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SUMMARY

Spills of large quantities of o0il on the ocean are one of the major
sources of pollution affecting both tiie beaches and the water. Curreut
technology is inadequate to recover the oil spilled on rough seas. The U.S.
Coast Guard is conducting research to understand the behavior of oil spills
on the ocean as a a complementary effort to improving the technology of
spill cleanup. The work presented in this report forms part of the
continuing efforts to predict the fate of the oil using physical models.

In the past, both theoretical model and laboratory scale experiments
have been conducted to determine the processes that an oil spill is
subjected to in rough sea conditions. Several results highlighting the
importance of various physical phenomena that tend to disperse the oil slick
permanently or in non-recoverable fashion have been obtained. The most
important finding has been the dispersion of the surface oil into the water
in the form of small oil droplets. Breaking waves have been identified as
the principal mechanism by which the coherent slick is broken up into these
droplets. Studies to date have developed mathematical models to explain the
various phenomena, and to analyze the scaling laws and data from laboratory
experiments involving oil-water-wave interactions. Each study focuses on
certain specific phenomena. No single, comprehensive procedure was
available which would treat all of the phenomena occurring and predict the
fate of oil spilled on a turbulent ocean.

The current study was undertaken with the objective of integrating the
theoretical and experimental information available into a unified,
sequential calculation model. Major consideration has been given in the
study to developing the least sophisticated calculation procedures which
maintain a reasonable description of the torvality of the physical process.
The study was conducted in two phases. In the first phase, the emphasis was
on developing a calculator-based algorithmic calculating procedure for
determining the fate of the oil. In the second phase the models developed
were computerized for ease of operation. The simplifications made in the
first phase analyses were removed in the computerized version in favor of

solutions to the full equations.
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The principal phenomenon of interest in the early stages of oil
spread/dispersion on the ocean is evaporation. A model was developed to
describe the combined effects of spreading and evaporation from an oil slick
containing multiple components (hydrocarbons of several different vapor
pressures). This model takes into account the effects of wind speed,
ambient temperature, and the concentration of the various hydrocarbon
components in the oil at any particular instant in time. The coupled
spreading, evaporation, and composition equations are solved (numerically)
to determine for any given time thc area of spread, evaporation rate,
density of the mixture, and its' composition. This model cannot be
exercised on a hand calculator. The multi-component model was exercised for
four specific oils (light crude, heavy crude, #2 fuel oil, and #6 fuel oil),
and certain dimensionless parameters were determined for use in the simple
model. The simple model treats the oil as a single-component fluid with its
evaporation rate modified by the parameters determined from multiple
component evaporation. The results from this model are expressed in
closed-form equations. A comparison of the results (for the four oils of
interest) obtained from the two models, over a range of spread times,
indicate close agreement.

In the analyses performed the sea state 1s described by the well-known
Pierson-Moskowitz spectrum for a fully developed sea. The sea state is
defined by the significant wave height, which represents the average height
of the highest one-third of the waves occurring in the sea. Based on this
correlation, the probability of encountering a breaking wave at any
particular time instant within the oil slick is determined. In the presence
of very large oil slicks, the sea state and related parameters are expected
to be affected. The possible damping effect is not considered in the
analysis of ocean wave or sea turbulence characteristics.

Predictions of the size of o0il droplets formed by wave breaking are made
utilizing the models developed in earlier studies. The effect of slick
thickness on the formations of oil droplets is taken into account explicitly
by modifying the kinematic viscosity of water due to the presence of the oil
on a breaking wave. Most of the fine droplets are formed on the breaking
wave bore. Under tr_ .cal sea conditions (lm to 3m waves) the diameter of

droplets formed vary between 1 centimeter and 50 microne.
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The results from the droplet formation model are used in a model for
predicting the amount of oil dispersed into the water. This analysis
considers the total area of oil slick spread, determined from the
evaboration model, estimates the average number of breaking waves occurring
within the slick at any instant, and from these determines the total amount
of oil dispers:d into the water at a given time and the depth of penetration
of the drops produced. Lacking specific experimental data, it is assumed
that the number density spectrum for drops of a given size decreases
linearly with droplet size from the smallest to the largest. The model can
be exercised for a broad spectrum of input data calculated from the previous
steps. The equations presented are such that the dependant parameter can be
evaluated with reasonable ease.

It is a common observation that the final stage of oil slick formation
occurs after the slick has thinned sufficiently by spreading, and consists
of patches of floating oil with no apparent connecting film. A model has
been developed to describe the overall sea area occupied by these slicklets
under specified ocean conditions, spill quantity, and time after spill.

Data available from a single series of ocean spill experiments have been
utilized to develop scaling parameters.

The calculation sequence is structured so that it follows the various
stages the oil slick goes through. The results from one model form part of
the input for the next. The specific calculation steps are illustrated for
the hypothetical spill scenario involving the spill of 10,000 cubic meters
of light crude oil on a 1 meter significant wave height sea. A table of the
predictions of the dispersion parameters at several time instances (2, 4, 8,
16, 32, and 72 hours) after the spill has been generated. The parameters
evaluated include the slick area, thickness, density, total volume dispersed
in water, and the volume remaining on the surface. In addition, the total
sea surface area covered by slicklets is also evaluated. Graphical output
displaying the variation of the floating o0il volume and slick area with time
are also presented. Finally, the time required to reach 50% droplet

dispersion and 907 droplet dispersion are evaluated for different sea states.
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MODEL APPLICABILTIY AND LIMITATIONS

The methodology presented in this report is general and is applicable to
any type of oil and specific sea conditions. The calculations shown and the
results presented here are specific to the particular oil chosen and for the
environmental conditions used. In developing the models, we have made
several key assumptions, which have significant impact on the results.

For example, it has been assumed that the presence of oil does not alter

either the size of the breaking wave or the probaility of the wave

breaking. While this may be acceptable when the oil slick is very thin, it

R s
-

is certainly not correct when the thickness exceeds a few millimeters.

i L . e

$ Similarly the models presented assume a linear distribution for the droplet
DY number spectrum with droplet size. The total volume dispersed in the water
“n

»

depends, very sensitively, on the number of drops and their sizes. Lack of

experimental data and theoretical models prevents us from evaluating the

,..
. .
Y e

differences between actual results and our predictions.

Ll
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There are other, less serious assumptions. These include: 1) fully
developed sea state is described by the Pierson-Moskowitz spectrum rather

than by the more accurate, but highly complicated JONSWAP spectrum, 2)

~ao.

evaporation terminates when the total mass release rate starts to decrease
with time, and 3) the droplets follow the wake generated by breaking
waves., The models presented will overpredict the dispersion into the water
column in most situations. Significant improvements can be made in the
predicting schemes by incorporating field experimental data when they become
available. Substantial change in the methodology of calculations is not
anticipated.
CONCLUSIONS

The major conclusions from the study presented in this report can be
summarized as follows:

o It is possible to make a reasonable estimation of the fate of the
oil at given times after the spill, and for specified sea states
with the current knowledge of the behavior of oil slick-subjected
waves in the ocean. These predictions can be made with the
simplified models presented, using only a hand calculator. About

two man hours may be required for each set of calculations.

0-4
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o The accuracy of all the predictions cannot be verified without data
from either spills of opportunity (accidental spiils in which data
are gathered) o. from controlled spills on the ocean. Parts of the
model, such as the spreading model, are sufficiently accurate for
the purpose of practical predictions.

o Evaporation loss is significant only in the first twelve to twenty

hours for the range of environmental conditions and volumes of

spill analyzed. No measureable droplet dispersion is likely to

occur within this period. Total evaporation rate is a strong

function of the volume of the spill.
o Oils containing low vapor pressure components (for example, those
boiling at temperatures above 420°K) lose a lower proportion of

oil by evaporation than an o0il containing components with high

vapor pressures.

o The volume of oil predicted to be dispersed in the water column is
very sensitive to the assumption of linear droplet size
distribution. Lack of data in this area presents a serious
limitation on the accuracy of the predictions.

o Calculating the volume of oil dispersed in the water column is
simple in principle, but tedious to implement in a non-programmable
calculator. Automating the calculation procedure substantially

reduces the time spent on repetitive calculations.

RECOMMENDATIONS

Based on the analysis performed in this project in predicting the fate
of oil in rough seas, we recommend that rurther research be directed towards
the following areas:

1. Experimental Investigations

We recommend that the following be measured in controlled experiments or
in spills of opportunity.

o Effects of oil slick on sea state: The presence of an oil slick

will reduce the significant wave height and the wave period. This

will reduce the probability of a wave breaking within the slick.

We recommend that the sea wave spectrum be measured both within the
slick and outside the slick. If this is not feasibile, gross
characteristics, such as the maximum wave-height and period within

and outside of the slick should be measured.

0-5




o The size distribution of oil droplets soon after their formation by
wave breaking: the amount of oil lost in the water column is
directly related to the size distribution of droplets. Controlled
experiments should focus on measuring the size distribution of
droplets and verify the assumed criteria to determine the size of
the largest and the smallest droplets.

o Effect of emulsification: the formation of an extremely viscous
oil-in-water emulsion from wave agitation contributes greatly to
the difficulty of cleanup operations. We recommend a study of the
effect of sea state on emulsification be conducted.

2. Theoretical Investigations

We recommend that the following theoretical investigations be undertaken:

o The effects of slick thickness on the wave energy of breaking
waves: the present theoretical assumption is that the effect of
0oil in breaking of waves is insignificant, but field observations
indicate otherwise. We recommend that a comprehensive theoretical
investigation be undertaken to study the effect of thickness of an
oil slick on damping of breaking waves.

o The effect of prolonged spills: the present analysis assumes an
instantateous spill of known volume. In the event of a continuous
spill, the extent of spread will be affected by the spill rate and
the advection of the slick due to current.

