13,000 L of pure heavy oil during a 3-
month period at the Prestige spill.

3.5 Dispersants

Over 10 years ago, neither weathering of the oil nor weather itself were considered in
planning for dispersant application (Lindstedt-Siva, 1987). More recently, dispersant applications
have been assessed using only weathering and not weather as a criterion for results (Scholz et al.,
1999; Lewis and Aurand, 1997; Aurand, 1995; Trudel et al., 2001, 2003). Nordvik (1995)
proposed a weathering-based window of 26 hours for ANS crude and 2 hours for Bonnie Light. A
period of reduced dispersibility was estimated to be 26 to 120 hours for ANS crude and 2 to
4 hours for Bonnie Light. After 4 hours, Bonnie Light was deemed not dispersible. Several workers
(Lewis et al, 1994, 1995a, b, 1998a, b) noted that the weathering of the oil itself was a major factor
in dispersant effectiveness.

Martinelli and Lynch (1980) reviewed the factors affecting chemical dispersion and noted
that the two most important factors are the oil composition and sea energy. Martinelli and Lynch
concluded that temperature was semi-important and several other factors were not investigated.
Farmwald and Nelson (1982) tested the effect of temperature on dispersibility of Prudhoe Bay
crude and found a variable temperature effect. Daling (1988), Daling et al. (1995), and Brandvik et
al. (1991) measured dispersant effectiveness in the laboratory and found that, as temperature was
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lowered, effectiveness fell by as much as 20%. The researchers also noted that photolysis of the oil
resulted in less effectiveness.

Salt (2001) reviews the use of dispersant application aircraft at night and concludes that
only daylight operations would be safe.

Lunel and Lewis (1999) propose that the bottom threshold for dispersibility be established
as 15% for moderate sea conditions and 30% for calm sea conditions. Lunel et al. (1995a) suggest
that winds of 0 to 5 m/s be classified as low energy and winds of 6 to 10 m/s be classified as high
energy. The natural dispersion on a medium fuel oil was 0.8% at low energy and 3% at high
energy. The dispersion for the medium fuel oil for Slickgone was 8% at low energy and 17% at
high energy. Scholz et al. (1999) suggest a minimum threshold of energy of a sea state of 1 to 5
(corresponding to winds of 2.5 to 12 m/s and waves of 0.1 to 2 m).

At higher sea states, many crude oils will disperse naturally. Most of the oil spilled during
the Braer incident, which was a Gulfaks crude oil, dispersed naturally (Thomas and Lunel, 1993;
Lunel 1995a, b). Lunel noted that the winds were of force 8 to 10 (16 to 26 m/s, yielding waves of
about 6 to 12 m and gusts of wind up to 35 m/s) during that incident. It is important to note that the
oil, Gulfaks, was dispersible and that the same conditions applied to a Bunker C, for example,
would not result in significant dispersion. Lunel also stated that natural dispersion is slower and
moves only to about 1 m depth. This had been stated earlier by Cormack and Nichols (1977).
Fuentes et al. (1995) studied natural dispersion in a turbulent laboratory apparatus and found that
natural dispersion increased with increased oil weathering. The oil was a lighter Arabian crude.
The winds during the Sea Empress incident were up to 20 m/s and thus much of the dispersion that
occurred during that incident may have been natural (Lunel et al., 1996).

Natural dispersion has been studied and described by several other workers (Reed et al.,
1995c¢; Sebastiao and Soares, 1995). Mackay et al. (1980) described the natural dispersion of oil as:

Fraction dispersed = 0.11(W+1)* (1 + 50p"*ds,)-1 ()

where W is the wind speed in m/s,
M 1s the viscosity in mPa.s,
d is the slick thickness in cm, and
S, is the oil-water interfacial tension in dyne cm™.
Most recent models use the equations of Delvigne and Sweeney (1988):

Q=C D" SFd Ad 3)

where Q is the entrainment rate of oil droplets,
C is an empirical constant dependent on oil type,
D is the dissipated breaking wave energy,
S is the fraction of the sea surface covered by the oil,
F is the fraction of the sea hit by breaking waves,
d is the oil particle diameter, and
Ad is the oil particle diameter interval.
The wave energy, D is given by:

D = 0.0034pgH> (4)
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where D is the energy in J/m?,
p is the density of seawater,
g is the gravitational constant, and
H is the rms value of wave height.

Thus in both the Mackay and the Delvigne formulation, the amount of oil that enters the
water varies as the square of the wave height. Delvigne and Hulsen (1994) subsequently developed
a small laboratory method to measure the dispersibility of an oil.

Koops (1988) also presents a formulation for natural dispersion:

Vi = Vo(1 - €74 "3 H/Vo" ) (5)

disp
where Vg, is the volume of oil dispersed naturally,
Vo is the initial oil volume,
H is the significant wave height, and
t is the time.

In the Koops formulation, the oil dispersion varies linearly with the wave height.

Mackay (1985) later developed a relationship for breaking waves only and the parameter
that determined the rate of dispersion was only the amount of dispersant applied.

The effectiveness of Corexit 9500 and Corexit 9527 was tested on Alaska North Slope
crude oil at various salinities and temperatures representative of conditions found in Southern
Alaskan waters (Moles et al., 2001). The oil was weathered to different degrees. Tests were
conducted in a swirling flask at temperatures of 3, 10, and 22°C with salinities of 22 and 32°/0o.
Analysis was by GC. The authors concluded that, at the common temperatures found in the
estuaries and marine waters of Alaska, the dispersants were largely ineffective. They also found
that there was an interactive effect between temperature and salinity. A high effectiveness for
‘emulsion’, an uncharacterized mixture of oil and water, was attributed to ‘osmotic shock’ because
of the difference in the salinity of preparation (33 °/00) and the test salinity.

Deposition of dispersant droplets depends on the droplet sizes discharged from the nozzles.
Lindblom and Cashion (1983) presented a relationship that describes the droplet sizes:

VMD =k (pa c® p° V¢ D) (6)

where VMD is the droplet volume mean diameter,
M 1s the dispersant viscosity,
o is the surface tension,
p is the density of the dispersant,
V is the exit velocity relative to the surrounding airstream,
D is the nozzle diameter, and
k, a, b, ¢, d, e are empirical constants.

It should be noted that d varies from -0.6 to -1.3 depending on dispersant, thus the effect of
increasing wind velocity is to decrease the droplet diameter discharged.

Smedley (1981) studied the deposition of dispersants from DC-4 and Canadair spray
aircraft. Smedley noted that droplets less than 100 pm and sometimes up to 500 um may be
entrained in aircraft vortices and may not be deposited near the intended target. Tests also showed
that crosswinds cause poor deposition.
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Fay (1993) reported on a series of tests on the MASS spray system at Crosbytown, Texas.
Fay notes that 20 to 80% of the dispersant was lost and did not hit the targeted area. Giammona et
al. (1994) conducted a major campaign to measure the deposition of dispersant from several
aircraft platforms near Alpine, Texas. These data have been used here to provide prediction of the
relation of wind to deposition efficiency and thus weather cutoffs.

Lewis (1995) calibrated a helicopter bucket system finding that the standard conditions of
30 m/s (60 knots) forward speed and altitude of 14 m (50 feet) resulted in about 70% deposition. A
forward speed of 8 m/s (15 knots) and 6 m (12 feet) resulted in better or optimal deposition,
although the ground effect of the helicopter rotors was extreme. A deposition of about 3 to
6 mL/m” was obtained at the standard conditions, with a loss of about 20% of the material due to
wind drift under the prevailing weather conditions of 2 to 5 m/s winds. At this wind speed the
deposition was about 3.4 mL/m?* (about 3.5 US gal/acre) with a swath width of about 21 m.
Reducing the air speed to 15 m/s (30 knots) and an altitude of 7 m (25 feet) increased the dosage
rate to 14 mL/m* (about 14 US gal/acre) with a deposition rate of at least 70%. Brandvik et al.
(1997) tested a new helicopter bucket but did not gauge the effect of wind.

Payne et al. (1991b) studied the use of dispersant on the Pac Baroness and noted that winds
of 7 to10 m/s caused problems in deposition. Furthermore, it was impossible to tell if the
dispersant hit the slick or was blown off by the cross wind. Payne et al. (1993) studied the test
application of dispersant on the Mega Borg spill and noted that there was significant wind drift of
the dispersants. Lunel (1994a; 1994b; 1995a; 1995b; 1995c; 1995d; 1998; Lunel et al. 1995a, b;
1996; 1997; Lunel, 2001; Lunel and Davies, 1996: Lunel and Wood, 1996) noted in several sea
trials that winds of 5 to 10 m/s were not a problem for aerial application, although targeting is a
problem and that this is best done with the aid of remote sensing. Guyomarch et al. (2002) describe
a field experiment in which the wind ranged from 3 to 20 m/s. This wind was not noted as a factor.

Several workers noted that dispersion using spray booms on vessels was relatively
unaffected by winds up to 15 m/s (Lichtenthaler and Daling, 1983).

3.5.1 Other Agents

Pope et al. (1985) tested surface collecting agents and evaluated them over a range of
temperatures. The efficiencies of the agents only decreased slightly with air temperatures down to
less than 0°C. The effect of wind of 2 to 3 m/s was to assist in herding.

3.6 In-situ Burning

Buist et al. (2003) studied the burn rates and conditions of some Alaskan oils with and
without ice. Buist (2003) discussed the windows of opportunity for in-situ burning. He proposes
that the maximum wind speed for successful ignition is 10 to 12 m/s, although no basis for this is
given. Later in the paper, Buist also proposes a series of weathering percentages and water content
for which oils would or would not burn or where efficiency is severely hampered. Further
limitations discussed include operational limits and that VFR flying rules for the helicopter would
require greater than 4 km visibility and a minimum 300 m ceiling. Buist et al. (1998) studied in-
situ burning in a test tank on the North Slope of Alaska and found that the wave steepness reduced
both the burn rate and effectiveness. Bech et al. (1993) found that increasing wave action reduced
efficiency.
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Thornborough (1997) described a series of in-situ burns conducted off the United Kingdom
in 1996. The trial was specifically designed to examine the limits of ignition and combustion under
sea conditions. Burn 1 was ignited using a small hand-held unit with a sea state of 4/5 (waves of 1
to 2 m), wind of 10 to 13 m/s (20 to 25 knots), and a current speed of 0.9 m/s (1.8 knots). The
boom and the ignition were successful and were not significantly hampered by the prevalent
weather conditions. The second burn was ignited using a Helitorch at sea state of 4 (waves about
1.5 m), wind of 10 m/s (20 knots), a current of 0.9 m/s (1.8 knots) and again at 120 degrees from
the current direction and that of the towing vessel. The second burn involved oil containing 25%
water. The burning fuel from the Helitorch reached the sea surface from a height of 60 to 70 feet
(20 to 25 m) and a helicopter speed of 10 to 13 m/s (20 to 25 knots). Above this height and speed,
the gelled gasoline did not stay ignited.

Nordvik et al. (2002; 2003) reviewed windows of opportunity for burning, noting that the
lower flammability limit and weathering of the oil are important. This paper also proposes an upper
wind limit of 10 to 12 m/s (20 knots) for the ignition of the oil. The source of this limit, other than
a related report, is not given. A weathering diagram generated from the IKU model is given as the
means for estimating the weathering time at which the flash point is reasonable, given a certain
wind velocity. Nordvik (1995) had proposed a window based on formation of emulsion for ANS
crude of 36 hours and of 1 hour for Bonnie Light crude.

3.6.1 Ignition

Farmwald and Nelson (1982) tested the effect of temperature on flammability and ignition
of Prudhoe Bay crude and found temperature had little effect. Guenette and Wighus (1996)
reported that ignition was difficult when winds exceeded 10 m/s. Bech et al. (1993) found that
ignition was difficult with emulsified oils. D’ Atri and King (1993) conducted a burn in cold
conditions and found that gelled gasoline did not work, however, a propane weed-burner worked
well.

Guenette and Thornborough (1997) reported on the use of two types of igniters used off the
coast of the United Kingdom. Burn 1 was ignited using a small hand-held unit with a sea state of
4/5 (waves of 1 to 2 m), wind of 10 to 13 m/s (20 to 25 knots), and a current speed of 0.9 m/s (1.8
knots). The boom and the ignition were successful and not significantly hampered by the prevalent
weather conditions. The second burn was ignited using a Helitorch at sea state of 4 (waves about
1.5 m), wind of 10 m/s (20 knots), a current of 0.9 m/s (1.8 knots), and again at 120 degrees from
the current direction and that of the towing vessel. The hand-held unit consisted of a jar of gelled
gasoline and a flare. The unit is floated out to the oil after lighting the flare, the flame from the
flare melts the wall of the plastic and then ignites the gelled gasoline. The second device used a
modified helitorch in which the fluid included an emulsion breaker as well as the usual gelled fuel.

Moftat and Hankins (1997) tested a flare-type igniter specially built for oil spills. The flares
showed a temperature of 1370°C at the centre and this was maintained for a 3-minute burn. The
igniter was used to ignite diesel fuel in ambient temperatures of 3°C with winds of 8 to 10 m/s.

Burns certainly could be ignited at higher wind speeds given that the initial burn is
sheltered from the wind. It is known, that once ignited, fires can burn at very high wind velocities
(Fingas and Punt, 2000). In fact, a device for performing this feat was built and tested in the early
1980s (Fingas and Punt, 2000).
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3.6.2 Fire-resistant Boom

Meikle (1983) reported on the test of a ceramic fire-resistant boom. Measurements were
taken of the loss rate versus tow speed, as well as the rate of burning at different tow speeds. These
are reported in Table 3. Buist et al. (1983) also reported on the testing of a fire-resistant boom. The
boom was successfully tested in a towing mode up to wave heights of 4 m and contained oil in
currents up to 0.4 m/s.

Bitting and Coyne (1997) and Hansen (2000b) reported on the tests on fire-resistant booms
as containment booms. Many of the booms showed performance near that of conventional booms.
The first loss and critical failure velocities were reported. McCourt et al. (1997) tested a series of
fire-resistant booms for ruggedness while exposed to a propane fire and found that most booms
could tolerate the propane fires.

3.7 Others

Pumps and transfer devices are not really limited by the weather, but are significantly
affected by viscosity which increases as the oil weathers. Lower temperatures would, of course,
increase viscosity and make pumping more difficult. Cooper and Mackay (2002) and Hvidbak and
Gunter (2002b) review viscous pumping technologies.

Nordvik (1995) proposed a window of opportunity limit for using sorbents based on
weathering and increased viscosity of oil. Nordvik suggested a viscosity of 15,000 mPa.s would
constitute a reasonable upper limit. The window of opportunity for heavy oil such as BCF-17 and
BCF-24 became 4 and 10 days respectively. The effectiveness was felt to be reduced to 50% after
36 hours.

Nordvik (1995) also proposed a window of opportunity limit for centrifugal separators
based on the closing density gap between oil and seawater. This limit was calculated to be 18 hours
for ANS and 24 hours for Bonnie Light. Provant (1992) studied the effects of wave height on
separation by decanting. Provant rated the decrease in performance with wave height as: wave
height up to 0.9 m, 0.8 decanting factor (eg. 80% effective); waves of 1 to 2 m, 0.8; waves of 2.1 to
2.7m, 0.7; and over 2.8 m, 0.6.

McCourt and Shier (1998) studied the sediment interaction on the Yukon River and found
in laboratory experiments that there were temperature and energy relationships. The mean oil
loading was 0.006 goil/gsolids at an arc (shaking angle) of 4 degrees, 0.1 at 7 degrees, and 0.11 at
10 degrees. This is explained by increasing contact and coalescence. The loading went from the
0.11 noted at 15°C up to 0.26 goil/gsolids at 2°C.

3.8 Ice Conditions

While it was not one of the purposes of this study to examine the cleanup efficiencies with
ice as this is more than a factor of weather, some data were found that make it possible to calculate
the degradation of certain recovery techniques with increasing ice concentrations (Grenon, 2000).
Abdlenour et al. (1985) summarized tests of a water-spray boom/weir combination in increasing
ice conditions. Shum and Borst (1985) tested a rope mop in ice-infested conditions and found a
sharp drop off in effectiveness.

Several workers have noted that ice, not temperature is an issue (Arita et al, 1998; Grenon,
2000). Tsang and Vanderkooy (1979) describe the development of an ice boom which shows the
capability of deflecting ice floes on rivers and allowing oil to pass through. The boom was
successfully tested in heavy ice concentrations and with currents up to 0.2 m/s.

32



4. Development of Models for Effectiveness of Countermeasures
4.1 Overall

The basic procedure to develop a model for countermeasures effectiveness was to use
literature data on testing of examples of the particular countermeasure and then correlate this data
with the weather factor. The main advantage of this method is that it yields a relatively realistic
outlook on the actual relationship between performance and the weather factor under
consideration. The main disadvantage is that often there are no data on the performance of oil spill
countermeasures at high winds, waves, or extreme temperatures. Thus, to a certain extent, the
existing quantitative data may be extrapolated past the typical measurement points.

4.2 Booms

The quantitative data obtained for boom performance with weather is summarized in Table
3. The variance of critical velocity and wave height can be seen in the table. An analysis of the
variation of critical loss rate and wave height shows some correlation. This allows one to use the
values presented in Table 3 directly to predict the decrease in first loss and critical velocities.
Figure 8 shows the decrease in first loss and critical tow velocities with increasing wave height,
using the averages of all booms and then the average of fire-resistant booms. The decrease in
performance of booms with increasing wave height as shown in Figure 8 is expected and has been
relatively well known for several years. The correlation between various performance parameters
for booms is shown in Table 5. It can be seen that there is a poor correlation between viscosity,
wave height, and first loss speed.

4.3 Skimmers

The quantitative data obtained for skimmer performance with weather is summarized in
Table 4. These data largely come from Schulze (1998) and represent data collected over 25 years of
skimmer testing.

Table 4 shows the three most important values of skimmer performance, ORR, TE, and RE.
The Oil Recovery Rate (ORR) is the quantitative rate in volume per unit time, usually m*/hour and
is corrected for water recovery. The throughput efficiency (TE) is applicable only to advancing
skimmers. The throughput efficiency is the percentage of oil presented to a skimmer versus that
recovered, in percent. The recovery efficiency (RE) is the percent of oil recovered out of the total
oil and water recovered.

Table 4 also shows the calculations of the rate of change of the ORR, TE, and RE with
increasing current and wave height. These are calculated directly from the data shown in Table 4.
The rate of change is taken when other parameters of the test including viscosity and oil type, tow
rate, and wave height and type, are held constant.

Table 6 shows the summary and calculated averages of the data from Table 4. There is
some change in the performance of skimmers with ice concentration.
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Table3 Tests of Boom Performance with Changing W eather Conditions

CurrentTow Speed

W ave Height Summary

boam Referance ‘ear First Loss Speed Critical Speed Speedfvwawe il il “iscosity | Mumber of Wawe height ' e
of Test s s i Type mPa. 5 Tests M Condition=

Tvpical booms
Fence- catenany Schukze 2001 1977 0.2 =204 = calm or 0.3 or long regular v awes
Fence- catenany Schulze 2001 | 4977 0.23 0.17 204 uR=] =zhort regular v gues
Fence- diversionary Schulze 2001| 1977 0.5 00 calm
Fence- diversionary Schuke 2001 977 o.r -0.7 20a R lang regular v aves
Fence- diversionary Schulze 2001 | 977 0.5 13 204 0.6 =hort regular v gues
Fence- catenany Schukze 2001 | 1991 0.45 =23 calm
Fence- catenany Schukze 2001 | 41991 0.5 54 calm
Fence- catenany Schulze 2001| 1284 0.5 [=23) calm
Curtain- catenarny Schukze 2001 977 0.45 jecic] =3 calm or 0.2 or long regular w awes
Curtain- catenarny Schuke 2001 | 1977 0.25 13 jecic] 0.6 =zhort regular v ques
Curtain- diversionary Schulze 2001 1977 0.6 14962 calm or 0.3 or long regular w awes
Curtain- diversionary Schukze 20041 | 1977 0.4 1.3 14962 0.6 =zhort regular w gues
Curtain- catenany Schukze 2001| 1977 0.45 220 calm
Curtain- catenarny Schukze 2001 977 0.5 or ucin] 0z lang regular v aves
Curtain- diversionary Schuke 2001 | 1977 0.4 36 calm
Curtain- diversionary Schulze 2001 1977 0.45 0.3 36 0.3 lang regular v qves
Curtain- diversionary Schukze 20041 | 1977 0.2 0.5 236 0.6 =zhort regular w gues
Curtain- catenany Schukze 2001| 1977 0.4 G549 calm, or s hort or long regwawes
Curtain- diversionary Schulze 2001 | 1977 0.4 jecic] calm, ar s hort or lang reg wwawes
Curtain- catenarny Schuke 2001 | 1977 0.45 or calm, ar s hart or lang reg vuawes
Curtain- diversionary Schukze 2001 | 1977 o.rF 35 calm, ar = hart or lang reg vwawes
Curtain EF- catenany Schulze 2001 | 977 0.35 194 calm, ar s hart or lang reg vuawes
Curtain EF- diversionary  Schulke 2001 | 4977 0.46 134 calm, ar s hort or long reg wawes
Selfinf- catenary Schulze 2001 | 1977 0.25 jein nfy ey calm
Selfinf- catenary Schuke 2001 | 1977 0.2 jelnnfy ey 0.3 lang regular v aves
Selfinf- catenary Schukze 2001 | 1977 0.4 -0.35 el nfy ery 0.6 =hort regular v gues
Selfinf- catenary Schukze 2001 | 977 0.2 200810 calm or 0.3 or long regular w awas
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Table 3 ctd Tests of Boom Performance with Changing W eather Conditions

CurrentTow Speed

Wave Height Summary

boam Referance ‘aar First Loss Speed Critical Speed Speedfwawe ail il “iscosity | Number of Wawe height W' = e
of Test m's s s Type mPa. S Tests il Conditions

Seltinf- catenary Schulze 2001| 1977 0.5 -0.5 20000 0.5 =hort regular w awes
Selfinf - divers ionany Schukze 2001 977 0.75 2002EE calm
Selfinf- divers ionany Schuke 2001 | 1977 0.5 0.84 30028 0.3 lang regular v aves
Selfinf - divers ionany Schulze 2001 | 977 G-.8 0.14 200528 0.6 =hort regular v ques
Selfinf- diversionany Schukze 2001 | 977 0.2 1 200528 0.3 harbour chop
Seltinf- catenary Schulze 2001| -5=0 .55 10252000 0z long regular v aves
Selfinf- catenary Schukze 2001 4930 0.45 102G 2000 0.z lang regular v aves
Selfinf- catenary Schuke 2001 4930 0AY 0.13 10252000 0.4 lang regular v aves
Selfinf- catenary Schulze 2001 | 1991 0.5 10vEd calm
Prezs-inf- diversionary  Schuke 2004 4993 AT 1005270 calm
Fress-inf- diversionary  Schuke 2001 1993 0.Fna 0000 calm
Fress-inf- diwersionary  Schule 2001 4993 07065 0.55 0.z lang regular v aves
Fress-inf- diwersionary  Schule 2001 4993 0.gm08 -0.25 Q0200 0.6 =zhort regular v ques
Fres=-inf- diversionary  Schulze 2001 993 0.7m0.8 0.24 002200 0.3 harbour chop
Prezs-inf- diversionary  Schuke 2004 4993 0.gz2mn.8 1002200 calm
Fress-inf- diversionary  Schuke 2001 1993 0.50.8 u] 200500 0z harbour chop
Fress-inf- diwersionary  Schule 2001 4993 0602 Qoo 04900 calm
Fress-inf- diwersionary  Schule 2001 4993 0.G6m0.7F 0z a0sSa0 0.6 =zhort regular v ques
Fres=-inf- diversionary  Schulze 2001 993 072082 1005250 calm
Prezs-inf- diversionary  Schuke 2004 4993 0.&z0.r 200270 calm
Fress-inf- diversionary  Schuke 2001 1993 0.8510.8 015 2005870 0z long regular v aves
Fress-inf- diwersionary  Schule 2001 4993 0530025 0.25 20050 0.z harbour ¢hop
Fress-inf- diwersionary  Schule 2001 4993 0.G6m0.7F e nlnfy (] calm or 0.3 or long regular w awes
Fres=-inf- diversionary  Schulze 2001 993 0.5/0.62 0.34 je.nlnfy k] 0.3 harbour chop
Prezs-inf- catenany Schukze 2004 | 1991 0.6 100Ed calm
P ress-inf- catenany Schulze 2001 | 41991 0.45 10vEE calm
Fress-inf- catenans Schukze 2001 1991 0.75 0SS calm
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Table 3 ctd Tests of Boom Performance with Changing W eather Conditions

CurrentTow Speed

W ave Height Summary

boam Referance ‘ear First Loss Speed Critical Speed Speedfvwawe il il “iscosity | Mumber of Wawe height ' e
of Tazt m's s s Type mPa. S Tests Tl Conditions

Fire-resistant booms
Feance Schukze 2001| 1997 0.5 0.53 SO0 2000 calm
Fence Schukze 2001 | 4997 0.35 0. 45 0632 Ba0,/2000 0.24 regular wawes
Fence Schulze 2001| 1997 0.55 0.65 -0 AT SO0 2000 0.z long regular v aves
Fence Schulze 2001 | 1997 0.42 0.55 0.057 E00s/2000 0z harbour chop
Fence Schukze 2001| 1997 042 0.5 S00s2a00 calm
Fence Schukze 2001 | 1997 0.37 0.53 0.6 0052300 0.z24 regular waves
Fence Schulze 2001 | 1997 0.45 0.6 u} S00s2300 0.3 lang regular v qves
Fence Schulze 2001 | 49497 0.5 0.83 -0.07F S00s2300 0z harbour chop
Fence Schulze 2001 1999 0.45 0.5 00200 calm
Fence Schuke 2001 4990 0.2 0,45 0.29 400200 0.24 regular wauwes
Fence Schukze 2001 4999 0.45 0.6 u} 400200 0.3 lang regular v aves
Fence Schulze 2001 19949 0.45 0.6 u} Q00,200 0z harbour chop
Intern foam Schulze 2001| 1999 0.43 0.53 ZE0M90 calm
Intern foam Schukze 2001 | 4999 0.2 0.85 0.25 M990 0.24 regular wawes
Intern foam Schulze 2001| 4299 0.55 0.74 -0.23 2E0MM9490 0.z long regular v aves
Intern foam Schulze 2001 4990 0.53 0.85 -0.19 M990 0.z harbour chop
Fress inflat Schukze 2001| 1997 0,495 0.61 000730 calm
Frez= inflat Schukze 2001 | 1997 0.4 0.21 0001730 0.24 regular waves
Freszs inflat Schulze 2001 | 1997 053 -0.3 0001730 0.3 lang regular v qves
FPrezs inflat Schukze 2001 | 4997 0.5 -0. 17 00730 0z harbour chop
exterior tension Schulze 2001 1999 0.45 0.3 e sjubr =l calm
exterior ter=ion Schukze 2001 4990 0.2 0.42 FHorosg 0.24 regular wauwes
exterior tersion Schuke 2001 4999 0.5 0.85 e alnfpunl=l 0.3 lang regular v aves
exteriortersion Schukze 2001 19949 0.35 0.55 FHorasd 0z harbour chop
C eramic hleikle 1953 1932 1.4 hie gy 1200 calm
Ceramic heikle 1923 1932 1.4 u} WEELY 1200 0z
C aramic hieikle 1953 1982 0.4 0.5 hie gy 1300 0.4
C eramic hleikle Qe 1932 o.r 2 hie gy 1200 0z harbour ¢hop
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Table 4 Tests of Skimimer Perfonmance with C hanging Weather Conditions

Current Tow Speed Summary Wave Height  Sumimary Oil | Slick Wave
Skirnrmer Reference Y237 Shmps ORR ORR Slaps Shps TE Shps RE | Slups ORE ORE Shaps Shps TE Shps RE| 03 VWiscositg Thick. Bof  Speed height | Ware ORR | TE RE

of Test migth | %gm | %gm %sim | midh %M Wi %I | T mPal 5 pm Tedts s Tl Cosditicas MU 0 | 1