.

3. Comprehensive 0il Spill Model

The current state of the art in oil spill models is such that, while
very accurate predictions of the oil behavior is still far off,
reasonable determination of the fate of the o0il can be made. There are
numerous models for predicting slick trajectories, and there are models
for mass loss by evaporation or dispersion of globules in water. There
is no comprehensive model dealing with the total, three-dimensional
behavior of oil slicks. For a realistic assessment of potential damage
to the environment such a model is essential. We recommend that the
USCG undertake the development of a general and comprehensive oil spill

fate model.




1. INTRODUCTION

1.1 BACKGROUND

The United States Coast Guard (USCG) has statutory responsibility for
regulating marine transportation of hazardous materials. This includes
potential pollutants, such as crude oil. The Deep Water Port Act of 1974
gives the Department of Transportation, and through delegation the USCG,
regulatory responsibility for most aspects of the deep water ports,
including licensing, design, comstruction, testing, and operationm.

The necessary and important part of the USCG regulatory work is assuring
minimum oil spillage onto the ocean as well as developing technology to
contain and remove any oil that may be spilled accidentally. In order to
develop sound regulations, and prepare for reducing oil spill probabilities
and ecological damage from such spills, the USCG must have a quantitative
understanding of the dispersion of o0il under a range of sea and weather
conditions.,

The USCG has undertaken research on the dispersion of oil spills on
rough seas. The objectives of the studies have been to undertamd: 1) the
sea parameters that affect the dispersion of an oil slick, 2) the types of
dispersion that ensue, and 3) the extent to which o0il would be dispersed to
a non-recoverable state, in any given sea state. To achieve these
objectives, tke USCG initiated a series of contract studies in 1976.

The first of this series was conducted by Arthur D. Little, Inc. (ADL).
Theoretical analyses were performed to study such phenomena as the stability
of o0il slicks on the ocean, the effects of ocean turbulence on the oil,
globule formation, and vertical dispersion into the water. The critical
conditions under which globules of 0il are formed from the slick were
identified, and a criterion was developed to predict the minimum sea etate
in which the globular dispersion would begin. It was also noted that
significant oil dispersion would occur under break%ng waves. Areas for
further laboratory and field experiments were indicated.

Subsequently, the Massachusetts Institute of Techmnology (MIT) conducted
an experimental study of the dispersion of oil caused by breaking waves. A
detailed literature survey was initiated as well. The principal finding

from these experiments was the significant depth to which the oil globules
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were carried by the wake flow generated by breaking waves. The experiments
and studies provided information to: 1) make qualitative estimates about
the relative ease of dispersion of slicks of various properties, 2)
identify the salient physical and chemical phenomena about the dispersion

process, and 3) take important countermeasures following an oil spill.

Flow Research Company (FRC) performed an experimental invesitgation to
study the air/water interaction, the characteristics of turbulence in water

generated by wind and waves, and the effect of the presence of oil on the

turbulence parameters. The principal findings from this work included the
relationship between wind speed and the root-mean-square value of turbulent
intensity of the water, the effect of wave motions, and the spectral
distribution of energies in turbulence generated by simple wind shear as
well as by breaking waves.

The experiments conducted by MIT and by FRC were relatively small-scale
laboratory experiments. More recently, the U, S. Navy has conducted a
series of field measurements of the upper ocean turbulence.

The current experimental data and theoretical knowledge of oil-spill
research is scattered in various reports, and is not easily utilized for
analyzing the fate of a spill. It was felt that with a relatively modest
additional effort involving the development of simple models and synthesis
of the results from recent studies, a comprehensive predictive model could
be developed. The calculation procedure, elaborated in such a model, would
provide a tool for predicting the behavior of oil spilled onto rough seas.
The comprehensive model could be utilized in planning controlled
experimental spills on the ocean and provides a guide to optimize data
collection and their analyses.

Recognizing the importance of comprehensive models and the need for

synthesizing existing knowldge into a single predictive calculation scheme,

the Coast Guard issued a solicitation (number CG-843466-A) ia August of
1978. Arthur D. Little, Inc. was awarded the contract (number
DOT-CG-843466-A) in March 1979. This report describes the models and the

step-by-step calculation procedure developed under this contract.
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1.2 Objectives of ithe Study

The principal objective of this study was to develop a comprehensive
model, using the results from recent investigations, and by additional
modeling effort to determine the fate of an instantaneously spilled oil
volume on a rough sea. Specifically, the focus of the analyses and
methodology is to generate simplified algorithms, based on the model, so
that a step-by-step calculation procedure can be executed on a desk

calculator.

[oony

.3 Scope of the Work

The work in this report primarily involves the integration of data,
results, and the scaling laws developed by recent studies on the behavior of
oil spills in the ocean. Several submodels have been developed to obtain a
continuity in the description of the various physical phenomena, and to
simplify complex calculatiens.

The calculation procedures in this report are structured to follow the
physical processes that an oil spill in the ocean undergoes. The different
phenomena are analyzed and the integrated calculations for determining the
dispersion parameters are worked out. Four key physical phenomena (spread
and evaporation, globule formation, globule penetration and distribution,
and surface dispersion) are discussed seperately in four chapters. Sample
calculations for specific conditions of spills are illustrated, step-by-
step, in a separate chapter. A ftable of dispersion parameters for several
time durations of interest is also given. Four different types of oil are
included in the calculations.

0il spilled ir large quantities anG in a very short duration of time (an
"instantaneous spill") spreads initially on the water. Oils which contain
fractions of volatile components, such as the light crude, begin to
evaporate during spreading. The rate of mass loss by evaporation increases
initially because of increasing surface area due to spreading, and
subsequently diminishes due to the reduction of volatile fractions remaining
on the surface. The combined phenomena of spread and evaporation are
explored in Chapter 3. Involved calculations are required to solve the
total problem due to: 1) the interdependant relationship between spread and

evaporation, and 2) the comp.ex nature of the evaporation of a mixture of
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components. A multi-component spread/evaporation variation model is
developed. A simplification of this model to easily calculate the spreading
characteristics of four specific oils (given initial compositions) is also
indicated. For any given time after the spill, parameters, such as the
volume of o0il remaining, its density, and the slick area, can be calculated.

During the spreading on the ocean, the oil will be subject to wave
action. If a large number of breaking waves are present, the oil slick 1is
likely to be broken up and will result in the formation of globules of oil.
The extent to which the slick undergoes globulation depends on the sea state
and the thickness of the slick. The criteria for globule formation, the
expected maximum and minimum sizes of o0il drops formed in a given sea state
and the effect of slick thickness on sizes of drops, are discussed in
Chapter 4. While most of the analysis is a repetition of work performed in
previous investigations, some new ideas and insights have been incorporated
into the relationship between the breaking wave energy and the slick
thickness for the formation of globules.

0il globules generated by breaking waves or other instabilities in the
slick tend to be dispersed in the water column. The wake flow generated by
breaking waves seems to be the dominant mechanism for transporting oil drops
to considerable depths in the ocean. The turbulence in the ocean tends to
maintain a spatial distribution (with depth) of oil drops. Chapter 5
discusses this phenomenon of droplet penetration and distrubution. The
major effort of this chapter is to simplify the complicated equations, so
that sequential calculations can be performed with ease on a calculator.
The principal result calculated in this chanter is the total portion of oil
dispersed in the water column at a given instani. The number density
(probabiiity) distribulion with droplet size is assumed to decrease
linearly, from a high value for the smallest drops formed, to zero, for the
largest diameter drops that may result. The equations for the motion of the
drops are obtained from previous investigations. A modified model for the
depth-wise distribution of o0il drops of different sizes is presented.

It is a common observation in large oil slicks caused by accidental
spills that when the slick thickness becomes small, a relatively large
number of small patches of oil begin to form. These patches separate from
one another by water surface motions caused by currents and turbulence.

This phenomenon of surface dispersion of a large number of thin patches is
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discussed in Chapter 6. In this treatment, it is assumed that the thin
patches do not spread significantly for further thinning, but are separated
by surface velocity fluctuations. The principal result calculated is the
total ocean area encompassed by these oil patches ("slicklets') at any given
time.

In Chapter 7 the detailed, step-by-step procedures are illustrated for a
specified initial volume of spill, type of o0il, and assumed ocean
conditions. This chapter illustrates the order in which the equationms,
derived and developed in the earlier chapters, should be used. Specific
calculations are made for the description of a 10,000 cubic meter spill of
light crude oil, every two hours under a 3 meter significant wave height
sea. Similar results are also indicated for three other types of oil:
heavy crude, number 2 fuel oil, and number 6 fuel oil. A table of
dispersion parameters is developed.

The work indicated in this report was performed in two phases. 1In the
first phase the models were developed and simplified algorithms were worked
out to enable calculations to be performed on a hand-held calculator. 1In
order to achieve this, certain simplifications were made. Following the
Phase T work, the modcls were computerized in Phase II. The models for
exercising on the computer retzined their full rigor and no numerical
simplifications were incorporated. The details of the computer program, the
operational procedure, and the results are indicated in Appendix E.

The scope of the work did not consider of oil breakup by chemical
mechanisms, formation of emulsions ("mousse"), or significant losses due to
peculiar geographic conditions. The sea stale muslL be assumed to be fully
developed,

Finally, specific conclusions are discussed, and recommendations for

future work are made.
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2. ANALYSIS

2.1 QUALITATIVE DESCRIPTION OF OIL SPILL BEHAVIOR ON ROUGH SEAS

The release of o0il from accidental spills (e.g., grounding of ships or
well blow-out from offshore oil drilling) is seldom instantaneous. In the
case of spills from damaged tankers, the rate depends on the size and
location of the hole, the number of tanks damaged, and the local sea
conditions. If the total duration of release is relatively short compared
to che duration over which the total volume of o0il remains on the ocean,

"instantaneous'" release models are probably

calculations based on
conservative.