HarboarkEmall skimmers

Ekimming Barrier Zchulae, 135 1977 00 120 3 0zh calm f3.2 hili}
Fhkimmin g Barrier Zchuloe, 1355 1977 36 G1.4 7 200 120 ] 025 03 harbour chop 974 3.5
Ekimming Barrier Zchuloe, 1335 1977 | 1154 -1983 1346 200 120 2 028 | calm T3z 14
Zkimming Barrier Zchulae, 1935 1977 A7 6 -89 128 o0 120 1] oA calm il a92
Zkimming Barricr Schulae, 1335 1977 -18 -0a 413 Z00 120 z 03s 03 63,6 43 6
Ekimmin g Barrier Echulae, 1355 1977 ] -3 ey 200 120 4 0.5 ] regular | F1.7 48.4
Ekimming Barrier Echulae, 1335 1977 0 o A0 200 120 4 0.5 03 regular | 582 40.9
Ekimming Barrier Echulae, 1335 1977 15.2 26.1 404 200 120 1 025 05 regular | A0.6 o3 ]
Ekimming Barrier Echulae, 1335 1977 126 ] LY 200 120 4 0.5 05 regular | G632 4.4
Ekimming Barrier Echulae, 1535 1977 188 -7 .2 388 200 120 4 0.5 05 regular | 632 9.8
Ekimming Barrier Echulae, 1335 1977 5.3 435 467 200 120 2 025 OF  harbourchop 43 18
Ekimming Barrier Echulae, 1335 1977 &5 -2 602 200 120 3 0.3 OF  harbourchop 61 v
Fhkimmin g Barrier Zchulae, 1355 1977 a0 0.3 407 200 120 fi 0.5 0F  harbour chop 546 4.8
Ekimming Barrier Zchulae, 1355 1977 0.7 1.4 A 200 120 i 0.5 05 harbour chog 9902 343
Zirene & kimming Barrier | Schulae, 1335 1979 545 3.1 1 033 calm 18 100 @ 23
Zirene & kimming Barrier | Schulae, 1335 1970 BT A -6 .1 175 1683 G5 3.3 1 0.5 calm /A M| 42
Eirene Ekimming Barrier | Schulae, 1355 19749 -4 6 Bl st -104 fdh 3.2 1 oh3 calm P 40
Eirene 5 kimming Barrier | Schulae, 1335 1974 a4 33 40 5 -8 Adh 3 1 Orh calm 198 N 26
Eirene & kimming Barrier | Schulae, 1335 1970 -1 L] 1.7 182 b ] 3.2 1 0.3 OF  harbourchop 126 9 1
Firen e S kimming Barrier| Schulze, 1336 1979 S35 -89 25 485 55 3.3 1 L] O  harbour chop 395 | 4R 71
Zirene Zkimming Barrier | Zchulae, 1935 1974 W57 RG] 115 -26.8 hd 2.6 1 L] OF  harbourchop 334 31 58
Eirene 5 kimming Barrier | Schulae, 1335 1974 3.3 1296 J06.7 folage] HE ] 17 2 1 03  harbourchop 11 i 16
Eirene & kimming Barrier | Schulae, 1335 1970 3.2 172 2 208 HE ] 3.2 1 0.3 05 regular | 164 0 @ 2T
Zirene & kimming Barrier| Schulze, 1365 1974 -5 .4 1967 a4 <262 hdh 2.7 1 OA3 04 regular | 357 | B2 &5
Zirene & kimming Barrier | chulae, 1335 1974 178 3.1 1 033 calm 166 @ 3
Zirene §kimming Barrier| Schulze, 1335 1974 -155 S433 T 583 1833 178 3.3 1 0.4 | calm I
Ziren e S kimming Barrier | Schulze, 1336 1979 16 a6.4 244 -20 178 31 i 0g3 calm 126 =8 42
Eirene & kimming Barrier | Schulae, 1335 1974 7 413 3T 8 - 178 1.6 1 ora calm 14 1 id
Eirene & kimming Barrier | Schulae, 1335 1979 1.8 10.8 0 2 178 3.2 1 033 05 regular | 157 0 # 21
Eirene & kimming Barrier | Schulae, 1335 1970 -4 275 06 -rd 172 31 1 0.5 05 regular | 3008 0 A1 50
Eirene & kimming Barrier | Zchulae, 1335 1974 B L -130.1 152 - 178 3.4 1 053 05 regular | 274 A 44
Eirene & kimming Barrier | Schulae, 1335 1974 1.6 9.6 17 -14 178 1.5 1 Ov5 05 regular | 158 0 14 29
Eirene & kimming Barrier | Schulae, 1335 1979 1.3 Ty 0 4.3 178 31 1 0.3 O0F  harbourchop 157 99 I5
Firen e S kimming Barrier| Schulze, 1336 1979 -4 -2 ara -17 A4 178 2 1 0.5 07  harbour chop 194 H iL)
Zirene S kimming Barrier| Schulze, 1355 1974 -11.4 Rk 61.4 643 178 33 1 L3 07  harbourchep 246 | 56 67
Zirene Zkimming Barrier Schulae, 1335 1974 0 1] 1224 -10 178 24 1 L] OF  harbour chop 16.6 13 249
Lori Bruzh Skimmer Schulze, 1335 1979 med.ad | GOD e 1 0ys | calm 0. G0
Lori Brush Skimmer Zchulze, 1355 1979 0.6 -1aze 867 med.od | BOO e 1 105 | calm 0.42 26
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Table 4 ctdl.

Tests of SKHmmer Performance with Changing Weather Conditions

Current Tow Speed Sumimary [Wave Heloht  Sumimary il | shick Wiave
Skirmrmer Referemce | Y230 Shmps ORR ORE Shps Shps TE Shps RE Shps ORR ORR Shps Smps TE Shps RE| 03 ¥izcosity Thick. ®of | Speed baight | ware ORR TE RE
o Test migih | %aim  %sim| %sim mith 0 %m0 %im | %M tee mFa f o Tests rfs | M Cosdmticas MY % %
Lori Brush Skimmer Zchulze, 1355 1979 0.8 RN -40 med.od | GOD nz 1 12 calm (L] az
Leri Bruzh Skimmer Zehulae, 1395 1979 0.8 -ITa6 =14 med.ni | GOD nz 1 14 calm LR Ta
Leri Brush Zhimmer Echulae, 1735 1979 0.3 ] 5.7 med.oi | GO0 ns 1 12 calm 053 Gt
Leri Brush % kimmer Zchulae, 1395 1979 -0.3 0.6 1313 nedad | BOD ns 1 o./s | 0.6 reqular | 035 21
Lori Bruzh Skimmer Zehulae, 1335 1974 16 R ] B33 | medal | GOD ns 1 1 IR} regular | D72 T4
Lori Brush Skimmoer Zchulae, 1335 19749 -2.4 -a21 1 TV med.oi G00 ns 1 13 0.2z rigular oar Th
Lori Bruzh Skimmer Zchulae, 1335 1ova 2 -G 2 il med.ai [s11]1] n= 1 15 025 regular o021 T4
Lori Bruzh Skimmer Zchulae, 1335 1979 -1.1 -39 5 -3 med.oi a11]1] n= 1 12 0.24 rgular 0Aa7 58
Eeoop WeirSkimm er Zehulae, 1335 1972 heaw sl 1000 ns I 025 calm a2 100 &7
Eeoop WeirSkimm er Echulae, 1335 1978 -4 -Th3 1] heawoil 1000 ns 1 0.38 calm 01 100 | &7
Eeoop WeirZkimm er Echulae, 1535 1973 136 147 2 220 heawmil 1000 ns 3 05 calm 5.8 45 100
= coop WeirEkimmer Zchulae, 1335 1978 134 1458 1763 heawsil 1000 ns 4 0.63 calm 41 33
Ecoop Weir Skimm er Echulae, 15335 1978 -4 7 407 a0 heaw sl 1000 ns 1 0.33 0.3 regular | 106 | 91
Eeoop WeirZkimm er Echulae, 1535 1973 .5 2.5 1.7 heawmil 1000 ns 1 0.25 0.6 harbourcheg 7 &7 100
Fcoop WeirEkimmer Echulae, 1395 1973 6.3 6.8 53.3 heaw il 1000 ns= 3 0.28 0.6 harbourchop 5.4 | 63
= coop WeirZkimmer Echulze, 1935 1978 4.2 453 51.7 heaw sl 1000 nz 3 05 06 harbourcheg 6.7 68 95
Ecoop Weir Skimm er Echulae, 15335 1978 T.h 815 118.3 heaw sl 1000 ns : 063 06 harbourcheg 47 28
Dizc zkim. -Flat-C5G ksl Schulze, 1506 1993 leerude | S to S0 10 1] calm a9
Dizc shim. -flat-000 kst Schulae, 1505 1993 a5 Ik erude | 5 to A0 10 1] 0.4 rgular i}
Dizc zkim. -Flab-CCG ksl Schulae, 1335 1993 538 Ik eruds | 1o A0 10 o 0.2 harbour chop 43
Dige skim. -flat-COG best Schulze, 1555 1993 erude | Htof0 | 28 o zalm a6
Disc shim. -Flat-CCG best Fehulze, 1335 1993 A eerude | BtoS0 | 25 o 0.4 reqular 83
Oizc zkim. -Flak-CCG best Bchulae, 1335 1993 =8 Ieeruds | 5 to A0 25 1] 0.2  harbour chop G4
Dize skim. T-disk CCG 1 Schulae, 1535 1993 kerude | Stod0 |10 i calm 99
Dise skim. T-disk COG 1 Schulze, 1505 1993 HA | erade | St S0 |10 0 0.4 re: qular 46
Dizc shim. T-disk CCG 1 Schulae, 1205 1993 $.3  merwse | FtoSD 1D 0 0%  harbour chep 4
Dize shim. T-disk CCG1 Schulae, 1355 1993 learude | Hto O 25 0 calm 100
Dize skim. T-dizk CCG1Schulae, 1505 1993 awh e erude | B 1o G0 kil 1] 0.4 regqular ah
Dizc zkim. T-dizk oG 1 Schulze, 1506 1993 &r.5 leerude | S to S0 25 1] 0.2  harbour chep 45
Paddle skimmer Zchulae, 1335 1977 he aw ail 1900 26 1] calm 9.4 a1 ad
Paddle skimmer Schulae, 1535 1977 it} 244 7 104 230 heaweil 1900 26 1] 0.z r gular 48 0 18
Fope Mop sktion ary Echulae, 15336 1977 I cruds G 20 o calm 2.6 aa
Fiope Mop shtion ary Echulae, 1535 1977 -1.5 57T 345 I crude fi 20 1] 0.6 harbourcheg 3.5 G
Rope: Mop sthtionary Echulze, 15936 1977 Ik zrude 14 20 1] calm 31 T4
Fope Mop shtion ary Echulae, 15336 1977 -1.7 538 15 I crudes 14 20 o 0.6 harbourcheg <1 7o
Fiope Mop sktion ary Echulze, 1535 1977 I cruds Ta 20 1] calm 0 LS
Fiope Mop shtion ary Echulae, 1535 1977 - Rt 0 It crude T 20 1] 0.6  harbourchep 7.3 T3
Fope Mop towed single | Echulze, 1535 1978 me d.oi T3 5 0.75 calm 4 5 55
Fope Mop bewed single | Echulae, 1536 1978 4.2 0.9 -1.3 medai | THI 5 13 calm 5.9 bils}
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Table 4 ctd. Tests of Skmimer Performance with Chanaging Weather Conditions

Current Tow Speed Sumimary  Wave Height  Sumimary

il

Zlick

Wimye

Skirmrmer Referemce | Y230 Shmps ORR ORE Shps Shps TE Shps RE Shps ORR ORR Shps Smps TE Shps RE| 03 ¥izcosity Thick. ®of | Speed baight | ware ORR TE RE

of Test| mrigih | %sim | %sim| %s'm | nifh 0 % | %im | %'m | tee mPa® o Tests) s | M | Conditioas M % %

Fiope Mop bowed single | Schulae, 1335 1978 0.4 V.2 105 medod | THR ] 15 calm 6.8 jei]
Fope Wop bewed zingle | Schulae, 1335 1973 L] 1738 -] med.ad TA3 ] 074 014 reqular 58 i1
Fope Mop bewed single | Schulae, 1735 1978 -3 533 14.5 -4 -5 0 me d.ai a3 5 13 0.145 reqular 7.4 53
Fope Mop towed single | Schulae, 1335 1978 5.4 733 -10 27 9.2 -1323 | nedai T3 5 15 015 ri qul ar 6.4 56
Flope Mop bowed single | Schulae, 1333 1972 6.5 -1 .3 33 medai | THI 5 0.75 06  harkourcheg 2.5 53
Fh:pn: rl.l'bp hoaweed 5ing¢ Zchulae, 1335 1973 a1 5949 T3 z 24 1.7 med.od Ta3 5 13 1] h:.rb.c.urchq: 57 44
Fiope Mop bowed single | Schulae, 1335 1973 3.4 61.4 15 3 441 183 pedad | TE3 5 145 06  harkourcheg 5 L1l
0il Mop ZRY Zchulae, 1395 1976 I cruds G5 43w 126 calm T 36 | 23
il Mep 2R Echulae, 153& 1976 0 o A4 1] Ik zrude G5 43w 15 calm T 15 13
il Mop 2RY Echulze, 1535 1976 -0.6 -] 18 -2 Ik zrude G5 43w 1.75 calm va3 I 24
0il Mop ZRY Echulae, 1535 1976 37 a2 -10 T kerude G5 43w 15 0.6 harbourchep 48 21 10
il Mep 2R Echulae, 1535 1977 heaw sl 3000 3 3 05 calm 43 7 52
il Mop 2RY Echulae, 15335 1977 -T2 -167 .4 Lad A0 heawmil 3000 3 1 1 calm ¥8 48 v
Qil Mep 2RY Echulae, 1535 1977 B -197. 7 T <23 heaw mil| 3000 3 2 15 calm 122 64 75
Qil Map ZRY Echulze, 1736 1977 -85 -2304 -15 o] heaw ail 3000 3 4 05 0.6  harbourchop 10 a0 36
il Mep 2RY Echulae, 1535 1977 Ik zrude 3 3 4 1 calm 9.4 | 65 G
il Mop 2RY Echulae, 15335 1977 -8 062 -2 4 Ik zrude 3 3 : ? calm 1745 | 67 G2
Qil Mep 2RY Echulae, 1535 1977 3 B 14.7 12 It zrude 3 3 3 5 calm 139 43 4
Oil Mep 2ZRY Echulze, 1535 1977 1} 1] 117 0 Ik zrude 3 3 4 1 06 harbourcheg 9.4 72 fd
0il Map ZRY Zchulae, 1535 1977 -3 A -av.2 16 13 Ty 438 18.3 356 Ik zrude 3 3 L} 2 0.6 harbourcheg 128 56 41
ail Meop 2R Zchulae, 1335 1977 a 86 28 1.3 It crude 3 3 Z z 0.8 reqular 134 G5 45
MhreoBelt skimmer Echulae, 1735 1976 heawnil 837 Btoll 6 oA calm 1145 85 a7
Mhrc o Bl shimm er Zchulae, 1395 1976 -24.2 -210.4 -0 -18 heawnil  B3F Btoll & 1 calm 36 90 | 66
MerecoBeltzkimmoer Zehulae, 1335 1976 a1 | 3 -19 he aw mil 837 Stoll 4 15 calm harkaur chq: 06 Gz Th
F¥arc o Belt shimmoer Schulae, 1335 147G 1.3 1.6 15 -28.3 he aw mil 237 S1o011 1 05 0.5  harbour chop 107 K= T4
MhrecoBeltskimmer Zchulae, 1395 1976 224 124 G2 L] 195 8206 75 5 heawmil 837 Bto 11 1 1 D6  harbourchog 118 | 45 i1
FhrcoBeltskimmer Echulae, 1735 1976 -1.8 -16.8 48 kr 1354 G55 56.7 65 heawmil 947 Hto 11 1 15 06  harbourchep 125 28 a7
MWhrea el skimmer Zehulae, 1535 1976 0.8 18.3 heawmil 837 Stoll 1 0Aa 1.2 harbourcheg . 5]t} Kiil
MWhreoBelt skimm er Zchulae, 1335 1976 40 2z 41,7 o7 heawnil 837 8toll 1 1 1.2 harbourchog 9.9 40 34
Mharc o Belt sk immer Zchulae, 1335 1977 he aw ail Tad 3 i 0.25 calm 3 T4 &7
MurcoBeltskimmer Schulae, 1535 1977 124 433 12 3z he aw ail Tod 3 2 0A& calm 6.1 71 4
MWhrecaBeltskimmer Zchulae, 1335 1977 heawnmil  rad G 1 oA calm a8 ™ 34
MWhreoBelt skimm er Zchulae, 1335 1977 3.8 BLY ] 12 -2 heawil  rad 3 i1 075 calm T4 | 62 a8
Ftarc o Belt sk immer Zchulae, 1335 1977 B il %] g -16 he aw ail Tad 5] i 0.75 calm 162 st} a3
MWhreaBelt skimmer Zehulae, 1535 1977 6.9 23 0.3 g heawnil| fod 3 ki | 1 calm 82 A2 A
MhreaBelt skimmer Zchulae, 1335 1977 =174 -17a.8 20 -4 heaw il  rad G 1 1 calm 186 61 a6
WhreaBelt skimm er Zchulae, 1335 1977 26 -35.3 40 12 heawnil  rod 3 ] 145 calm G2 24 72
MurcoBeleskimmer Zchulae, 1335 1977 -0.8 27.8 433 61.7 he aw ail Tad 3 i1 0A& 06  harbaur chop 3h 48 a0
MWhrea Bl skimmer Zehulae, 1335 1977 -1.2 389 T1.7 .3 heawnil| rod 3 1 074 0.6 harbourcheg 3.7 31 40
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Tahle 4 ctd.  Tests of Skimmer Parformance with Chanoing Weather Conditions