When oil is released onto a relatively calm sea, it tends to spread more
uniformly in all directions. The presence of winds and water currents
promote non-uniform spreading. In instances where wind directions may vary
significantly over short durations, fingering of oil slicks or streaking
could also occur. The movement of oil slicks caused by non-breaking waves
is relatively insignificant compared to that from other mechanisms. The
initial thickness of oil slicks can be significant (order of centimeters).
Thick slicks are not, in general, affected by the waves. In fact, oil
slicks dampen most of the small wave length waves, and reduce the tendency
of breaking for larger waves.

Crude oil is a mixture of a variety of components (hydrocarbons) with a
range of volatilities. After the spill, all of the components tend to
evaporate in proportion to their vapor pressures. The rate of mass loss
with time increases as the area of slick spread increases. The evaporation
rate increases with increased wind speed and with increased ambient (sea
water) temperature. The net effect of this fractional evaporation of the
volatile components is a reduction in the mass of oil on the water as well
as in increase in its sgpecific gravity,

Simultaneously with spreading and evaporaiion, oil is subject to waves,
breaking waves in particular if the sea is rough. Breaking waves are the
dominant agent causing the initial dispersion of oil in the form of
submerged droplets. O0il droplet formation, by breaking waves, becomes more
pronounced as the oil thickness decreases. As the oil film is torn by the

intense turbulence on the bore of the breaking wave, air is entrained. The
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mixing of oil, water, and air could produce an oil-in-water emulsion in
addition to oil droplets.

Once the oil droplets are dispersed into the water, their subsequent
motion is largely influenced by the turbulent flow in the water. This
turbulence can be generated by winds, currents, and breaking waves. The
initial downward mntion of oil drops is substantially influenced by the wake
flow and turbulence caused by the breaking waves. All droplets which are
less dense than water tend to rise; large ones rise faster than small ones.
In completely caim water, the rise rates for different sizes can be
calculated easily. In the presence of turbulence, some drops tend to rise
faster and some of the same size will rise slower. This results in a
distribution of oil droplet concentration in the water. When a dispersed
oil droplet does rise to the surface, it generally encounters the floating
slick and has a tendency to recoalesce with the slick. During the time the
droplet is against the slick, but before recoalescence, turbulent motion in
water can easily resubmerge the droplet, O0il droplet behavior in the open
ocean is poorly understood.

Some of the oil drops driven to considerable depths may be carried away
by a current. This will result in a permanent loss of oil. Also it is
conceivable, that some part of the oil drop population may be adsorbed on
seéiments and remain on the bottom. Some of the componenets of oil may
dissolve in water, but this process is very slow. It is also possible that
oil may be lost from the slick in the form of fine aerosols to the
atmosphere. While there is no data to confirm this, it is conceivable that
gusts of wind and wave breaking may produce oil aerosols, much the same way
as salc sprays are generated.

The slick floating on the surface is undergoing physical expansion by
spreading, and a change in properties, due to increasing concentration of
heavy components. Such a slick may exhibit a variation in properties over
its area causing instabilities in its film. Also, when the slick is thin
and is broken by breaking waves, small slicklets may be formed. The
combined effect of property variation and physical separation probably
results in the formation of a large number of the smaller slicks
("pancakes'") that have been observed in large spills. These pancakes are
subjected to the surface turbulence and are dispersed horizontally over a

wider area than the actual oil surface area, corresponding to a single
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coherent slick. The spread rate of individual pancakes, with respect to
their center, is low and can be treated as non-expanding.

In conclusion, it can be said that an oil spill on an ocean: 1) loses
mass by evaporation, 2) is dispersed vertically in the form of oil globules,
and 3) is dispersed horizontally over a wide area by surface turbulence
after the slick has spread by gravitational and surface-tension forces. Any
model utilized in the prediction of the fate of the oil must consider all

three phenomena.

2.2 REVIEW OF LITERATURE

Exhaustive reviews of the literatuare relevant to the problem of oil

spill on the ocean have been given by Raj (1977), Milgram et. al. (1978),
and Lin et., al., (1978). These reviews cover such topics as the quantitative
descriptions of the wind wave interactions, sea states, ocean turbulence,
breaking wave probabilities, energy dissipation, characteristics of ocean
turbulence, scaling laws, parameters, and other related subjects. Also
included in the survey are the qualitative and quantitative observations
from large accidental spills, and the chemical phenomena of importance. It
is not intended to reiterate the material in these surveys, but to discuss
only those results which have been developed since the publication of the
above studies. Also, the studies used directly in this investigation will
be discussed.

The first mechanism which leads to the ultimate degradation of oil is
spreading. An initial model describing the behavior of oil on calm water
was developed by Blokker (1964). The model is based on the assumption that
most of the potentisl energy is lost by friction, and that the substantial
duration of spreading occurs when the o0il thickness is less than 2 cms. The
spreading rate was assumed to be proportional to the mean film thickness.
Blokker extended the analysis to include the effects of the evaporation of
oil,

Blokker's model for evaporation is an extension of the models generally
used for the evaporation of water from a lake or for petroleum distillation
processes, Blokker assumed the ocil to be a single component and developed a

complex relationship between spread and evaporation.
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Fay (1970) and later Hoult (1972) improved the spreading model,
considering the four different types of forces (i.e., gravity, inertia,
friction, and surface tension) that act on oil. Milgram and Van Houten
(1974) considered the effect of sweil waves on spreading oil and concluded
that it had little effect.

McKay and Matsugu (1973) conducted laboratory experiments on the effects
of wind speed and oil pool sizes on the evaporation rate. A correlation

involving the evaporation rate, wind speed and pool area was proposed.

There is no comprehensive spreading evaporation analysis which includes the

multi~component nature of crude oil (with fractions which have a whole range
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of vapor pressures), and the effect of varying physical properties.
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A comprehensive theoretical analysis of the various (physical) ways in

»

which an o0il slick on the ocean can be dispersed has been discussed by Raj

[

(1977). The purpose of the study was to: 1) identify the various phenomena
which influence oil dispersion, 2) develop a first generation of physical

models, and 3) indicate the parameters that have signficant effect on the

.yt

—— e e o a0 e L

dispersion process.

1 The results of the study indicate that the oil globule formation could
| begin in a 3 meter significant wave height sea caused by non-breaking
waves. It is concluded that breaking waves would be the signficant
mechanism by which oil globules would be formed and driven into the water
column.

Models were developed to evaluate the maximum size of droplets formed,
the probability of slick fracture by a series of breaking waves, and the
distribution of oil droplets in the water column. It was concluded that
slick breakup into slicklets by breaking waves was aimost impossible in the
middle of the ocean. Much of the required information (an assessment of the
fate of the oil) is identified. This includes the nature and
characteristics of upper ocean turbulence, the effect of the presence of oil
on the sea state parameters, wind wave interactions, and other information.

The most extensive series of experiments, involving the dispersion of
oil by breaking waves in a laboratory wave channel was performed by Milgram
et. al. (1978). The experiments were designed to study the effect of
variation on oil properties on the degree of dispersion under similar
breaking waves. These tests indicate thst the slick thickness is the single

most important parameter influencing the amount of floating oil dispersed
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into the water. Increasing slick thickness from 0.5 millimeters to 5.5
millimeters reduces dispersion by 96%.

These tests also indicate that the amount of oil dispersed was quite
viscosity sensitive with less oil being dispersed for high oil viscosity.
This has considerable significance since aging of the oil on the ocean (also
evaporation) increases the viscosity and reduces the propensity for droplet
dispersion,

The experiments indicate the relative importance of wake flow caused by
the breaking waves in dispersing the oil drops to great depths. Milgram et.
al. have developed an expression for the depth of penetration of a globule
of given size, and correlated it with the rate of momentum lost oy the
breaking wave.

This study contains the expressions for the smallest size oil drop
formed by breaking waves. This is based on the equilibrium of the
surface~tension force that tends to maintain the drop and the turbulent
fluctuation (dynamic pressure) over a scale comparable tc the micro-~scale of
turbulence.

The relationship between oil properties and the recoalescence time
between droplets and the slick was also investigated. It was discovered
that the coalescence time increased as the cube of the droplet size
increased and with increased oil viscosity. No particular trend was
observed with slick thickness. This work by Milgram et. al. has provided
qualitative and quantitative information on the formation of oil droplets by
breaking waves and their dispersion in water.

The interaction between the wind and waves and the spectral energy in
wind generated turbulence in water were measured experimentally by Lin et.
al. (1978). Measurements have been made in water, both in the presence of
and absence of an o0il slick on water. The principal findings from this
experimental work were as follows:

~In a wind-generated turbulence within the water, the maximum intensity

of turbulence is about 0.7% of the wind speed. The water surface drift

speed is about 3.2% of wind speed (measured typically at 10 meters above
surface in field conditions). The boundary layers in air and water were

similar.
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-Dominant turbulence in water is generated by breaking waves. The
turbulence spectrum shows a significant peak at the wave frequevcy and a
spectrum which (for about two decades) decreases as the ~5/3 power of
the frequency.

~The presence of oil reduces the amplitude of the water waves and the

peak energy density in the wave spectrum for identical excitation

conditions.

This series of experiments provides quantitative data on the nature and
level of turbulence in water generated by wind shear and breaking waves.

The extrapolation of the laboratory results to full-scale sea conditions is
indicated in Appendix A of this report.

Shonting (1979) has conducted the field study to measure surface layer
turbulence associated with wind stress and breaking waves in the ocean.
Measurements were made from a fixed location off Gould Island (Narragansett
Bay) in 1 meter waves and under 9 meters per seccnd to 12 meters per second
wind speeds. His results indicate that the dominant frequency in the
turbulent spectrum corresponds to the wave frequency. The vertical kinetic
energy is found to decrease exponentially with depth, and the surface
kinetic energy is proportional to the wind speed. The results also show the
dependence of the vertically integrated kinetic energy with the cube of the
wind speed. Measurements of Reynolds stresses were also made. These
results are in agreement with the predictions made by Shonting (1970).

The behavior of oil patches on the ocean is an important area of study
for clean up purposes but a systematic study has not been undertaken. On the
other hand, the behavior of pollutant clouds, subjected to turbulent
atmosphere is reasonably well understood. Csanady (1973) has discussed the
growth of an instantaneously released finite-size cloud of particles. It
can be seen that the variance of the cluster of particles grows proportional
to the square of the diffusion time. Limited quantitative information on
the dispersion of small patches of 0il are =vailable from tests conducted to
evaluate the performance of o0il recovery equipment. The results indicate
two distinct dispersion regimes with time, similar in character to the two
regimes of dispersion postulated by Csanady for finite-size cloud
dispersion. An analysis similar to the ones used for three dimensional
cleoud dispersicn is applicable, with certain modifications, to the

description of oil slicklet dispersion on the ocean surface.
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The brief discussion of the pertinent literature and the findings from
more recent studies directly related to oil dispersion in the ocean indicate
that substantial progress has been made in understanding this phenomanon.
The knowledge is far from complete. For example, there are no models which
consider the (significant) effect of wave damping by oil. It is not certain
how the size of the breaking wave that will occur within the oil slick is
related to the oil film thickness and oil properties. Measurements are not
available from experiments on the ocean or from accidental spills indicating
the size distribution of oil droplets that may be formed by breaking waves.
Similarly, field data does not exist on the effect of an o0il slick on
damping the near surface turbulence. Finally, the mechanism of turbulence
generation on the bore of the breaking wave, and its characterization in
terms of intensity, scales and spectra are very poerly understood.

In the succeeding chapters, analyses are presented to calculate the
effects of the various phenomena that the oil is subject to on the ocean.
Where it is relevant, appropriate references are made to the specific works

on which the analyses are based.
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3. EVAPORATION MODEL

3.1 1Introduction
In this chapter we develop a model to predict the loss of o0il due to

evaporation. The model assumes an instantaneous oil spill of known volume
and composition, and accounts for the simultaneous spreading and
evaporation. The output of the model is the remaining volume of oil, the
area and thickness of the slick, and the average density of the oil
remaining in the slick.

In selecting a model our objective is based on developing a simple,
sequential algorithm to predict the rates of evaporation as a function of
time. We approached the problem in the following manner:

-By developing a multi-component 0il slick model which considers the

combined effects of evaporation and spreading. The resulting equations

are nonlinear and coupled. Further, the model requires additional data
on the vapor pressure, density, and concentration of various

components. The solution of the model equations were obtained with the

aid of a digital computer. The governing differential equations and the

method of obtaining the solutions are discussed explicitly in Appendix B.

-By developing a simple model to predict residual volume, area of the

slick, and average density of the oil as a function of the time after

the spill. The implicit assumption is that the properties ¢ thz oil

(such as vapor pressure and average density of the residual oil) are

weak functions of time. The variations of these properties were

determined empirically using the results of the mutli-component
oil-slick model. The results of the simplified evaporation model were
compared with the multi-compnent oil-slick model to determine the
limitations and the accuracy of the simple model.

The formulation of the simple evaporation model is discussed below. The
computation procedure is demonstrated in section 3.4.
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3.2 Model Development

3.2.1 Loss of Oil Due to Evaporation

In formulating the simple evaporation model we made three assumptions:
-The oil slick is homogeneous in the horizontal and vertical directions
and is of uniform height.
-The spill is radially symmetric.
~-The oil can be characterized by a single component and the physical
properties of the oil can be taken as quasi-steady.
These assumptions enable us to solve the equations analytically. Rewriting
the conservationn of mass equation, we obtain:*

- _%A(t) (3.1)

Further, we assume that the evaporation flux is given as:

k = kOUP (3.2)

Here k0 is an empirical evaporation constant. Fay's model (1971) was used
to evaluate the area of spreading in equations (3.1l). 1In essence, the
spreading is broken down artificially into three stages: the
gravity-inertia, gravity-viscous, and the surface tension regimes. The
expressions for the radius of the slick in these regimes are given in
Appendix B. Only the results of the analysis are presented in this
section. We introduce the following variables:

V=v/v, 'r=vé/6/c;l/2
A= p /ey, T=ty/m
R=/0//00 G=g(l"A)

Using Fay's expg:essions, the time of transition from the gravity-inertia
regime to the gravity-viscous regime is given by:

* For identification of symbols, see "Nomenclature", page N-1
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ty = 0.546 (V / de)l/B
The transition time tO as a function of the initial volume Vb for

(3.3)

various types of oils is plotted in Figure 3.1. Even for the large spill
volumes (e.g. 10,000 cubic meters) the transition time to is typically

less than 1/2 hour (see Figure 3.1). We assume that there is no evaporation
during the initial gravity-inertial spreading. The expressions for the
remining volume and the area of the slick in the gravity-viscous and surface

tension regimes are:

Gravity-viscous regime:

3
Yy (1-clglthP (7 - 2’03/2))
hv2/3 712

V

A

Cofa9h,
where the symbols used in equations (3.4) and (3.5) are defined os:

_ 1/6 -5/12
c; = 0.670 ko/( 1) /w)
c, = 3.02 V12, . wl./6

_ v ~1/12 o 1712
£, =V, £, =Y,

1 1

9=Aa-A)" 9% -A)l;‘1
h = (L- AR)1/3 hy = (1 -A Ry /3

and

2 1/6
T= 0.586 (Ve A Y
Surface tension regime:

~ 5/2 _ 5/2
Vo ( Vy /Yy - cafgghyur( T T, ))
_ 3/2
c4fi94ny T

<
|

™
1

where:

0
!

= 3.217 k, V) -1/12 P2 g/t

8. 04‘) -1/12/0 -1 3/4

Q
n

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)
(3.9)

(3.10)
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f3 = Vb-7/12 £, = v.01/4
=0/ 5/4 =d/ 3/4 (3.10)
B=YAa-m) 94 1-A)
hy = 1/R
Here 'Z'l is the transition time from the gravity-viscous regime to the

33 surface tension regime and Vy is the residual volume at 1']: The
:ﬁ transition time is given by the expression:
) T, = 0.375 %,‘-'" G5/61Jw1/3 V3 v e (3.11)
e

w7
»

Equation (3.11) shows the transition time T'l_as dependant on the

s
1«‘ hA

residual volume given by equation (3.4). In principle, it is necessary to

\“
A

solve equations (3.4) and (3.11) simultaneously to obtain an accurate value
of Z’l. Because P and R are functions of T , it is very difficult to
solve equations (3.4) and (3.11) simultaneously. However, a greater degree
of accuracy in estimating Z']- is not needed. In practice, one can
obtain a value of 2‘1 on a trial and error basis.
The two quantities that are not defined in equations (3.4) and (3.8) are
P and R. R, by definition, is the ratio of the average density of the
remaining oil in the slick to the initial density of the oil. Since light
fractions evaporate rapidly, the density of the remaining oil increases with
time. The other factors which affect the functional dependance of R are the
wind velocity and the slick temperature. P, the vapor pressure of the oil,
is a function of the nondimensional time. . The initial value of P is !
very high and corresponds to the vapor pressure of the lightest fractioa in
the oil. As the lighter fractions evaporate, the vapor pressure decreases §

and the tendency to evaporate also decreases. The vapor pressure is a
function of the temperature of the oil slick. The variation of P and R with
nondimensional time are determined empirically using the results of the
multi-component o0il slick analysis. The functional forms of P and R are:

PT) =% em(-ar 2 (T- T)) (3.12)

b

R(T)
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Here ayr Ao bl’ and b2 are dependant on the type of oil and Ts is
the temperature of the slick in degrees Celcius. The numerical values of
these constants for different types of oils are provided in Table 3.l.

3.2.2 ILoss of Oil Due to Aerosol Formation
Small droplets of oil are formed because of the impact of breaking waves
on the o0il slick and whitecaps on the ocean. No theoretical model or

experimental evidence is available to estimate the loss of oil due to
aerosol formation.

Based on some of the information available on salt sprays in the ocean,
we estimate the droplet density flux to be lO2
square meter per second. The typical diameter of the droplets is about 50

to 103 droplets per

microns. The total oil loss due to aerosol formation can be estimated once
the area of the slick is known. TFor a 10,000 cubic meter spill, at the end
of 2 hours, the total amount of oil loss in the form of aerosols is about 1
cubic meter. At the end of 24 hours, the oil loss has increased to about 20
cubic meters. These losses are small compared to the oil loss due to
evaporation, and we will ignore the effect of oil loss due to aerosol

formation.

3.3 Model Limitations
In the preceding section, we developed a simple model to account for the

loss of 0il due to evaporation. The expressions derived in section 3.2.1
were based on the premise that the properties of o0il, such as the decrease
in the vapor pressure and the increase in the density, were very slow
varying functions of the nondimensional time. The functional forms of these
properties were determined empirically, using the results of the
multi-compnent slick model.

The validity of the simple model is tested over a range of initial
volumes (100 to 10,000 cubic meters), wind speeds (5 to 20 meters per
second) , and slick temperatures (10 to 25 degrees Celcius). The remaining
volume, R, and density of the o0il slick predicted by the simple model were
compared with the results obtained by the multi-component slick model.
Because of the nature of the assumptions made in developing the simple
model, the model has certain limitaions, which are discussed below.