Current/Tow Speed Suminaly |(Wave Heiglt Sumimary Oil | Slick eV
Skimrmer Peference | Tear | Skeps ORRORE Shps Shps TE Shps RE| Shps ORR ORR Shps Shps TE Skps RE 03 Viscosity Thick. #of Speed height wWawe | ORR TE | RE
of Test isih | %gm | %s'm %sm . mth %I WM | %M Teee mFaL S MM Tests S M Conditions MA % %
Iwlrco Belt skimmer Schulze 9% 1977 0.5 ol o5 G5 heawad | THG |1} 2 1 0.6  haborcho 42 14 | 45
MurcoBeltskimmer | Schulze fags 1977 05 167 | 358 | 342 hewna|  TE4 3 05 | 12 haborchg 24 31 48
Mlrco Belt skimmer Schulz e 1992 1977 0.2 8.3 383 3332 heaw. ol Tad ] 1 0.7%5 1.2 haboor ch 3.3 et 47
Fized Submersion plane Schulze 9% 1978 k. ail 149 3 I 0.75 calm 148 41
Fised Submersion plane Schulze, B3 1972 -40 -2F0.3 -36 E.gil 149 3 2z 1 calm 248 T8
Fized Submersion plane | Schulze, 133 1873 3T -214.4 208 k. il 14 3 3 1.4 calm 3|E 0 OTT
Fixed Submersion plane | Schulze, o 1978 -13.1 -55 1.1 k.ail 14 kK 4 ? calm 32 49
Fixed Submersion plane Schulze, 032 1972 A8 -39 0.7 k. ail 149 3 I 5 calm i} I
Fitted Submersion plane Schulze g 1978 i 134.1 467 k.ol 14 3 I 078 03 habowchg 5 34
Fixed Submersicn plane | Schulze, B 1978 | -1.6 8.2 8 52 007 170 . il 12 3 3 i 0.3 haborchg 93 37
Fized Submersion plane | Schulze, 133 1972 A6 -10941 iy 63 1952 150 k. ail 19 3 b 1.5 0.2 haborchg 16 32
Fited Submersion plane Schulzs, 9 1078 | -143 | 1627 | A4 15 481 233 k. ail 11 a 4 7 03 haborchg 267 | 42
Fixed Submersion plane Schulze, B35 1972 1.2 T5.5 18.3 k.ail 19 3 1 0.79| 06 haborchg 51 | 40
Fixed Submersion plane Schulze, B2 1972 17 .6 11849 52 k. il 14 3 1 075 0.5 reqular G 24
Fixed Submersion plane | Schulze, B 1978 -84 140 4 34 134.7 102 k. ail 19 K 1 1 0.5 reqular | 2.1 | 24
Fized Submersion plane Schulze, 922 1972 1.2 20 0 57 1736 134 k. ail 19 3 1 1.4 0.4 reqular 51 10
Fized Submersion plane Schulze 132 1972 heaw.nd | 1230 10 1 1 calm ara | an
Fised Submersion plane Schulze, B3 1972 2172 247 4 12 heawad | 1230 10 2 1.258 | cam ¥4 8T
Fied Submersion plane | Schulze, 1350 1978 107.8 122 8 36 heaw.od| 1230 10 2 1.6 calm 3348 72
Fized Submersion plane Schulze, t93 1972 51.2 583 | heaw ad | 1230 10 4 2 calm 66 61
Fitted Submersion plane | Schulze g 1973 hoawod| 1230 3 1 0.5 | cam 31z 8
Fixed Submersion plane Schulze, B35 1972 -18.8 -535.9 rod heaw ad | 1230 3 3 138 calm 197  ¥7
Fired Submersion plane | Schulze, g 1978 -HE 1446 145 heawod| 1230 3 3 1 calm 6.5 82
Fized Submersion plane | Schulze, 133 1972 heaw.nd 1230 3 i 075 03 haborchg # a2
Fized Submersion plane Schulze, 1932 1972 -1 4 365 -6 38 1434 116.7 heawad | 1230 3 2z 1 0.2 haborchg 151 &
Fixed Submersion plane Schulze, 032 1972 -16.3 -203.3 =20 heawni| 1230 3 1 1.5 0.3 haborchg 202 | 4
Fised Submersion plane Schulze, B3 1972 heaw. ol 1230 3 1 0.79| 06 haborchg 7.2 | 29
Fived Submersion plane Schulze, B33 1978 | 372 5167 | 104 16.7 f2.0 45 howead| 1230 | 3 1 1 06 habourchg 165 55
Fized Submersion plane Schulze, 1922 1972 34 421 24 heawod| 1230 3 1 1.5 0.6 haborchg 46 | 11
Fixed Submersion plane Schulze, 032 1972 heaw i | 1230 3 @ 075 DA reqular | 43I0
Fisted Submersion plane | Schulze g 1978 -4.7 -108 .8 .4 hoanod| 1230 k 1 7 0.5 reqular | 102 | I3
Fised Submersion plane Schulze, B2 1972 0.4 .7 16 heawod| 1230 3 1 1.5 0.4 regular | 3.6 ]
OIF 200 Schulze, tags 1972 Al zrude g Fawe 1 1.3  calm 27 | 88 | 30
P 200 Schulze 9% 1973 1.3 -48 4 i Bkt crude g ¥ aw 1 16 0.6 reqular 38 44 0
OF 2o Schulze 19% 1975 Brab crude 24 1 1 0.5 calm 1.1 04 | 06
OiF 200 Schulze, 35 1975 0.4 364 34 Brab zrude 24 0.5 1 1 calm 1] T a4
OiF 2001 Schulze, B33 1975 o 0 -10 Arab crads| 24 1 1 na | o4 naural | 09 1 95
i 2001 Schulze g 1076 | 18 200 B 2.3 280 7.8 Brak e, 24 1 1 1 04 | paual | 18 | 72 OB



Table 4 ctd. Tests of Skimmer Performance with Changing Weather Conditions

Current Tow Speed Sumimary Wave Height  Sumimary Oil | Slick i3 ve
Skimrmer Feference T23r |Shps ORR| ORR Shps Shps TE Shps RE Shps ORE ORR Shps Shps TE Shps RE. 03 Yiscosity Thick.| #d | Speed Meigdt wae (ORR | TE | RE
o Tet nrsih | %sm | %siml %sim | nh | %M %M | %M tee mPa$ | mm Tests M | Condtions MM | % | %
Staionary skim - Menta F Schulze, 15833 1975 DoF 74 20 G calm 201 27
Staionary skim - Menta F Schulze, 1935 1975 a2 40 6 83 DoF 74 20 1 06 harbour chg 152 22
Stationary skim - Skimp. Schulze, 1735 1920 medum 200 T 3 calm .5 g
Stationan skim - Skimp. Schulze, 123 1930 1.4 LR 38 medum | Z0O [ 1 026 requla i [
Staionary skim - Skimp- Schulze, 1935 1950 medium | 200 23 2 calm 4 H
Staionary skim - Skimp. Schulze, 1535 1920 2.7 673 5.4 | medwm | 200 24 3 026 requl & 33 27
Staionary skim - Skimp. Schulze, 12321920 medum | 200 16 3 calm 24 pii!]
Staionary skim - Skimp. Schulze, 1735 1930 4.2 a0.1 15.8 modum 200 16 1 014 requl Eli] ]
Slurp Skimmer Schulze 1905 1975 zrude 24 1 1 calm 0av 5
Slurp Skimimer Schulze, 195 1978 -1 -558 .8 =30 zrade 24 1 1 0.z natrd | 036 i
Slurp Skimmer Schulze 1998 1975 zmde 24 5 1 calm 046 15
Slurp Skimimer Schulze, 1995 1975 I -10.49 1] zmde 14 ] 1 0.z nard | 047 14
Slurp Skimmer Schulze, 1335 1975 Emukion 3500 5 1 calm 049 25
Slurp Skimimer Schulze, 1993 1975 0.4 714 654 Emukion | 3500 5 1 0.z nabara 04z 14
Harbour mte weir skim. | Schulze, 1398 1993 Direl | 45 10 calm 0.2 &
Harbiour miate weir skim. | Schulze, 1998 1993 Dirol | 45 5 calm 1.3 i)
Harbour mishe weir skim. | Schulze, 1993 1993 -34 -17460 i1 Diir ol 45 10 0.4 requl & 156 3
Harbaur mishe weir skim. | Schulze, 1933 1993 0.3 19.2 0 Dier ol 45 25 0.4 requla 1.2 4
Harbour miste weir skim. | Schulze, 1233 19432 1] 0 25 Dicsr o 45 10 0.8  harbourchg 0.2 i
Harbour miste weir skim. | Schulze, 1735 1993 0.6 431 o8 Dlicr ool 45 26 0.8 harbourchg 02 10
Harbour miate weir skim. | Schulze, 13235 1983 crade A0 10300 10 calm 003 1
Harbour miate weir skim. | Schulze, 1335 1993 erude OO0 to 300 25 calm 1.3 21
Harbour mste weir skim. | Schulze, 1335 1993 1] 313 0 erude (B0 to 3000 10 0.4 regqul & oo0g i
Harbour miske weir skim. | Schulze, 1993 1993 z 16538 K sde G0 to 300 25 0.4 regul ar 0A g
Harbour mishe weir skim. | Schulze, 1992 1993 ] 313 1.3 smde A0 to 300 10 0.8 harbourcheg 0.1 I
Harbour mate weir skim. | Schulze, 1335 1993 0.3 19.2 i5 srude (G0 to 3000 25 0.8 harbourcheg 1.1 19
Dhestrocil wsir ski mmmeer Schulze, 109z 1974 heauy 210 5 5 calm 162 5]
Diestroil weir skimmer Schulze, 1935 1970 10 61.7 n.: he auy 210 4] 2 04 harbourchg 115 59
Destroil weir skimmer Schulze, 12321970 242 149 .4 T84 b au 210 ] 2 014 reqdy | 116 g
Destroil weir skimmer | Schulze, 1735 1874 -18.1 -111.6 823 he auy 810 ] 1 026 reqia | 208 a3
eyl wsir sk mmmer Schulze, 1933 1979 light a 5 2z calm 184 T
Dhestroil wesir ki mimer Schulze, 1993 1979 42 186 1231 light q 5 1 026 requar a.5 44
GT-195 Schulze 1993 1922 Eunker= 11700 calm il TE
GHT-196 Sohulze, 1oas 1983 15 1.4 s Eunkerz | 11700 0.4 requar 15 50
GT-186 Schulze 1395 1952 TemaHaow: 100600 calm 30 100
GT-156 Schulze, 1995 1983 1.7 56 M7 TemaHows 100600 0.3 requl & M5 az
GT-156 Schulze 1995 1922 3T A 125 125 TeraHow: 100600 0.4 requl a 15 1]
W dosep Sehulze 103 1952 Eunkerz |+ 100k calm 38 2
W doep Schulze 1905 1952 o 184.2 0 Bunkers |+ 100K 0.4 requl & 10 2z