Table 3.1
Constants to be Used in Bquations (3.12) and (3,13)

Type of Oil
Light Crude
Heavy Crude
Fuel 0Oil #2
Fuel Oil #6

Coefficients
a; a, bl b2
350 9.67 x 10 4.2 x 107 0.62
27 2.47 x 107 3.5 x 107/ 1.05
4.6 1.56 x 107° (no change in density)
(no evaporation) (no change in density)
Table 3.2
Maximum Residual Density of Various Oils
Maximum Density
3
Type of Oil £ max (kg/m”)
i
Light Crude 965
Heavy Crude 1060
Fuel Oil #2 890
Fuel Oil #6 970
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3.3.1 Prediction of the Density of the Residual Oil
The nondimensional density of the residual oil was given by equation

(3.13) which is repeated here:

b
; 0.22 0.32 _ 2
Apo=1+b2, v (T-T (3.13)

This equation indicates that for a given slick temperature and wind
velocity, the density of the residual oil in the slick increases with time.
However, the upper bound for the average density is the density of the
heaviest hydrocarbon present in the oil. If max is the density of the

heavy fraction, then the time to reach can be calculated using the

above expression. The time to reach maxigi; density can be calculated by
inverting equation (3.13):
(L/b,))
Tmax = (Fmax /FO -/ (bng.zz UO.32 ) * TO (3.14)
For nondimensional times exceeding that associated with /9 max’ the
density will be constant and is equal to /Apnax' The maximum permissible

density for various types of oils in indicated in table 3.2.

3.3.2 Prediction of the Vapor Pressure Variation of the 0il

The vapor pressure variation of the oil is

p(T) = a1, e (-ayr % (T - T (3.12)

As mentioned above, the evaporation flux is directly related to the vapor
pressure and decreases with time. The evaporation rate increases with time
due to the enhanced area of the slick., The implicit assumption in this
expression is that evaporation flux decreases exponentially. This is true
during the initial period of evaporation when the light fractions in the oil
are evaporating rapidly. The heavier fractions do not evaporate to any
appreciable degree and the variation predicted by the above expression is
not valid. 1In fact, it is possible to estimate an upper limit for the
nondimensional time beyond which the present evaporation model is not
valid. This is given by equating the derivative of equations (3.4) and
(3.8) to zero. The approximate solutions to the resulting algebraic
equations are:

3-8
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TT; ~ 3/2a2TSO'22 in gravity-viscous regime

(3.15)

22

‘Z; = 5/2a2TSO‘ in surface tension reqime

The evaporation model developed in this chapter will not yield satisfactory
resvlts for times greater than the critical times defined above.

The limitation on the applicability of the evapcration model does not
present a serious problem. Even for moderate initial volumes of spill
(10,000 cubic meters), an average slick thickness of about 3 to 4
millimeters is reached when the nondimensional time is equal to the critical
time shown above. When the thickness of the o0il slick is this small the
interaction of ocean waves with the slick, may become a more dominant
mechanism by which the oil.

3.4 Appliction of the Simple Algorithm
In this section we demonstrate the use of the simple algorithm developed

in section 3.2 to predict the residual volume and surface area of an oil
slick. The relevant equations are dedefined and given new numbers.
Step 1 Using the user-defined quantities, determine the following

parameters:
A=p/p, (3.16)
G=g(l-AQ) (3.17)
7 = v,Y/6 ¢71/2 (3.18)

Unless otherwise specified use these properties of water:

/Ob = 1000 kg/m3 g = 9.81 m/s2
Vw =1x107° mz/s

k0 is an empirical constant :o determine the evaporation flux, equal to
1x 103
Using Table 3.1, determine the constants a;, a

seconds squared per :v:ter sgquared.

2t bl’ bz. Unless
otherwise specified use fynax = 990 kilograms per cubic meter.
Step 2 Determine the times for transition from gravity-inertia to

gravity-viscous and from gravity-viscous to surface tension regimes:
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| T, = 0.546 ver) B Y (3.19)

., To determine ?r'l, assume that there is no evaporation and use the

X original volume Vo in equation (3.11). This leads to:

Y

- 5/64) 1/3.1/2

% T, = 0375 (P, /o) &%V V3 (3.20)

o Typically 10 to 20 per cent of the original volume evaporates in the gravity-

4} viscous regime, so this procedure will overestimate the value of fl by
1 about 5 to 10 per cent. A more accurate value of T 1 may be calculated at

Cep

[ a later stage using the following expression:

. ‘l

s _ 5/6_y /3 . 2/3 ., -1/6 .
» T, = 0375 (P, /7) 67V, v v, (3.21)

%

AR petermine 7. and T~ . :

N c Prax

! . T

‘; ’[; = 3/2 a,0; if Ty > 77 then T =5/2 a1, (3.22)
£ (1/b,)

| T;max = Pua Lo~V / R R N X

Step 3 Nondimensionalize the user defined times.

g Step 4 Determine the density and the vapor pressure at various times

! c o

‘ specified by the user:

0.22 0.32 by

‘ R=1+DbT, U (T-T)p (3.24)

L

|

_ 0.66 5 _ 0.22 .

P=aT, " exp( (- Tpamr, 7)) (3.25)

4 . .

t{ Note: If T is greater than T/’max' assume ,0 equals Iamax’

;;r if T is greater than 7~ or calcualte Pt T equal to ‘T o
2 Step 5 If the nondimensionalized, user-specified time is less than 1
: :’% use equations (3.26) and (3.27) to determine the residual volume and the area
) "}* of the slick. If T is greater than ’("l, use equations (3.28) and (3.29)
; f? to determine the residual volume and the area of the slick:

f - _ /2 3/2, A3

. V=, (- o fahw (T2 - T,7%) (3.26)

3-1/2
A = cyf, o v 3 Y (3.27)
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v = (l/v0 - e f 9,00 (T2 - 2'15/2)> (3.28)
A =c,f 4942‘3/2 (3.29)
where the various symbols are defined as:
o, = 0.610 ky / (W, Yo py e, =3.02 4% py MO
o= 3.217 Ky / (ﬂwl/zpwz Ay o =800/ w V0 oY
£ = V0-1/12 £, = V01/12
£, = V0-7/12 £, = VO1/4
g, =1/4 a-AY* g, =1/ @-A
9, =074 @ -p)7* g, =70 -A)Y*
h, = (1-AR)1/3/R h, = (l-AR)l/3
h3 = 1/R
and vy is the remaining volume at 711 calculated using equation (3.26).

Note: if T 1is greater than T’c, calculate V at { equal to T
using equation (3.27) or (3.29).

C

Step 6 To determine the slick thickness divide the residual volume by the
area of the slick.

h(T) =v(TH/AT) (3.30)
to obtain the evaporation flux use the equation:
k = kOUP (3.31)

Step 7 Summarize results by tabulating the residual volume V, slick surface
area A, slick thickness h, and average density of residual oil /7 , as a
furction of time. These results will be used as input to the droplet
formation model discussed in Chapter 4.

3.5 Conclusions

The conclusions of the evaporation model are:

s
o

‘ -The inputs to the model are the type of 0il, initial volume spilled,
Y wind velocity, and slick temperature.

LN

Lot s L N
! R -
. Je

~-The outputs of the model are the volume remaining, the area and the

L

thickness of the slick, the average density of the o0il in the slick, and

——_ X

the evaporation flux.
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4. DROPLET FORMATION MODEL

4.1 INTRODLCTION

In Chapter 3, we developed a simple model to predict the evaporation loss
of 0il from 2 slick. We indicated that evaporation is the primary means of
mass transfer from the slick during the initial stages of its existence.
Since the lighter components of the oil evaporate rapidly, the evaporative
flux decreases with time. Further, the thickness of the slick decreases with
time, and the interaction of the oil slick with ocean water begins to
dominate the mass tranfer process. At sufficient’y large times after the
spill, the loss of oil due to evaporation is expected to be small compared to
the loss due to dispersion of oil in the form of fine droplets. 1In this
chapter, we discuss the droplet formation models and present a simple
formulation to predict che droplet size.

Our objective in selecting a model is based on developing a simple
sequential algorithm to determ.ne the sizes of droplets that are formed by
the turbulence in the ocean. We have approached the problem in the following
manner:

-We used the Raj (1977) model to determine the maximum size of the

droplets.

-We used the model developed by Milgram et. al. (1978) to determine the

smallest size of the droplets.

These two drovlet formation models are discussed in detail in Section 4.2.

4.2 MODEL DEVELOPMENT

4.2.1 Determination of the Largest Droplet Diameter

Raj (1977) considered the floating oil slick subjected to wave action
The force acting on a droplet of oil tendiryg to separate from the slick is
primarily due to turbulent pressure fluctuations. The restoring forces are
due to buoyancy and surface tension. A droplet is formed when the separating

forcee are greater than the restoring forces. This condition is given by:

o ralis) &2 1/127;’43/an A-plp) + 7T ¢ G

suction - buoyancy + surface-tension
force force force
4-1
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Where the turbulent pressure fluctuation is given by:

p A2 1/2/0wu'2 (4.2)

The minimum turbulent intensity in water when a droplet is formed is given by:
1/2

;_'7 = (64/3 % (1 - /0//ow)) (4.3)

The size of the drop formed &zt the above intensity is given by:

a = (1z¢/g(/w -p )) 1/2 Gt)

Using a second approach based on Kelvin-Helmholtz instability, Raj (1977)

arrived at a critical diameter given by:

g = 77 (V/g (/aw -/0» 1/2 (4.5)

Since equations (4.4) and (4.5) yield approximately the same value for the
droplet diameter, we used equation (4.4) in our prediction procedure. When
the slick thickness is smaller than the droplet diameter predicted by
equation (4.4), The maxiw.m droplet diameter is assumed to be equal to the

slick thickness.