41



Table 4 ctd,  Tests of SKmimer Parforimance with Changng Weather Conditions
Current/Tow Speed Sunmary Wave Height Sumimany Oil | Slick i e
Skirmrmer Reference | 1230 | Shys ORR ORR Saps|Sps TE Sups BE Shps ORR ORF Shps Shaps TE Saps RE 03 ¥iscosity T hick.| Bof | Speed Deight | ware ORR  TE RE
of Tedt migth | %sm  %Wsim %sm . nifth 0 %m0 %m . %M Tee mPa % foimn Tests) (S | 11 Coaditions b % 9%
Wezgarm bowed weir Zchulae, tas 1980 1 025 calm 11 100 2
Weegarm bowed weir Echulae, 1935 1980 b -2hd 5 i} -4 1 05 calm 13 | 100 20
Weegarm bowed weir Echulze, 1935 1980 -7 636 S -10 1 1.25  calm 18 92 18
Weegarm bowed weir Zchulae, 1955 1980 Py 206 .1 1] 5.3 1 1 calm 28 100 12
Weegarm bowed weir Schulae, 9535 1980 z DEE calm 1 o0 0 18
eegarm bowed weir EZchulae, B35 1980 Af =609 1 1] -16 z 0.5 calm 25 100 0 22
eegarm bowed weir Fehulze, 35 1950 -10 -a0.4 12 -10 2 1.25  calm | 82 | 18
W eegarm bowed weir Echulze, t935 1980 -26 T -242 4 0.7 -13.3 2 1 calm H 7 | 28
Weegarm bowed weir Zchulze, t935 1980 17 -14545 A0 -6 2 125  calm 23 a0 24
Weegarm bowed weir Echulze, 1935 1980 -8 -43 6 i} 3.2 2 15  calm 17 30 22
Weegarm bowed weir EZchulze, 835 1920 A 0259 cam 18 100 35
Wezgarm bowed weir Zchulae, 955 1980 20 -4 4 1] .20 4] |:|5 calm 33 100 | 40
eegarm bowed weir Zchulae, B35 1920 Bl 278 s Bl L] 125  calm raci a8 40
W eegarm bowed weir Schulae, g5 1980 24 -133 3 507 5.3 5 1 calm 6 62 39
Weegarm bowed weir Zchulze, ta3s 1080 light a 2 0258 cam 54 100 5
Weegarm bowed weir Echulze, t935 1980 4.8 ] 1] 1] light | 2 045 calm 42 100 0 A&
eegarm bowed weir Echulze, 1935 1980 1.4 54 To 1 light 4 2 1.25  calm 4 a0 4
Weegarm bowed weir Echulze, B3 1980 0.3 -4.4 an.y 1.2 light a 2 1 calm a6 32 4
Weegarm bowed weir Schulae, B35 1980 hocauy 1300 z DEE calm 14 100 a
Weagarm bowed weir Schulae, 953 1980 -3 AT 1] 4 hocawy 1300 2 |:|5 calm 16 100 g
Weegarm bowed weir Schulae, 55 1980 G 4249 18 2z heaw | 1300 2 1.25  calm i gz T
Weegarm bowed weir Zchulze, 955 1020 0.5 4.8 HE 5.2 |:|25 148 regular 10 40 ]
Weegarm bowed weir Echulze, 1935 1980 -8 S0 -2 -8 6.8 7.4 3045 Ta 0.5 149 regular 12 42 T
eegarm bowed weir Echulze, 1935 1930 L Ll 40 -2 0rFs 14 reqular ] 20 G
Weegarm bowed weir Echulze, B35 1980 =20 -181.8 1] i} 025 0.z regular 15 100 0 13
eegarm bowed weir Zchulze, 935 1920 -2 -0 1] -16 35 141 1] i} 0.a 0.z reqular 18 100 17
Wezgarm bowed weir Zchulae, 55 1920 -12 £0 it -14 075 0.2 regular 21 an 20
'l.l'-:-:g;\rrr. b waeir Zchulae, 955 1980 N -4 4 347 A3 hitd} 177 .4 145 i} 1 0.z rcgular 20 Td 17
Weegarm bowed weir Zchulae, 935 19a0 21 34 2105 1] light 4 2 |:|25 019 harboar chop b &0 ]
Weegarm bowed weir Zchulae, 1955 1980 2 il 152 1] 1.6 S3TE 410.5 1] light 9 2 0.a 019 harbourchop 45 | I3 5
Weegarm bowed weir Echulze, 1935 1980 2 4i el 2 1} 1] 947 1] light | 2 075 019 harbourchop 12 4
eegarm bowed weir Echulae, B35 1980 1] 1] fid 1.3 3.2 a4 106.3 1] light q z 1 019 harbourcheg 5 12 4
eegarm bowed weir Echulze, B35 1980 4.2 304 263 1] heawr 1300 2 025 | D19 harbourchop 132 95 a
W eegarm bowed weir Echulze, t935 1980 -7 .6 AT 6 140 4 4.7 296 2105 1] hoauy 1300 2 0.5 019 harbour chog 15.1 | 6D o
Weegarm bowed weir Zchulae, t935 1930 -0.6 -5 13 4 234 e 297 1] hcauy 1300 2 075 | 019 harbourcheg 135 26 T
Weagarm bowed weir Zchulae, 935 1880 114 483 124 Blti] hcauy 1300 z |:|25 0.4 harbour chop a a5 10
Weegarm bowed weir Echulze, 1935 1930 14 155 6 200 16 263 1641 137 5 ] heawe | 1300 2 0.5 0.4  harbcarchop 55 0 46 fi
Weegarm bowed weir Zchulae, 955 1980 8 839 1584 12 7.5 938 160 Th hoeauy 1300 2 |:|:'r5 0.4  harbaour chop 1 18 4
eegarm bowed weir Echulae, B35 1920 1.2 412 603 ] light '] s 025 D63 harbourchep o G2 i1
Weegarm bowed weir Echulae, B35 1980 -10 =240 104 4 -7 -36.9 101 6 156 light q z 0.5 063 harbourchop 65 0 36 4
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Tahle 4 ctd.  Tests of Skimmer Performance with Chanoing Weather Conditions

Current/Tow Speed Suminaly |(Wave Heiglt Sumimary ail Wiane
Skimmer Peference 23l Shps ORF ORR Shaps Slaps TE Shap+ RE| Shups ORR ORR Shups Shps TE Shps RE 03 Yiscosity Thick | #df | Speed height | Wawve ORR  TE RE
of Test mitgfh | %gm | %e'm %gm . mih %irr | Wi %0 Tee mPa.5 ramn Teds mUs | M Condiions Y % %

FST &dvancing weir | Schulze, 1933 1992 medhm | 380 6 038 calm ny a7
FST Advancing weir Schulze, tagz 1902 50 211 1] 1.1 medium | 380 7 038 | 027 requiar | 102 a4
¥ Fshare skimmer s
Transrec Mrduik, 1993 995-1998 wa i ur i L 1 20
Transres Mrduik, 1993 995-1998 1.3 varaur 2 ] 1.5 T
Transres Mrduik, 1999 995- 1993 5 wa v ur 2z 5 2 7o
Transres Mduik, 1993 D95 1093 5] wa i ur 2 q 2.5 [14]
Special skimmers 2to b
USCGEHSS Hansen, 2002 1999 27 Sunde 2to 4 | calm 98t0 18
USCGHSS Hansen, 2002 19497 -10 Sunde 2to 4 | calm 6910 79
MOF Henzen, 2002 1999 g Tundexn It 5 | calm 93 to 90
UNHFS Hanzen, 2002 2000 17 Sundex Fto 4 | calm 98 to 46
USCG 2R Hanzen, 200z 1977 1 Sunde Zto 4 | calm it 61
LA fized plane Hansen, 2002 1973 fi Sunde s Ftoh | calm 8210 61
Fasflo Henzen, 2002 1999 14 Tundex It 5 | cam TIto 46
USCOEHES Hansen, 2002 19497 18 Hy drm zal 205 calm 8310 29
USCEHSS Hanzen, 200 1994 s Hy dra zal 203 calm Tito b
USCEHSS Hanzen, 200z 2000 11 Hydm zal 2to 3.5 calm TZto 61
MOF Hanzen, 200z 1994 0 Hydra zal 2105 calm a1 to 91
Us05 2R Hanzen, 2002 1977 G Hy dra zal 2103 calm G to 49
High Speed Circus Hanzen, 200 1994 Ll Hy drm zal 204 calm 90 to 50
Shream Siripper Hansen, 2002 2000 12 Hy dra <al calm A0 to GG
Sabent booms L/ 1 7
boon1 Hanzen 2001 | 2000 i calm 2
boomi Hansen 2001 | 2000 1.4 calm 14
boami1 Hansen 20001 | 2000 -3 1 calm 12
bomil Hanzen 2001 | 2000 1 calm 14
bz 2 Hanzen 2001 | 2000 1 calm 10
boom 2 Hansen 2001 | 2000 3 i calm 13
boam 2 Hansen 20001 | 2000 0 1.7 calm 10
bioam 2 Hansen 2001 | 2000 ¥ 1.7 calm 1
boan 2 Hansen 2001 | 2000 ¥ 25 calm 10
boom & Hanzen 2001 | 2000 ] 24 calm i
boom 2 Hansen 2001 | 2000 i calm 13
b 3 Hansen 2000 | 2000 1 calm 1]
boam 2 Hanzen 20001 | 2000 7 1.7 calm 7
boom 3 Hansen 2001 | 2000 8 2.4 calm i
boom 3 Hansen 2001 | 2000 1 24 zalm G
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Table 5 Correlation of Performance and Test Parameters for
Booms

First Loss Speed Critical speed/wave Oil Viscosity = Wave height

First Loss Speed 1.00 -0.01 0.39 -0.40
Critical/wave -0.01 1.00 0.55 -0.05
Oil Viscosity 0.39 0.55 1.00 -0.13
Wave height -0.40 -0.05 -0.13 1.00

--those items noted in bold show somewhat significant correlation
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Table 6 Summary Skimmer Performance with Chan ging Weather Conditions

CumsntTow Spesd Summary Waw Helght Summary Heﬂli‘l’ e Harbxowr (:I‘IOD
Shimm &r TOftowr TEAmm  FElwm T ORAAare TEMuye FEMare  “FF TE FE | T ORflware TEAave REWore TOFwave TEAare FEhmve
Yosim | Yhain | %eim Sim Mm% n -k % % Sedm Sehn WM Sehm Sedm Sedm
Owerall Aver ae 112 62 -26 -54 59 11T 12 61 50 -301 531 1641 15.3 90.8 .2
Skimmivg Baner -ET 1331 0.7 [E (=i 13 212 £ 6.0 518
Shene Skimm g Barter 2.5 2406 | ma 2.2 el 35 23 53 35 T3 106.5 Ed -5 1155 G2
Lot Brash Skmmer 2009 -39 S 353 i 15 v 453
Sooop Welr Sk imme 1 128 132.1 153 [ 7 73 85 507 30 11.3 2.1
DEc Skme § -Tatand T 53 1 S5 .7
Paklk skmmer [ 21 51
Fope Mop 3 Btk 232 105 183 5 80 50 X9
Fope Mop towed gk 95 21.7 435 £5 7 31 Gz 411 62 15
Il Mop ZFY 356 6 £E -19.2 32 =3 10 = [ XBE 25 213 -HE 45 6.3
Marco Be ftskmmer -178.2 258 7. 247 9.3 ¥4 10 S4 53 4.7 193 3.4
FleedSabmek kon plaee -8 -14.5 12,7 .4 19 [ 142.4 &5 1243 ]
DPF 201 BB 0 098 . 2 78 12 a7 Wi
SEtkiak Skmmer-Skin pak 587 03 ] o2 [y 11 Wi 83
SHE Skmmer -188.1 8.3 0.4 14 16,1 125
Habotrmatk welrsk mme r -1 5 az 1 10 4 155 12 13
welr skmmers, Des oll, GT-185 1 35 19 59 7.1 Sk 1.7 21.3
Veegam towed welr 95 3.4 -4 132 113 71 1+ =3 14 6 =0 pes ] 3 152 23
Taisec L 73 L
vanons H:_II $-|:l?!?l:| skimmers 13 I
Caleulated amdd Sunmmanzed Vahes
Positive values only Aver a)e
requilar waves Harbour chop reqular waves Harbour chop

X ORfAfrare TEMaTe REAare X 0RAAare TEMaTe AEMare X OFRNrare TEAare RE e T ORAAare TEAare REbare
1] %in | itn aim Mm% %im 2im | %Am Hhn %N %G

Owerall Aver age 90.8 5.9 5l 67.4 9.7 325 5.4 s ! 331 4.4 938 7.4
Skimmheg Bamkr 2.1 7 386 SbE 25 AT 528 ] ]
Shene Skinm g Barter 121 i0as 15.9 (=1 135 23 G 1= 1065 -2 111 1155 =31
Lof Brshk Skmmer -39 Bcrid
Sooop Welr Sk mme 1 30 173 1.1 2254 A ] T3 1.1
DEc Skme B -fatand T 06 61 26 =67
Paklk skhmmer - - - - - -

Fops Mop 3 Bt aky 2T 105 330 618 e 1224 525 165 -3.5 ] 329
Fope Mop towed $hgk Jaz m ez -1 125 156 136 ] 75
Ol RMop ZRY Xh 25 21.3 (LA 5.3 M3 X6 25 i ] 33 B9 x5
Marco Be ftskimmer SiE 9.3 136 305 4073 40
FledlSabme ks b plane 1424 98 124.3 a2.9 1424 =] 1243 §249

DP 2001 36.3 7.9 286

Sttloeak Skmmer-Skin pak Gl A 1.7 s g3 B3 1.7 406 8.3
SHpSkimmer T4 5] A7 4 CCR] ] ]
Hab:onrmatk welr sk mme r 5 15.8 337 9z -157.8 15.8 229 73
welrskmmers, Desfoll, GT-1583 120.3 3.7 a1 23 103.7 == B1.7 M3
Weegam towed welr a4 257 239 G749 152 [ .5 257 X4 366 152 35
Transk I 41
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The following points must be made about skimmer test data.

1. The most important point is that most skimmers show unique data and response to
current or tow speed. It is difficult to generalize about skimmers without making the point that
there are many exceptions. In this report, some generalizations are made but the author is fully
aware of the difficulty of doing so.

2. The test data presented in Tables 4 and 6 are summarized from a variety of literature
sources. The accuracy of these sources is unknown in every case, although Schulze (1998) is
believed to be a highly accurate summary. Several of the literature sources behind this reference
were checked and no errors were noted. It should also be recognized that the accuracy and
precision of some of the data are questionable. Furthermore, many data points were collected in the
1970s.

3. The variability of the data may no doubt be due to the variability in test conditions and
also in the capability to measure the necessary parameters. Some of the data summarized here are
actually estimates.

4. It will be noted very readily that the change rate of skimmer effectiveness, particularly
ORR, will usually increase with increasing tow speed. Schulze (1998) had noted this. The reason,
as Schulze also noted, is no doubt the increased oil encounter rate when tow speed increases. This
complicates calculations of the ‘decrease’ in ORR with increasing tow speed.