4.2.2 Determination of the Smallest Diameter of the Droplets

Milgram et. al. (1978) used the Kolmogoroff-Hinze criterion for the
splitting of droplets in the inertial subrange of turbulence. Under the
influence of turbulence created by breaking waves, an oil slick will be
broken up, or split, into many oil droplets. These droplets, in turn, may
split into smaller droplets. This ., .cess will continue until the forces
tending to split the oil droplets are balanced by other forces tending to
maintain their integrity.

In the inertial subrange of turbulence, the dominant splitting force is
due to dynamic pregsures, and the restoring force is duve to surface tension.
The ratio of these two forces is the Weber number and is given:

o

We =—-'—2' (4.6)
f v.,°d
wd

Here V4 is the r.m.s. velocity difference, given a distance of d.
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If the Weber number is equal to unity, and d lies in the inertial
subrange, the splitting and resisting forces will balance and the splitting
process will cease. The smallest droplet size in that case will be on the
same order of magnitude as this value of d. If the oil is subjected to the
turbulence of breaking waves for a prolonged period, all the droplets of size
larger than d will be split, and d will represent the typical size of
droplets.

One does not know a priori if the splitting of oil into droplets takes
place in the inertial subrange. One can compute the Weber number at the
turbulent microscale 7? to determine whether splitting takes place on such a

small scale. The microscale Weber number is given:

/4

1
B} g ed
We - 006
(4 1/2 5/4
Pe Veff

Here the effective viscosity is used to determine the effect of slick

4.7

thickness on breaking waves 1) off is defined:

D,ge = (- w/e))D) +hie) (4.8)

e

where t1 is the thickness of the turbulent bore. An approximate estimate

of t, is:
£, % 0.001 g/¢d (4.9)
The r.m.s. velocity difference Vd in the inertial subrange is given by:
1y G413 42/3
v2=10? 89~ (4.10)
d o) 2/3
With equation (4.7), the expression for the Weber number becomes:
- 2
Hey= 10 32 ¢ Z/J/(ng4/3d5/3) (4.11)

The minimum droplet size may be estimated for equation (4.8), once the
critical Weber number at which the splitting ceases is known. Milgram et.
al. (1978) have chosen a Weber number of 1 to determine the minimum droplet
size,

There are documented cases (such as water drop splitting in jet streams
from fire sprinklers) where drop splitting occurs at a Weber number of about
10. Using a limiting Weber number of 10, the expression for minimum droplet

gize is:

4=3
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3/5 2/5
o o)
d - 0.03 ————— (4.12)

° 3/5 4/5
O

If the microscale Weber number is less than 10, then the smallest droplet

size will be the same as the microscale Z . The droplet diameter is given
by:

1/4 3/4
w 7;fo

1/2
g/

If the thickness of the o0il slick is small compared to the size of the

Z 0.6 (4.13)

[¢]

turbulent bore, yet large compared to the droplet size it will not influence
the results. When the thickness of the oil slick is small compared to do,
the size of the smallest droplets will be reduced. The parameter governing
the thin slick is still the Weber number, and equation (4.12) gives the
length scale, do' at which the inertial forces and surface-tension forces
balance. 1In this case, do represents the diameter of the smallest portions
of the slick which nre broken off to form oil droplets. Milgram et al.

(1278) demonstrate that this "thin limit" minimum droplet size is:

do =d 2/3 hl/3 (4.14)
thin
Where h is the average thickness of the slick. Since do is smaller than
do these droplets will not split further. thin

Details on the Weber number criteria and the effect of slick thickness

on droplet formation are described in Appendix C.

4.2.3 Size Distribution of Droplets

There is no theoretical or experimental evidence to estimate the number
distribution of droplets of various sizes. Using existing theory, one can
determine the dimensions of the smallest and largest droplets which are
formed irn a given sea state. For mathematical simplicity, we shall assume
that the number distribution of droplets is linear, with the number of

smallest droplets at the maximum and the number of largest droplets at zero.
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4.3 MODEL LIMITATIONS

In the preceeding section we developed a simple model to estimate the
maximum and minimum size of droplets that are formed in a given sea state.
We accounted for the effect of the oil slick on the damping of breaking
waves by assuming a weighted-average viscosity.

Viscosity, defined by equation (4.8), is based on the relative thickness
of o0il slick and the turbulent bore in the face of the breaking wave. The
effect of this increased viscosity will be an increase in the microscale of
turbulence, and a decrease in the microscale Weber number.

At present, there is no information available to validate the effect of
slick thickness on the microscale of turbluence. As long as the Weber
number based on that microscale is larger than the critical Weber number for
droplet formation (which in this case is assumed to be 10), the slick
thickness will not affect the size of typical droplets given by equation
(4.12). 1If the microscale Weber number is significantly smaller than 10,
the viscous effects are important and the Weber number is no longer the sole
criterion for the splitting of droplets. For simplicity, we assumed that
the size of droplets is the same as the microscale of turbulence when the
Weber number is less than 10.

We assumed that the number of droplets varies linearly with droplet
size. Physically, it is justifiable to assume that the maximum number of
smallest droplets and minimum number of largest droplets occur during
breaking wave-slick interaction. The number distribution of various sizes
of droplets is unknown and the assumption of linearity is made for
simplicity.

More experimental data may yield useful results pertaining to the
damping of waves in the presence of oil and the number distribution of
droplets of various sizes. Once such data is available, these models may be

improved to correspond with a more realistic situation.

4.4 APPLICATION OF THE SIMPLE ALGORITHM

A simple algorithm to determine the diameters of the largest and
smallest droplets formed by the action of breaking waves is presented here.

The inputs to this algorithm are the physical properties of oil and water,

4=5
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description of the sea state, the thickness of the slick, and the average

density of o0il in the slick. The last two quantities are output from the

evaporation model described in Chapter 3.
Step 1. Determine the wave frequency:
W = 0.7 g/u

(4.15)

The wind velocity and the significant wave height are related by the

empirical expression given by Pierson and Moskowitz (1964) which is:

_ 2
H1/3 = 0.283 (U"/g)

Step 2. Determine the thickness of the turbulent bore:
£, = 0.00L g/ ,>
AR 1( 7Y
Determine the effective viscosity:
’))eff = (L -h/t)) _+h/t
If ))eff < ;)w, then assume 7)eff =

if )eff > \)o' then assume \7eff

(o]

V)
Vo
Step 3. Determine the microscale Weber number
0 1/4
We'l = 0.6 &
1/2 5/4
( J Qeff

Step 4. Determine the size of the smallest droplets using:

1/4 3/4
if Wez £ 10 then d_ = 0.6 eff
1/2
g /
3/5 2/5
if W 10 th a' = 0.03 O/ e
i eZ'7 en o = 0 375 4/5
w g
Ifh > d'o then 4 = d'o; where h is the slick thickness.
1/3 2/3

If h £ d' thend =h d
o o o

Step 5. Determine the size of the largest droplet using:

d'max= (12¢/9‘€w'(’ ) o

(4.16)

(4.17)

(4.18)

(4.19)

]

(4.20)

(4.21)

If h > d'max then dma =4 ; where h is the oil slick thickness.

X max

If h a' then d =
max max
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Step 6. Assume a linear number distribution for droplets with a maximum of
size dgs determined by equation (4.20), and zero at d ax determined by
equation (4.21).

Note: 1If the thickness of the slick is smaller than do’ given by equation
(4.20), then assume that all the droplets have a typical diameter given by
d in equation (4.20).

Step 7. Summarize all the results in a table.

4.5 CONCLUSIONS

The conciusions of the droplet formation model are:

~-The inputs to the model are the sea state (characterized by the
significant wave height), slick thickness and the average density of oil
in the slick (the last two are the output of the evaporation model
discussed in Chapter 3).

-The outputs of the model are the diameters of the largest and the

smallest droplets that are formed.
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5. DROPLET DISTRIBUTION MODEL

5.1 Introduction

In the preceding chapter we presented a simple model to determine the
maximum and minimum diameters of the droplets which are formed by the
interaction of breaking waves with the o0il slick. 1In this chapter we will
present a mathematical model to predict:

~the maximum depth of dispersion of oil droplets

-volumetric fraction of the dispersed oil.

The input data to this model are the sea state conditions, the physical
characteristics of the oil slick, the droplet dimensions, and the time since
the gpill.

The model is exercised for a broad spectrum of input data and output
information and is compared to the Massachusetts Institute of Technology
tests (Milgram, et. al., 1978). The accuracy of the model predictions is
discussed. The proposed model is a set of analytical equations solved in a
sequential way, given the aid of a pocket calculator or tables presented in
this work. The droplet dispersion model is developed in Section 5.2.
Section 5.3 then discusses the limitations of the model, and the

step-by-step calculation procedure is developed in section 5.4.

5.2 Model Development

5.2.1 Assumptions

We have assumed that the reader of this chapter has an overview of the
basic physical mechanics of globular dispersion. Discussions in the
following sections are brief and oriented towards the theoretical approach
employed.

Recent experimental results (Milgram, et. al., 1978) indicate that when
a wave breaks in an oil slick, oil droplets are dispersed to depths
significantly larger than the depth of the turbulent bore on the face of the
wave, and these druplets reach their maximum depth well after the b- 2aker
has passed. It appears that the dispersed oil is not driven down‘so much by
the direct action of the breaker, but rather is entrained in the wake of
turbulence which lies behind the wave. After the droplets reach their
maximum depth, they rise due to buoyancy forces. The ambient turbulence
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encountered by the droplets, due not only to waves breaking, but also to
other forces of oceanic turbulence, will affect the rate of rise in a random
fashion.