5. The effect noted in point 4 above also occurs with some increasing wave activity. The
same reason is probably pertinent here as well. This also complicates calculations for decline in
recovery with wave height, however, as the wave increases, the performance generally falls and
one can use these values separately.

6. Some skimmers may show unusually high or low performance in these data. This is
largely due to the test conditions. For example, if a skimmer is not tested at a high tow speed or a
high wave, its performance may appear to be very good compared to a similar skimmer that is
tested under more rigorous conditions. There is no easy way to deal with these variances.

7. The effect of ice on performance is shown in Table 7. The average ORR declines
somewhat with increasing ice percentage. Both TE and RE appear, on average, to be unaffected by
ice concentration.

8. There are many other factors that influence oil recovery for a skimmer. These include oil
viscosity and thickness of oil presented to a skimmer. These factors were kept constant throughout
this exercise by taking the same conditions with only the variable of interest, tow speed, or wave
height as a variable. The cross correlation matrix for all skimmers in this study is given in Table 8§,
for the Marco belt skimmer in Table 9, and for the Veegarm system, an advancing weir, in Table
10. These tables show that combining data such as is done in Table 8 results in little, if any,
correlation between different factors. The reason for this is that different factors influence different
skimmer systems differently. For example, an increasing viscosity positively affects the ORR of
the Marco skimmer (as can be seen in Table 9) and negatively affects a disk skimmer. These
correlations show that many of the common-sense relationships do hold true as long as individual
skimmers or skimming principles are examined.
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Table 7 Tests of Skimmer Performance with Changing lce Conditions

Ice Performance Conditions
Skirmmer Referencs ‘ear Hopeof ORR ORR Slope Slope of TE Slope of RE| loe Conc. il Cil Wi=zogty Slick Thick | Number of Rk
ofTest | rmi/h% | %% | %% Yol %o % Type | mPa. 3 mm | Tests | rrivh

Skimming Baw Abdelnour, 1525 1954 u} me dium 50 G ave 4 1.2

Skimming Baw Abdelnour, 1535 1954 0.01 0.5 -0.1 30 me dium G50 10 awe 3 1.03 g
Skimming Baw Abdelnour, 1525 1954 0.01 0.2 u} a0 light'medium 224460 G awa 5 o7

Skimming Baw Abdelnour, 1925 1984 0.04 049 -0.1 Fa light'medium 22460 2 ave g 0.6 11

Rope Maop Schuke, 1952 1924 u] light 17 4 1 28 53 50
Rope Maop Schule, 1952 1924 0.0z 0.y 0.6 0.1 25 light 17 3 2 24 (=] 47
Rope hlop Schuke, 1952 1924 -0.05 -1.8 0z 0.5 25 light 17 a8 2 4.2 8 GG
Fope hop Schukze, 1952 1954 0.0 1.1 -0.1 -0.32 50 light 17 3 2 1.3 =] 57
Rope hMop Schuke, 1952 1924 004 1.2 or 0.y 75 light 17 e 1 u] u] u]
Rope hop Schulze, 1953 1954 u] light 17 3 2 2.7 =] 249
Ropa hop Schulze, 1993 1954 u] light 17 a] 1 4.4 & 50
Rope haop Schulze, 1953 1954 -0.03 -2 1.7 -0.2 12.5 light 17 3 1 3.1 =1 3z
Rope hop Schuke, 1952 1924 -0.1 -2 -1.2 -0.2 12.5 light 17 a8 1 5.2 a5 a2
Rope Maop Schuke, 1952 1924 .01 0.4 0.5 -0.1 25 light 17 3 4 2.4 T2 31
Rope Maop Schule, 1952 1924 -0.06 -1.2 1.2 -0.4 25 light 17 a 3 G.4 70 pat]
Rope hlop Schuke, 1952 1924 0.0z 06 0.3 0.1 375 light 17 3 1 2.1 71 26
Fope hop Schukze, 1952 1954 0.0 1.2 0.z 0.3 50 light 17 3 1 1.1 "] 15
Fope hop Schukze, 1952 1954 0.4 0.7 0.2 0.z 50 light 17 3 1 3.1 51 41

IweErage -0.001 0.4 -0.25 -0.04
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Table8 Cross Correlation Matrix for Factors Influencing Performance for All Skimmers in this Study

Parameter

ORRNkcurnr X 0RRkurr TElkurr | BERunr  ORRM e > 0ORRMN ave TEM ave || AEMave | Dil ¥ise Slick mm Tow mk Wave m ORR TE RE
OFRfdcurs, 100 061 -0.03 | oM -0.21 -0.11 03 | -035 019  -026 | 028 006 | -0.31 -013  -0.11
xOFftcurr, 067 1.00 032 05 | -0M 0.05 o3 -029 003 001 013 014 -023 -035  -027
TEdurr, -0.03 0.32 1.00 | -047 @ -0 -026  058%  -0533 -011  -008  -037 -009 -014 -040 -0.15
REfcurr)  0.71 0.55 -0.47 1.00 | -0.04 00s | -003 037 006  -026 034 019 -044 -018 | -0.21
ORFhwave -[.21 -0.11 | -041 0 -0.04 1.00 0.39 0.m 038 | 002 | -004 019 011 -017 0 -011 | -0.15
xORfwave -[.11 0.05 -026 | 005 0.39 100 | -003 ) 0438 006 004  -003 009 007 -012  -013
TEwave [1.31 0.3 059 -0.03 0.0 -0.03 1.00  -003 -003  -001  -013 -018 000 -058 -0.32
REwave -035  -029 | -0583 | 037 0.35 03 | -003 ) 100 047 026 -032 005 012 003 -0.18
oil ¥ise| .19 -0.08 | -0 0.08 0.0z 005 | -0.03 | DAY 1.00  -018 -002 -006 -004 08 011
Slick mm -[.25 0.m -0.08 | -026 | -0.04 oM -0 DM | -08 100 -027 012 068 011 | 008
Towms [.20 0.15 -0.37 | 0.3 0.19 -003 | -013  -03¢ | -002  -027  1.00 016 -005 -016 |-0.08
waem U005 0.14 -0 | 019 | -0M ooy | -0 005 | -006 012 0 016 100 -006 -026  -0.18
oRR -031  -028  -014 | -044 | -017 0.07 goo | o012 004 068 | -005 006 100 025 006

TE -013  -035 | -040  -0.18 @ -0.11 -012 | -083 005 | 018 | 011 -016 -026 0250 1.00 | 0.09

RE -0.11 -02v -0 | -021 0 -015 0 -013 | -032  -018 @ 0.11 00s | -005 -018 005 | 003  1.00

Yalees fn b OF are SRR RS- OIS O FaoRT
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Table 9 Cross Correlation Matrix for Factors Influencing Perform ance for the Marco Belt Skimmer

ORAkcunr
= ORRkcunr
TERurr
RElcurr
ORAM ave
* DORRMave
TEMave
RE M ave
0il Yisc
Slick mm
Tow mis

W ave m
ORR

TE

RE

Moo er i SFT S SRR RETRT RO T el O AT

49

ORAlkcunr < 0RRkurr | TElcurr | BEkurr | ORRMwave 2 0RRMN&ave TEMN&ave | BE wawve  Oil ¥isc Slick mm Tow mis W ave m  ORR TE RE
1.00 0.55 n0.rs [ER=<] -1.00 -1.00 -1.00 1.00 080 0.13 055 0.55 043 -0.74 -0.E8
055 1.00 UR= o= -1.00 -1.00 -1.00 1.00 0.7/5 073 U= 0.55 037 -0.75 0.7
0.rs = 1.00 055 1.00 1.00 1.00 -0.19 067 053 0453 0.55 042 081 -0
053 0.2z 0.55 1.0 1.00 1.00 083 029 0.&r 0.0 -0.0z2 0,25 048 044 -0.53
-1.00 -1.00 1.00 1.00 1.00 0.87 0.54 0.0 055 0.75 0.7E -0.40 07z 0.6 028
-1.00 -1.00 1.00 1.0 087 1.00 0.53 0.0 0.495 0.3 uR=1s] -0.25 052 -0.258 025
-1.00 -1.00 1.00 053 053 0.53 1.00 058 -0031 -0.13 055 -0.52 0oy -072 -0.:20
1.00 1.00 -0.19 0.8 0.0 0.04 0.58 1.00 -0.54 -0.47 0.4 -0.24 039 | -0.80 055
.50 0.ra 057 0.z 055 0.4 0.3 -0.54 1.0 0.e0 02z 027 0.a0 005 -0.43
013 0.ra 0.53 0.0= 0.75 0.59 013 -0.4F 020 1.00 033 0.25 059 014 -0.31
0.55 085 0.53 -0.0z 0.75 0.6 0.565 044 0.2 0.z3 1.00 -0.16 050 -0.43 013
0.55 0.55 0.55 0.5 -0.40 -0.25 -0.52 0.2 0.3r 0.25 -0.16 1.00 -0.38 | -0.80 -0.53
043 037 042 -0.45 0.7z 0.5z 007 0.3 050 0.5 0.A0 =038 1.00 038 0.33
-0.74 -0.75 081 -0.49 -0A6 -0.23 072 -0.E0 005 0.1 0,48 -0.50 038 1.00 0.vo
-0.59 0.7z -0.80 -0.52 -0.28 -0.25 -0 -0.55 -0.43 -0 013 -0.59 033 0.Fa 1.00



Tabkle 10 Cross Correlation Matrix for Factors Influencing P erform ance for the Veegarm System

ORRkurr |2 0RRkurr TElcurr | RBEkunr |DRRMwave 3 0ORRMwave TEMave REMave| Oil ¥ise Slick mm Tow mE | Wave m ORR TE RE
ORRdcurr 1.0 094 0.42 0.G64 -0.12 0.09 0.z -0.33 0.15 -0.32 0.20 023 -0.78 -0.53 -0.66
*0ORRdcurr, 0.5 1.00 045 0.5 0.06 023 031 013 020 -0.19 0.7 0.1g -0.71 -0.80 -0.56
TElcurr| 0.459 042 1.00 0.65 -0.32 -0.23 uhrn] -0.51 0.21 -0.10 -0.15 o.04 -0.50 -0.71 -0.45
REfcurr| 0.5 0.5 055 1.00 002 0,11 0.2 -0.4F 0.5 0.0 0.02 014 -0.53 057 -0.53
OFRRMNave -0.12 006 -0.32 -0.32 1.00 0.e7 -0.32 0.62 0.17 0.2z -0.05 0.32 0.20 0.54
*0ORRMNave 0.8 023 023 -0.11 0.a7r 1.00 -003F 0.2 0.0z 0.0z o.o4 -0.04 0.20 0,21
TEMave| 0.2 031 oo 0.2 0.3 037 1.00 0.2 0.1 0.18 0.3 -0.37 -0.56 -0.47
REMNwave| -033 -0.13 -0.51 0.4 0.6z 0z7 042 1.00 0.z7 0.33 -0.07 0.2 0.40 0.80
0il ¥ise| 0.15 020 0.21 0.61 017 0.0z -0.11 0.27 1.00 -0.11 -0.01 0.74 0.34 072
Slick mm  -0.38 -0.19 -0.10 -0.02 1.00 -0.01 017 0.45 0.11 0.7
Tow mk| 0.0 AT -0.15 o.0s 028 0.0s 01s 0.3 0,11 -0.01 1.00 -0.26 0.2a 0.3 0.2z
Wavem| 023 012 o044 014 -0.05 o.04 -0.31 -0.07 -0.01 0.7 -0.26 1.00 -0.29 -0.490 -0.35
ORR| -078 -0.71 -0.50 -0.53 0.32 -0.04 037 0.68 0.74 0.45 0.29 -0.29 1.00 0.44 0.25

TE -0.53 -0.50 -0.71 -0.57 0.0 020 055 0.0 0.3 0.11 -0.31 -0.490 0.44 1.00 0.4z

RE| -066 -0.56 -0.46 -0.53 0.54 0.21 0.4 0.20 0.78 0.71 0.22 0,35 0.85 0.4z 1.00

oo ir S ane SEp e T T el o Faor s
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Another question that arises is the relationship between the decrease in performance and the
parameter that is being examined. As with booms described above, it was found that the general
relationship with performance and waves is a square root one. A typical analysis is shown in Figure
8. Models then used to predict the performance of skimmers were based on the square root
function and the decreases in performance from empirical data as summarized in Table 4.

Figure 10 shows the oil recovery rate (ORR) change for groups of skimmers and the
average of all the skimmer data. This shows that the recovery is significantly decreased by harbour
chop more than by regular waves. Figure 11 shows the ORR for a variety of specific skimmers. It
can be seen from this figure that ORR changes significantly between specific skimmers. Similarly
the change in TE and RE are shown in Figures 12 and 13, respectively. The differences between
individual units will again be noted.

The change in the performance indicators with increasing current or tow speed were also
examined. As was noted earlier and can be seen in Tables 4 and 6, often the ORR increases with
increasing tow speed. This is because the oil encounter rate is increased, at least up to the point that
the skimmer can handle the increased velocity. Often skimmers show an increase up to a point and
then show a decrease. This was handled in averaging the decrease in performance with current by
looking at the positive values (decrease in performance only). The change in ORR with increasing
current or tow speed cannot be shown because generally it is an increase. The TE does generally
decrease with increasing tow speed as seen in Figure 14. One sees a significant different in the
throughput efficiency of the different types of skimmers with the changing speed or current.

In conclusion, the use of the average decrease in performance (ORR, TE, or RE) with
increasing current appears to yield a reasonable estimate of performance with increased wave
energy.

4.4  Dispersants

The variance of dispersant effectiveness with wind speed is not a simple linear function
(Fingas, 2000b). It is known from the literature that effectiveness goes down with decreasing
dispersant but goes up with increasing energy. The deposition is known to vary with wind speed
(Giamona et al., 1994). The empirical data in Table 11 from various sources, but mainly Giamona
et al. (1994), was correlated to observe whether simple relationships could predict the relationship
between wind and deposition. Included in the correlation were aircraft speed, head wind, cross
wind, measured droplet diameters, and altitude with the deposition percentage. Surprisingly, it was
found that altitude had little relation to the deposition percentage, but the others did. Dropping all
parameters except wind speed and the particle average volume diameter, it was found that a
relatively simple relationship could be established for deposition with wind speed. This
relationship is shown in Figure 15. This figure shows the three-way correlation between Volume
Mean Diameter (VMD), wind, and the percent deposition. The VMD here is the actual value less
the optimal diameter of 300 um . The correlations had shown that the best deposition was obtained
with this VMD and lesser VMD would result in poorer deposition. The correlation achieved was
0.54, which is rather good considering the many variables in deposition, including those mentioned
earlier. From this, a simple correlation for deposition with wind relationship was derived:

Deposition (%) = (80 - 3 X Wind Speed) (6)

This was used in subsequent calculations for relative dispersant effectiveness.