The vertical dispersion of oil slicks by breaking waves is a complex
process which has not been fully described mathematically. Liebovich (1975)
proposed a model for predicting the probability density function for the
position of an oil droplet, assuming it was originally dispersed to some
depth by a breaking wave. Liebovich estimated the fraction of o0il entrained
in globules in the upper sea layer, but Milgram et. al. (1978) concluded
that conceptual errors invalidate some of those results. Raj (1977)
proposed a stochastic model to obtain the time history of the probability
density distributions for the positiong of the o0il globules in water in
order to estimate the time dependant mass of oil in the water column.
Milgram et. al. conducted experimental research to determine the maximum
depth to which oil droplets are entrained by the water of a breaking wave.
They seperately verified certain assumptions made by Liebovich and Raj and
proposed a methodology to mathematically predict the maximum and average
depth to which oil droplets might disperse.

The analysis in the following sections relies on the work of Milgram and
uses Liebovich's results to a lesser extent. The main assumptions made in
developing the model are:

~The droplet dispersion is driven mainly by the turbulent wake which

lies behind the breaker.

~The rate at which droplets are driven downward equals the difference

between the wake growth rate and the terminal velocity of the oil

droplets in calm water.

~Actual droplet velocities are the net velocity arising from the

turbulent velocity fluctuations and the terminal rising velocity of the

droplet.

-Sea state conditions can be described via the significant wave period

and the Pierson-Moskowitz sea spectrum.

~Only a fraction of the wave length, )\ , of a breaking wave is actually

breaking. The fraction has been assumed to be 1/4, in the absence of

conclusive experimental evidence.

~The number of droplets entrained as a function of droplet diameter is

linear, with the maximum number of droplets exhibiting the minimum size,
d , and no droplets exceeding the maximum size, dm.

0
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5.2.2 Depth of Digpersion

Momentum of a Wake

Wave kinetic energy and momentum dominate the dynamics of the uppermost
10 meters of the ocean waters. As the wave system loses momentum flux, a
corresponding increase in non-wave momentum takes place. The momentum is

contained in the turbulent wake. The rate of loss of momentum flux per unit

crest length (M) is proportional to:

~S
ﬁ ~Fprwa (5- l)
where /‘; = density of sea water
Cp = phase speed of wave
Uw = maximum wake velocity
b = thickness of the wake.
Milgram, et. al. proposed these analytical expressions for ¥ and b:
=L 2
B =33, B3 (5.2)
_ 1/2
b =1.14 (Mt//awcp) _ (5.3)
Where H1/3 is the significant wave height. The experimental results from

1/2

Duncan (1979) further support the t dependence of wave thickness.

Time Dependant Droplet Depth

Milgram, et. al. (1978) assumed the maximum rate at which oil droplets
will be driven down to equal the difference between the wake growth (db/dt)
and the terminal velocity W of the oil droplet in calm water. When making

this assumption, the time dependant droplet depth equals:
Z(t) = 1.14 (Mt/p C) 12 e (5.4)
s v o

the maximum depth which the droplets can reach equals

— 2
2, = 0.32—1%—%— = o.01 AL (5.5)
W
the maximum depth is attained after time t0 of downward flow:
¥4
£t = 0.32 2 - 2 (5.6)
0 Wz ~ W
/6;°p

This time equals the rising time of the droplet (zo/w by definition). The

characteristic separation time of an oil droplet equals:
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t = 2= (5.7)

which represents the separation time from the slick.

Terminal Velocity

When droplets are released at a certain depth z_, they rise through

the water at their terminal velocity. The terminalovelocity is dependant on
the buoyancy forces tending the move the droplet to the surface and the drag
force resisting the movement. The drag force acting on a droplet is a
function of the Reynolds number of the droplet.

For Reynolds numbers up to about 10, the flow around a droplet may be
considered to be Stokesian flow. The drag coefficient in such a flow is

inversely proportional to the Reynolds number. The terminal velocity is

given by:
2
W = gd“(1 -A) (5.8)
181)w

Here A is the density ratio /D/faw.
The drag coefficient becomes constant for Reynolds numbers greater than
about 100. The value of the drag coefficient is approximately 0.5 and the

terminal velocity is given by:

Wo= (8/3gd (1-A))Y? (5.9)
It is possible to determine a critical diameter at which the drag
coefficient becomes approximately constant. This can be obtained by
equating the Reynolds numbers for the two different situations d~scribed in
equations (5.8) and (5.9), and golving for d. The droplet diameter is given

as:

. 9.521) 23
w
a* - (5.10)

*
The Reynolds number corresponding to the diameter dc is approximately 50.

*
For droplet diameters less than dc , equation (5.8) is used to determine the
*
terminal velocity. For droplet diameters greater than dc ; the terminal

velocity is given in equation (5.9). These equations are graphically

presented in Pigure 5.1.
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Relation to the Wave Length

The reason that waves break at sea is that they enter regions, or wave
groups, where the energy density is too large for them to support. The
excess in energy is generally not dissipated by a single wave, but rather by
a series of waves. Since the wave group moves at half the wave velocity,
each wave breaks one wave length further downwind (Donelan, et., al., 1972).
When droplets are very deep, the wake region they are impacted from is due
to a series of breaking waves, rather tran a single breaker. If z, is not
small compared to the size of the region within which waves break, the model
can no longer reliably predict the depth of dispersion. 1In this case,
Milgram et. al. (1978) approximated the maximum depth of the droplets as
equal to the wave length, X . In this situation, the characteristic

(separation) time of the droplet can stated by:

e, =2 [%{1 - (- (Arzp?) 1/2} +1} (5.11)

5.2.3 Dispersed 0il Volume

Knowledge regarding the sea state condition is important for estimating
the oil volume dispersed. The latter is estimated per unit width of oil
slick, and for each formed droplet size separately. The total oil volume
dispersed at a gpecific time equals the sum of the volume estimates for the
various droplet sizes.

Sea State Condition

The present analysis considers the sea state condition by means of the
significant wave period, and the assumption of a Pierson-Moskowitz sea
spectrum (Raj, 1977). Given this assumption, one can show that the number

of wave breaking events (N) per unit time within the area of the oil slick is

N = Pr* —éiiigi— {5.12)
27r A
where Pr* = probability of the wave breaking
A1/2 = characteristic size of the slick
53 = gero crossing frequency of waves from the Pierson-Moskowitz

spectrum.
Shuleikin (1967) assumed a Rayleigh distribution of waves and arrived at the

following expression for the probability of exceeding a given wave height

*
Pr

exp (-T/4 (8/H)°) (5.13)

where Ha the average height of waves. It is interesting to note that
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the probabiltiy of waves breaking given in equation (5.13) is independant of

Ll L\ o
ERFa

the significant wave height. This is primarily because higher waves also

have longer wave lengths and the steepness of the wave is independant of sea

p——

state. This conclusion contradicts the empirical estimate of wave breaking
events given by Van Dorn (1974). Wu (1979) reviewed the results of whitecap

coverages of the ocean surface obtained by several investigators in both

AE1 cL.

Atlantic and Pacific Oceans. Wu's (1979) results indicate that the

s

variation of whitecap covereage with wind velocity is strongly related to

the rate of energy supplied by the wind and is given by:

"~’b S Aw 3’1", g ’
L L PR
[ AU

S - -6 3-75
-
E?« wherce ch = fraction of area covered by whitecaps
E;{f, Yo = wind velocity at a height of 10m above the ocean surface.

Only a fraction of the area covered by whitecaps is actually subject to

A

breaking. This fraction is dependant on the sea state and czn be

-

signficantly modified by the presence of oil. In our analysis we will
assume that 10% of the whitecap region is subject to breaking. The
probability of breaking is given by

g e

i
i

!

* -
pre = 1.7 x 1077 u103’75 (5.14)

Clearly, more information in the area of determining wave breaking
probabilities will be useful.

Volume of Digpersed 0il Droplets

Liebovich (1975) derived the probability density function (PDF) for the
position at time t of any droplet released at z = z, and t = 0 in
homogeneous stationary turbulence. He found the distribution of turbulence

to be Gaussian, with the variance of position approaching the value tKT

(where KT is @iffisivity), if the time of rise is large with respect to

the integral time of the turbulence. Milgram et. al. (1979) concluded that

1 although certain of Liebovich's results are accurate, they do not address
the question of the rate of oil entrainment, and that the vertical

distribution of small droplets may be described more simply by the wake
growth similarity theroy.
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The probability that a droplet of diameter d, terminal velocity w,

released at depth z, at time t = 0, is still dispersed at any time t is

0
given by:
(] 1 Wt - zo
5. f(z,t)dz = -é- erfcf ——— 172 (5.15)
0 (2KT t)

where erfc is the complimentary error function. The turbulence diffusivity

was established by Ichiye (1967) to be:

K, = 0.004 12 (5.16)

The rate of entrainment of o0il is given by:

* e
v - whAA2 _ pr'aih (5.17)
4 87T .

This represents the volume of 0il entrained by breaking waves per unit time

over the width of the slick. We have assumed an given characteristic wave
length, and that the breaking region comprises 1/4 of that wave length.
Using equations (5.13), (5.15), and (5.17) and keeping track of the
process of droplet formation, dispersion, and nltimate rise of oil droplecs
to recoalesce with the surface slick, we can find the total volume of oil
dispersed in the water column at any time t (after the spill) and contained

in droplets of diameters between d and 4 + 4 as:

t-t

t 1 0 Wit - t' - 2 to)
v (d,t) =\ T(tH)de' + = V(t') erfc dt' (5.18)
d 2 (2K, (t - &' =t ) )t/2

t—to 9 T 0

Total Dispersed 0il Volume

To determine the fraction of the entrained volume within a given size
range, it is necessary to adopt an assumption regarding the droplet size
dsitribution. There are no reliable observations or theoretical estimates
of the actual _.ize distribution.