51



Figure 8

Figure 9

10 4
Ayerage boom - critical speed
sersssrsaransrs Ayerage boom - first loss
L = e wm wm + [ire boom - critical speed
E 081 — Fire boam - first loss
e
o b
i}
@ ..
0 Do h""\.
e e i average boom
= L ke S0 critical speed
= fire tragm S
e 04 1., critical dpeed hat
= S, ‘. -
—_— +E *y ey
18] * ¢ ‘++ e
o Ere |:|"3"3'm\.+ih .. averaﬁ'&hq_pm
= i irst loss : first loss spetd
o U= e SO O e
+h+ + ++
+h‘+, * *
-~
I:II:I T T T T T T
0.0 0.5 10 15 2.0 25

Wave Height m

Effect of Waves on Boom Performance

300
250
200 :
R .
o
°
150
o
o
O
100 - 5
o T
0 — T it \
0 0.5 1 1.5 2
Wave height

Relationship between ORR (Oil Recovery Rate) and
Wave Height (m)

52



Oil Recovery Rate (from maximum)

Figure 10

Figure 11

100

Al skimmers - reg. waves
——————— All skimmers - harbaur chop
g 0 SN | s Average skimmer - reg. waves
b Average skimmer - harbaour chop
~
L
e
B - s
"\\
-
~,
.
M
40 + o averaﬁp\\skimmer
skimmers all skimmers regular way is
 harbpur  regular
all skimmé,rschnt;‘? \\
20 4 hiarbour chap L -,
[ ot
4
0 |
T T T T
0 1 2 4
Wave Height m
Effect of Waves on Skimmer Performance
100
Qil Mop TRY
&0 Fuiits
-“"---.._“_..
.
—
&0 o

40

20

il Recovery Rate {from maximum)

Skimming Bartrier
Sirene

Scoop weir

il Mop 7R

harca bel

Fixed Sub. plane
Skim pack

Harkor Mae

Wieir Skimmers, GT.
“eEdam moving weir

Wave Height m

5

Performance of Specific Skimmers in Waves

53




Throughput Efficiency %

Recovery Efficiency %

Oi Mop ZRY

ot
-l-,..‘

oy
.

——— AErgne of all
R TR ET TR T 5k|mm|ng tlarner
- e SCO0R WEI
— Cil mop ZRY
— e — Wl Erco helt
— s Fiwad s0b. plane
T T
1.4 20 24
Wave Height m
Figure 12 Effect of Waves on Throughput Efficiency (TE)
100
Yeegarm
—— — —
. ,-u-,_% ot =28 —
_ Ty,
TR
SR
) Skim ming kardef - -
s fb i o RVandtoved
_______ S \.:\_. Rope Mop
- Disc skimmers
— — — = Rope mop stationary
40 4 = = = Fope mop towed
_____ Fope mop ZR Y
b arco
............... Skim Pak
20 o Hator mate
_— Weir skimmers
_—— — = eegarm
04 . . T T
oo 0.5 1.0 1.5 25
Wave Height m

Figure 13 Effect of Waves on Recovery Efficiency (RE)

54



__;t':""-*-+h+-+ =
. h?'...,:-&;”““, FEE'T*%” Awerage
. e, Submersion i
Y \.,‘ ““F"Jgne Fab e beararats Sirene
g Y . e, | e —— SCoop weir
= ok - Tres, | m—v——— Ol Mop ZRY
= Y | e o e = Marco belt
by . ———— Fixed suhb. plane
c : ™~
M s \ | ————— Drip 2001
E . \ Yeagarm
T % 2 AR High speed skimmers
5 S~ High'*
< 40 4 \ ~ Speed .,
3 verage ™ Skimmers  *.
£ A
h arihg
20 4 Belt \
N
|:| L T T T T !
0.0 0.4 1.0 1.5 20 24 3.0

Current or Towy Speed mis

Figure 14 Effect of Current or Tow Speed on Recovery Efficiency (RE)

= = e O = T = - O ]

=

Figure 15 Correlation of Wind, Droplet Size and Deposition

um below 300 pm

| —
—_ [Tl
e I T
_\_\_‘"——\—\__

—_

The Volume

Mean Diameter (VMD) is the particle size smaller than 300 pm, the three
dimensional view also shows the fit surface. The circles above and below the fit
surface show data scatter.

55

sTe—~—pkoooQ

=



Table 11 Dispersant Spray Trials at Alpine, TX

Spray gallan=s | Litres Ground Altitude i md Cross  Deposition Droplet irformation [prm]  Approxi mate

Oi sper=ant Systern  Sprayed Sprayed Speed [kn) it Speed [kn] Wind O % Fwerage [sm) maximam whAD*
o527 ADDS 945 171 140 a0 13 -2 i 2] 104 59 0
Q527 ADDS 45 171 140 100 o] -2 15 162 1102 450
Q527 ADDS 45 1741 140 100 12 -2 9 72 G20 00
Q527 ADDS 45 171 140 150 7 -12 42 116 i) 0
Q527 ADDS 45 171 140 120 7 -13 T3 120 &7 250
o527 ADDS B il 171 1490 a0 12 -15 5] G2 &7 ma
o527 ADDS 945 171 1490 100 14 -12 il G2 st 00
Q527 ADDS 45 171 140 150 15 -15 a5 a3 a7 400
Q527 ADDS a5 212 140 a0 2.5 2 a5 35 544 400
Q527 ADDS 45 1741 140 100 9.3 1 78 a3 G20 00
Q527 ADDS =1 227 140 150 G u] = TG EEL:] 450
Q527 ADDS =0 114 140 120 10.2 i 52 137 ] 250
o527 ADDS = 144 1490 a0 12 1 a0 70 The 400
o527 ADDS H 185 1490 120 a5 g il a6 Tas 250
Q527 ADDS a5 212 140 180 12 5 3 101 629 400
Q527 oSS 116 4490 200 100 2 42 a7 G329 150
Q527 hit S5 52 224 200 100 2 1 = g1 1018 x0
Q527 eSS H 155 200 100 | TG 238 250
o527 L= 40 182 200 100 bt 25 a0z 150
o527 h® S5 40 182 200 100 19 a1 {aal] 150
Q527 hie S5 52 197 200 100 4 o5 a4 09 x0
Q527 eSS Bl 185 200 100 -4 40 105 510 a0
Q527 eSS e ] 136 200 100 9.5 1 48 55 27 250
Q527 hia S5 =1 227 200 100 7 1 44 52 506 150
Q527 has S =c] 352 200 100 4.5 -1 = 56 ToG6 150
o527 L= 55 295 20 100 7 2 prac] a4 210 ma
Q527 eSS s 113 428 200 100 12 a m a1 a3z 100
Q527 DC-4 =22 121 1385 a0 7 =15 2 G0 T 150
Q527 bC-4 u] u] 135 a0 T4
9554 hit S5 52 197 200 100 35 a5 a7 24z 150
9554 hasS S 43 182 200 100 3.5 44 TG 18 150
Q527 he S5 71 pef= ] 20 100 2.4 47 20 242 100
Q527 DC-3 a7 140 115 a0 45 a0 a4 150
Q527 DC-3 3 126 115 a0 4.5 -1 a3 23 a0 00
Q527 bC-4 = 144 115 a0 5.5 u] o 54 M6 a0
Q527 bC-4 43 163 135 a0 55 1 x2 57 21 150
Q527 bC-4 71 268 135 a0 55 -2 4 57 21 150
o527 -4 21 207 1385 a0 a -2 12 49 405 150
o527 Air Tr. u] u] 119 15 258 -8 40 31 711 100
Q527 Air Tr. u] u] 118 15 25 -1 -] ] 428 m0
Q527 Air Tr. u] u] 119 a0 245 -2 1 31 T 150
Q527 Air Tr. u] u] 119 a0 7 -4 42 405 150

“*zalculated in this veark “uwhere wolume hits 50 percent in middle of dis tribution
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The final model to be achieved should conceptually consist of the deposition times the
decrease in dispersion caused by the decrease in deposition, then times the increase in dispersion
caused by the increasing wave energy. The next step is to separate natural and chemical dispersion
so that the effect of dispersants alone can be estimated. The first step is to calculate the fall off in
deposition with wind speed, which was done with the formula illustrated in Figure 15. Then the
drop in chemical dispersion effectiveness with decreasing dispersant amount was calculated using
the square root function as determined from empirical data as illustrated in Figure 16 (Fingas,
2000b). Then the natural dispersion was calculated using the Delvigne and Mackay natural
dispersion approximations in which the natural dispersion varies as the square of the wave height.
It is then presumed that a light oil would disperse naturally nearly completely by the wave height of
about 25 m or a wind of about 25 m/s as was observed during the Braer incident. See Section 3.5
for discussion on this issue.

Figure 17 shows the standard wind-wave conversion (Hunt and Groves, 1976).Using this
conversion the total dispersant effectiveness model was created as shown in Figure 18. It is
important to stress that what is shown here is relative effectiveness, that is the rationalized
effectiveness with the maximum set to 100%. The value typically measured in laboratory tests or
other such similar effectiveness tests is absolute effectiveness. Thus, if one wanted to know the
effectiveness percent at a particular wind or wave condition, then the relative effectiveness is
multiplied by the absolute effectiveness. For example, if a dispersant has a value of 40% in the
laboratory, then at a wind speed of about 12 m/s (25 knots), the relative effectiveness is 60% and
the effectiveness then becomes the two factors multiplied or 0.4 x 0.6 or 24%.

The dispersion model will be described in greater detail in this section. The natural
dispersion follows Delvigne and Mackay approximations, specifically:

Natural dispersion « (wave height + 1.2)%/5 (7)

Chemical dispersion is modelled using a 4-step process. The first step is to calculate the
loss in effectiveness with deposition. The deposition was calculated as above using empirical data
as shown in Figure 15.

The loss in effectiveness with deposition « v/(80-%dep) ()

This value is rationalized then to be a relative number, that is starting from a maximum of
100%.

The next step is to bring in the wave height as well as the wind with a Delvigne-like
relationship.

Relative dispersion « (loss with wind)* * wave height 9)

The relative dispersion was then averaged over immediate increments to ensure that it went
in smoother increments with increasing wind and wave height.

Chemical dispersion is also known to vary with temperature (Fingas, 2000b; Fingas et al.,
2003). Table 12 shows the collection of data on some recent temperature and salinity variances
(Moles et al., 2001). The graph of the temperature versus effectiveness of these is shown in Figure
19. On average, the effectiveness decreases as the square root of the temperature between 3 and
22°C.
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Table 12 Dispersant Effectiveness Measured by Moles et al., 2001

N vues e efecliveness 3werages cak viated frow paoer

Oil Type Temperature Corexit 9527 Corexit 9500
Salinity Salinity
°c 2%0  32%e0 22%00  32"oo
Fresh AMS 3 5.5 1 10 10
Fi 74 15 10 22
22 35 31 16 18
20% evap. ANS 3 5.3 6.5 5.3 6.3
10 1.7 4.1 4.5 26
22 5.3 5.3 5.3 6.3
ermulsified' Ak 3 26 20 13 23
10 73 32 42 25
22 17 20 24 14

4.5  In-situ Burning

The relation between burning and weather conditions noted that there were several
components. If containment is involved, the limitations are those of the containment boom, already
discussed in Section 4.2. The relationships are shown in Figure 8. Whether or not containment is
required, there are two factors important to burning: the ability to ignite and the ability to maintain
burning in a wind. The latter part of this, the ability to maintain burning in wind, is probably not of
concern. The limitation on burning may be the ability to ignite in a wind. As noted in Section 3.6,
no specific tests were conducted on ignition limits. However, there are some pieces of information
that can be used to make an estimate on igniting using current techniques. It should be noted that
techniques which involve some form of sheltering may increase the limits of ignition in wind.
Thornborough (1997) noted a success in ignition at 13 m/s (25 knots) winds. Discussions with
Guenette and Allen indicated that this burn might have a probability of 0.8 at 13 m/s and that it
certainly had a probability of 1 at 10 m/s or about 20 knots. There are no known data on higher
velocity winds. If ignition is assigned a probability of 0.8 and 10 m/s is assigned a probability of 1,
since this has been performed several times, one can extrapolate a probability of ignition using a
linear form as shown in Figure 20.

The burning of oil in ice reduces the efficiency somewhat (Buist et al., 2003). This data can
be used to show the decrease in effectiveness. Table 13 shows that on average, Frazil or slush ice
slows burning by 0.45 mm/min and brash ice, by 0.8 mm/min.

4.6  Others

Provant (1992) rated the decrease in performance of decanting (gravity separation) with
wave height as: wave height up to 0.9 m, 0.8 decanting factor (e.g., 80% effective); waves of 1 to 2
m, 0.8; waves of 2.1 to 2.7 m, 0.7; and over 2.8 m, 0.6. These data result in a simple nomogram as
shown in Figure 20.
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Tabkle 13 Tests of Buring Performance with Changing Weather Conditions

Rate Summ ary
Burn Referenca  ‘Year of Test Rate Change Burn Rate gil Qil Weathering Test Condition
M min mimrin Type L
Change with Frazil Sush [ce
Alazk a midscale Buist 2003 2002 048 AMS u] open vuater
Alask a midscale Buist 2003 2002 0.1 0.8 AMNS u] frazil
Alask a midscale Buist 2003 2002 1.5 Marths tar u] open vuater
FAlask a midscale Buist 2003 2002 0.7 0.8 MNorths tar n] frazil
Alask a midscale Buist 2003 2002 1 Marths tar 3.8 open wuater
Alask a mid=scale Buist 2003 2002 0.4 0.5 MNorths tar 338 frazil
Alask a midscale Buist 2003 200z 1 Marthstar 433 open ruater
Alask a midzcale Buist 2003 2002 0.6 0.4 MNoarths tar 428 frazil
Alazka midscale Buist 2003 200z 1.6 Ft. Mlcintyre u] open ruater
Juerdge 0.45
CI"IEIFI!JE with Brash Ice
FAlask a mid=zcale Buist 2003 2002 0.6 0.3 AMNE u] Brash
Alask a midscale Buist 2003 2002 1.1 0.4 Muorths tar u} Brash
Alask a midscale Buist 2003 2002 0.a2 0z Marths tar 3.8 Brazh
Alask a midzcale Buist 2003 2002 0.7 0.3 MNorths tar 3.8 Brash
Alask a midscale Buist 2003 200z 1.2 0.2 Ft. Mlcintyre u] Brazh
Juerage " 0.2
5. Overview of Weather Limitations

The changes in the effectiveness of countermeasures with waves are shown in Figure 22.
This figure shows the plots of typical skimmers, booms, and the decanting estimation. This shows
that there is a wide discrepancy between the capability of various skimmers to deal with wave
height but that booms are fixed and have limitations at the lower end of the wave scale.

Figure 23 summarizes the wind speed limitations of several countermeasures. The waves
have been equated to wind for this diagram. This shows how booms are limited by wind speed (and
the resulting waves), to a low wind speed of about 3 m/s. Harbour skimmers are limited to similar
wind/wave regimes. High speed skimmers can deal with great wind/wave systems. Chemical
dispersion peaks at winds of about 12 m/s as this is the point at which decreasing deposition is
matched by increasing sea energy. The probability of ignition persists throughout the diagram to
yield a lower probability at winds of about 25 m/s.

Figure 24 shows the current or tow speed limitations of several countermeasures. The
average skimmer and boom is limited to below about 1 m/s, while high speed and zero relative
velocity skimmers (ZRV) have potentially much greater potentials. Figure 25 shows an overall
view of the effect of wind on several countermeasures.

Temperature does not limit most physical recovery or burning. It does, however, limit
dispersion to a certain degree.
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6. Summary and Conclusions

Spill countermeasures are affected by weather conditions such that, in some cases, they
cannot continue under adverse weather conditions. The literature did not show any quantitative
guides for the performance of countermeasures under varying weather conditions, however, many
a priori estimates are available. These a priori guides may not be useful as they lack quantitative
backing. Data could be extracted from a large number of papers to enable assessment of changes in
the performance of countermeasures related to weather conditions. Many estimates or traditional
limits are found in the literature, but these vary considerably and may not be useful. Table 14
summarizes the many limits found in the literature, as well as the numerical findings of this report.
Table 14 shows the high scatter of the a priori limits around the 25 and 50% performance limits
developed in this report.

The most important factors that influence the performance of countermeasures are the wind
and wave height. These two factors are related and, given a typical sea, can be inter-converted.
These factors must sometimes be considered separately, however, so that specific weather effects
can be examined. Other weather conditions affecting countermeasures include currents and
temperature. Currents are important in that they become the critical factor for certain
countermeasures such as booms. Temperature primarily affects dispersants and has been shown to
have only minimal effect on other countermeasures.

Booms are the countermeasures most susceptible to weather conditions. Booms will fail at
a current of 0.5 m/s (1 knot) regardless of design or other conditions. This is due to inherent
hydrodynamic limitations. There is wave-associated degradation of this value and this is dependent
on design. Nomograms for some typical booms are given.

Skimmers show degradation of recovery potential with increasing wave height and also
with relative current. Skimmer performance is very individual and a number of skimmer
performance curves have been developed for this study. Some skimmers can only function
effectively in absolutely calm waters while others have recovered oil in sea states of up to 5 or 6
(wave heights of up to 3 m or 18 feet with corresponding winds of up to 15 m/s or 30 knots).
Sufficient data exist to predict performance with waves and currents for over 30 specific skimmers
and 10 generic types. Advancing skimmers generally show an increase in oil recovery with
increasing current or tow speed because this presents more oil to them or increases the encounter
rate.

The weather affects dispersant application and effectiveness in three ways: the amount of
dispersant that contacts the target is highly wind-dependent; the amount of oil dispersed on the
surface is very dependent on ocean turbulence and other energy; and the amount of oil remaining in
the water column is dependent on the same energy. Nomograms for effectiveness have been
created. At high sea energies, many lighter oils can disperse naturally.

The weather affects in-situ burning in two ways: the ability to ignite oil in a given wind and
the ability to sustain ignition in a given wind. While there are few data on these, estimates of
ignition success can be made based on prior experience.
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Table 14 Summary of Weather Limits or Functions Noted in this Report

Variable Limits

A Priori Limits

Other

Skimmers This wak

ty pizal harbour 7 10 1.5 2
ty pical ofE hore 7 10 2.5 5
fast current 2 4 10 15

66

Countermeasure Wind | s Wave| m |[Current m's Wind Wave Current Wind Wave Current Notes Function
Reference Type 25% 50% 25% 50% s | m s | m s

Booms Thi= wak first loss 05t OB me asured

critic al wel ocity 3 1'1 1 2 2 |:|-4 typical

Yazaki 1933 guvernment £ pecification 10 1 025  =spectortypeC boan
Yazaki 1983 government specification 20 1.5 05  specfortypeD boom
williams and Cocke 1985 |bubble barrier critical we loc iy a3 to 10 il kel d severd m away
Ercknest 4. 2003 e ritic al wel ocity 20 25 design Fa new boom
Tedeschi 1433 critic al wel ocity Bto9
Mash and Hillger first loes 01t 0B measured - calm
Mash and Hillger first loes Oto 0.6 measured- regular waves
Mash and Hillger first loss 0 to .38 measured - harbour chop
‘Wan Oyck and Bruno ¢ aten ary towe optimal s
Marks et & 197 total force on boom waies directy as wase height
Ilgram 1977 fabric tearing strength me-third power o wave height
Father et al, 1393 tawwing farce waries directly as wave height
Schulz and Poer 2002 towming force waies direcly as wavre height
Suzukiet 4. 1335 critic al vel ocity increased in ice from 0.4 1005
Ercwn et d. 1993 e ritic al wel ocity 0.25  |if dlwas ke ail
Hanzen 200 critic al wel ocity 3 te=t for JEF G001
Hansen 2001 critic al el ocity 3.5 testior Current Buster
Eryuzlu and Hausser 1977 | floating deflector 0.8 to 2.1 successful deflecian
Folsam and Johnson 1981 critic al velocity 3 claim fo boom
lash and Jdhnsm critic al wel ocity 3 test for plunging jet
Swiftetal. 20000 critic al vel ocity 103 | cotdnmentior submerged bow plane
Il kle 1953 fire resistant boom test 1
Busi=t et al. 1983 fire rezistant boom test Fil 0.4 in towing mod e primeily



Table 14 ctd. Summary of Weather Limits or Functions Noted in this Report

Variable Limits A Priori Limits Other

Countermeasure Wind | m's Wave m Current m's Wind Wave Curr ent Wind Wave Current Notes Function
Reference Type 25% 50% 25% 50% 25% 50% m's  m mfs | ms | frs

Skiminiers Peed 199% mechanical recowery efficiencies 5 0% efficie noy
Peigne 1555 s uccessful recoveny 10 1102 Sirene and ESCA tests
Fead 1955 mechanical recovery efficisncies 10 E0% efficiency
Wilsan 1331 tests 15 3 wieir boom tests
Phad ik 1356 = uccessful recoveny 1|:| to 13 25 = uccessful recoweny
Leigh 1573 design obje ctives 1|:| to 1-4 12 im =skimmer and vueir basin obje ctives
Kioops 1985 = ucces sful recoveny 2 shimming wess el recoeny
Erekne et d. 2003 tests 3 0.8 Ocean Buster tests
Giges and Godiano1335  |effect of wugwes 018t0 047 no decrease forwawe increase
Hara etal. 2002 increas e in ¢ apabilibe from1 to 2 or 3 increase in capability by moon pool
Allen 1933 mechanical cleanup G ns
Cempsey 2002 ofshare wok generally 12 3
Koops and Huisman 2002 skimmers genearalhy 13
DCeecd 32003 Wf azh fOr. Guide - mechanical cleanup (k=
Kroops 1338 shimmers generalby 1.8
Sheen 02 general limit 1
Koops and Huisman 2002 | general limit L
Plahcehi et 4. 2002 = ad recoweny limit 25
Frowant 195 degradation in performance (IR=] 2% effective
Frowant 133 degradation in parformance 1tn 2 F0% effective
Frowant 1352 degradation in performance 21027 0% effectine
Frowant 1352 degradation in performance over 2.8 0% effectine
Madik 1956 Transrec perfamn ance 1.5 15 to 25% TE
Mrd ik 1355 Transres limitations 4 expected limits of aperation
Tech. Serw, By, 1954 tem perature limitations temperature no difference
Shum and Borst 1585 ice limitations S0% ice caused no diference
Han=en 2002 tests 3 Ocean Buster tests
Cie 1959 tests 3 USCS high speed skimmer

67



Table 14 ctd. Summary of Weather Limits or Functions Noted in this Report

Variable Limits A Priori Limits Other
Countermeasure Wind | /s Wave| m  Current m's Wind Wave Current Wind Wave Current Notes Function
Reference Type 29% 50% 25% [50%  25% 50% m's  m ms | mfs | m s
Chemical | Thiswaork ty pical risingifalling Otoll 22
Dispersion  Decola 2003 W &= bSO Guide 11010 3 i Mmum
Komps and Huisman 2002 |natural dispersion o mini mum
Allen 1332 general dis persian 12 3
Cecola 2003 EFA region size guide 13
Exxonlvbbile 2000 application - large aircratt 1510 18 9012
Komgps and Haisman 2002 | chemical dispesion Do 20
Exzonhbbile 2000 application - wolk boat Fto11/0to 3
Exzonhbbile 2000 application - single-engine aircratt Bto 11 2103
Exwonfbbile 2000 application - helicopters Ot 11 2108
DCialing 1523 dispersion and temperature 0% fall off wiith lowser temperature
Lund and Lewis 19939 loer sea threshold 15% for loww sea, 20% for calm
Lund e 4. 19953 class ific ation of energy OtoS miz = low; Gto 10 m's high energy
Schdz etal 1999 lauer erergy thres hald winds 2.5 10 12 més vegues 01 to 2 m
Lune 19352 Braersea energy 16 to 25 mfs waves G to 12 m; winds gusts up to 35 m's
Mackay et al. 1980 natural dispersion directly with square of wind
Celvigne and Sweeney 1983 0 atural dispersion direc y with square of wind
Komps 1322 natural dispersion directly with wawe height
fdes et al. 200 temperature effacts affectiveness decreas ed with lawering temperature
Lindblan 1983 aerial application droplet zize directy with wind weloziy
Lewis 1995 helic opter buck et depos ition speed of 7 mis caus ed F0% depos ition
Lewiz 1995 helicopter bucket depos ition wind of 2 105 mfs cavsed 20% loss=
Faune et 4. 19391 depos ition with wind wind of ¥ to 10 mfs caused loss of deposition
Burning Thiswok probability of ignition 18 24
) Thornbioroug b 1957 actual ignition 10 15 09 Helitarch
Thornbioroug b 1397 actual ignition 10t 13 102 049 hand held igniter
MFfatand Hankins 1997 |ignitor test B1o 10 success ful test
2l en 1% 11 111
Morduik 2002 igniti on i mit 10 to 12
Buui =t et al. 20030 igniti an limit 1o to 12
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7. Recommendations

The following three recommendations might be considered: further work on techniques that
take weather conditions into account; further development of equipment that is appropriate for
difficult weather conditions; and improvements in understanding how weather affects situations.

A factor that should be considered is the way in which countermeasures are applied as
weather conditions may dictate against that specific countermeasure. It is suggested that more
emphasis be placed on ‘hit and run’ tactics, that is tactics that can be deployed and withdrawn very
quickly. This would take advantage of the narrow weather windows that often occur during a spill
situation. Examples of this are the use of rapid-deployment side-sweeps which can be deployed
within 30 minutes. Most systems require anywhere from hours to days to fix and deploy.

The situation during the Prestige spill highlights the utility of this tactic. Several large
recovery ships were in the area and recovered a total of 13,000 tons of oil. One Dutch vessel alone
recovered 9,000 tons. This vessel had a rapidly deployable sweep arm, which was put on deck
when sea conditions dictated and then rapidly deployed back on the sea when recovery was
possible. Such successes should be studied and the results widely published. As it stands now,
most of the information on this recovery was presented verbally at the last oil spill conference.

The work on “Windows of Opportunity’ as presented in papers by Champ and Nordvik
suggests that most of the opportunity lies at the beginning of a spill when the oil is more readily
recovered, dispersed or burned. While this is true to a certain extent, more emphasis and studies are
necessary on situations in which this is not the case. Furthermore, the ‘Windows of Opportunity’
approach did not fully consider weather and focussed more on time and the change in oil properties
with time. More work needs to be done on considering weather conditions in the context of both
tactics and strategies to deal with oil spills.

The second recommendation is that promising technologies should be further pursued.
Skimmers that show promise of working in faster currents have been developed and tested at very
high speeds. These include zero-relative velocity skimmers, such as the Oil Mop ZRV which
shows ability to recover at high speed and was relatively unaffected by small waves. The Veegarm
skimmer (predecessor to the skimmer used by the Dutch at the Prestige spill) shows a high
throughput efficiency under a variety of sea conditions. The skimmer barriers, particularly the one
dubbed ‘skimming barrier’, show great potential for large oil recoveries, up to 75 m*/h under a
variety of sea conditions. The ‘Fixed Submerged Plane’ showed similar characteristics, but was
also never pursued to a commercial stage. The new high-speed skimmers show very good promise
at recovering at speeds of up to 3 m/s (6 knots) with waves. The most promising of these are the
Ocean Buster, USCG HSS, Steam Stripper, and Nofo units. This work is ongoing, so there may be
progress on these.

There will not be great progress in booming, simply because there are hydrodynamic limits.
With dispersants, the weather limits are similarly fixed by natural processes. For burning, the
development of sheltered ignition devices, similar to one noted in the text, could extend ignition
out to very high winds - possibly as high as 30 m/s (60 knots). This technology is simple and a
prototype unit has already been developed and tested.

For the third recommendation, some research might be devoted to improving our
understanding of how weather affects countermeasures. This is the first comprehensive report on
weather effects on countermeasures, despite the fact that it is a serious issue. In particular, the
model for predicting dispersant effectiveness as presented here requires improvement and more
extensive data-backing. This would involve more extensive work, such as that done by Delvigne,
on measuring the effect of waves and sea energy on dispersion to form a quantitative measure. In
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addition, the effect of windrowing of oil at sea by higher winds needs to be examined. There are
many data gaps in the areas of dispersants and weather.
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