For this model, one of the simplest plausible distributions has been
adopted. It is assumed that the number density of oil droplets is at a
maximum at 4. and decreases linearly to zero at dm’ as shown in figure

0
5.2. This function, g{(d) is given by:

g(d) = a(dm - d) (5.19)

where a is some constant. This implies that within a range of diameters d

to d + Ad there are g(d) droplets.
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Figure 5.2 Number Distribution of Oil Droplets as a Function of Their Diameter
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e volume of oil within a given size fraction d to @ +A 4 is

proportional to d3. The volume is given by:

_ 3
vd) = a (dm -d) 4

(5.20)

This is shown in figure 5.3. We define the fraction of the total volume

contained 1in droplets, in the size range 4 to 4 +

d +Ad
v(d) dd
d

a d
m
5 v(a: dd
d

0

The denominator in eguation (5.21) 1s given by

> aat a’
a m oo, 9
20 4 5

and set tne denominator in equation (5.21) to unit volume.

Jefinition of the value of the constant a as:

1 meter3
a = ~emmmm—

*
W

With this, the fractional volume in the diameter range d to 4 +

redefined as:

d d4 5 d+Ad
I U U
a - 4 5 -
L] u /
Giving a total volume of oil disperse’ as:
L <
vy () Z_ F,v,@

over the range
of dropiet diameters

where Vd(d) is given by Equation (5.18).
5.3 Model Limitations

Tc avord complicated analysis at incremental time s

(5.21)

(5.22)

This leaas to a

d may be

(5.23)

(5.24)

tne model

presented 15 based on the assumption that the droplet distribution function

at any time (eflects slick and dispersion conditions.

The wimplication of

this simplification is that the slick and envircamental conditions are
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changing so slowly that the droplet distribution at the time of analysis is
not affected by droplets formed in the distant past.

The above assumption fails when slick thickness or oil density is

changing rapidly, or when the sea state changes abruptly. Under these

conditions, the user is urged to carefully consider the potential effects of

such changes, and, if necessary, modify the integration of the complementary
error function over time to simluate step-wise changes in the entrainment
rate and diffusion coefficient. A recommended approach is:

-Calculate Vd at the time of a significant change in sea state;

-Estimate a new effective Z by determining the depth of the center of

mass of the probability function; and

-use that depth as Zg at subsequent times, to track the distribution

of these "old" droplets, applying a currently valid KT. Droplets

dispersed after that time follow the standard procedure with the "new"

KT and V.

Where past theoretical and observational studies have not yielded
conclusive relationships, certain assumptions have been adopted in the
development of the model. The two most critical assumptions are the linear
variation of number ¢ ~ droplets vs. diameter, and the estimate that the
breaking portion of the wave encompasses 1/4 of the wave length. As new
information is developed, these assumptions may be replaced with more
accurate relationships.

Because of multiple sczling laws, it has not been possible to rigorously
scale the laboratory results of Milgram et. al. (1978) to ocean scales of
interest. By applying rudimentary Froude number scaling, the model

reproduces the order of magnitiude of z, in Milgram's experiments. The

0
proposed model has not been validated or even tuned to experimental or
oceanic observations. This is a serious limitation which can only be

eliminated through field experiments in which oil globule concentrations and

size distributions were established as a function of depth under a
wind-generated wave field.

For a more detailed discussion of the assumptions ana limitations of the
vertical distributions model, the interested reader is refered to Milgram

et. al. (1978).
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5.4 Application of the Simple Algorithm

In this section we present a simple step-by-step calculation procedure
to determine the total volume of oil dispersed in the water column as a
function of time. The inputs to this model are from the evaporation model
and the droplet formation model.
Step 1 Calculate the following ocean parameters:

(if only wind speed is given) determine the significant wave height

_ 2
wave frequency and period
&= 0.79/0
(5.26)
o= 2 7/
zero crossing frequency of waves from the Pierson-Moskowitz sgpectrum
W = 6.83 / T, (5.27)
wave length
A= 2Tg AR (5.28)
Step 2 Calculate N, the number of breaking events per unit time
225 5.29
N = Pr 'Eing (5.29)

* -
where Pr = 1.7 x 10 7 U3'75

Step 3 Calculate the rate of entrainment of oil per unit time and unit
width of the slick.

v =

. Nh;/\ (5.30)

Step 4 Divide the range of droplets into four groups. Calculate the mean

diameter of each grougp using:

74, + 4
4 = 0 m
1 8
4 ) 5d0 + 3dm
2 8
33 + 54 ! (5.31)
4 - 0 m
3 8
a ) do + 7dm
4 8
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Determine W :
5 4 5
W= In _ Zn’ +d° (5.32)
20 4 5 *

Dete. rine the following diameters:
3d0 + drn
a 4

d0 + dm
db = (5.33)

d

4 - do + 3dm
c 4

Determine the weighting factors in each range

4 5 4 5
Fd - —% dmda - da - dmdo + d0 )
1 W 4 5 4 5
4 5 4 5
Fd - —% dmdb - db - dmda + da )
2 W 4 5 4 5
(5.34)
1 faal a% sat a>d
Fd - Tx me - ¢ - mb + b
3 W 4 5 4 5
5 4 5
Fd - —% dm dmdc + dc
4 1) 20 4 5 ’
Step 5 Determine the critical diameter
2/3
a” o520, (5.35)
T 1/3 *
c g /3(1 ~A) /

For droplet diameters less than the critical diameter, use equation (5.36)
to calculate the terminal velocity, For droplets larder than the critical

diameter, use equation (5.37).

2
_gda”(1-A) Las*
W 18 for 4 dc (5.36)
w
*

W o= (8/3gd (1 -A) )2 for 4> a_ (5.37)
Step 6 Calculate the maximum depth of dispersion for each droplet diameter,
using:

2—
0.0 H
zw e (5.38)
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2 = ~7Z—?_-§ (5.39)
g 282
The m¢—~imum depth of dispersion for each droplet diameter is then given by:
z, = 2 ifz & 2
0 w w 9
(5.40)
2 = zg if zw> zg
Step 7 Determine the turbulent diffusivity
KT = 0,004 Hz (5.41)

Step 8 Evaluate the volume dispersed for each droplet diameter.
Use the folldowing procedure to evaluate the integral in equation (5.18).
Divide t' into 8 parts. At t'/8, 3t'/8, 5t'/8, and 7t'/8, evaluate
- ' —
Wit - t 2 to)

X = (5.43)
T 1/2
(ZKT (t -t to) )

Calculate the error function using:

i P
,t') if Xd.t' =0

erfc (xd,t') 1l + erf (xd

(5.44)

erfc (X Y = 1 - erf (X ) if X > 0

d,t! d,t! d,t!
The value of the error function can be obtained from Mathematical Tables.

For arguments greater than 2, the error function may be assumed to be
unity. The value of the integral is given by the sum of the four values of

the complementary error functions calculated above.

]
I=%Zerfcx

4 4t {5.45)
over
time
steps
v.(d = ¥t +—l-\.11 (5.46)
d a0 2 'da )
Step 9 Determine the total volume of oil dispersed:
vd(t) = Fdlvd(dl) + Fdzvd(dz) + Fd3vd(d3) + Fd4vﬁ(d4) (5.47)

5.5 Conclusions

A mathematical model describing the distribution of oil droplets
dispersed in the upper ocean by breaking waves has been presented. The
model iz designed to permit droplet distributions to be estimated by
following a simple step-by-step calculation procedure using a hand

calculator. The required inputs are the time since the spill occurred, the
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significant wave height, the significant period of the waves, the wind
speed, and the viscosity of the o0il. Other inputs are results from models
described elsewhere in this report: oil density from the evaporation model,
area of the slick from the surface oil distribution model, and the minimum
and maximum droplet diameters from the droplet formation model.

The key outputs of this model are the maximum depth of dispersion and
the total volume of dispersed oil in the water column. By subtracting this
from the remaining volume resulting from the evaporation model, one obtains
the volume of floating oil.

The computational procedure is not difficult and can be implemented on a
hand calculator. The procedure is tedious because of the large number of
computations involved. It is recommended that the procedure be programmed
for several standard calculators and these programs be provided to eventual
users.

The model has not been calibrated or verified because of the lack of
relevant observations. The model has been used to derive the results

presented in the Table of Dispersion Predictions.

5-16




6. SURFACE OIL DISTRIBUTION MODEL
6.1 INTRODUCTION

In previous chapters we developed simple models to predict the loss of
0il due to evaporation from the oil slick and due to interaction of the
breaking waves with the slick. We also pointed out that at sufficiently
large times after the spill, the loss of oil due to evaporation is smaller
compared to the loss due to dispersion of oil in the form of fine droplets.
The amouqt of 0il remaining on the water surface was determined by
accounting for losses due to evaporation of the o0il and the vertical
dispersion of the oil in the form of globules in the water column. 1In this
chapter, we address the spatial distribution of oil remaining on the surface
of water.

The surface area of the coherent oil slick was given by the gravity-
inertia, gravity~viscous, and viscous-surface tension formulae given in
Chapter 3. The area of the slick increases with time and the thickness
decreases. When the slick is thin enough, it is subject to wave action and
is broken into slicklets. The slicklets continue to spread and are subject
to horizontal diffusion. 1In this chapter, we have developed a model to
predict the extent of growth of the non-coherent o0il slick as a function of
time. The model predicts the boundary of the floaring oil slick and the

percentage of the bounded area covered with oil.

6.2 ASSUMPTION ON THE PARAMETERS

Wave breaking ruptures the slick and disperses oil vertically over a

[}]

limited area. When such action occurs near the edge of the siick, it i
possible to separate a small slicklet from the main slick. As demonstrated
by Raj (1977), separation of a slick into slicklets can only occur if the
mean crest length of the breaking waves is of the same order of magnitude as
the lenth or width of the slick. WNon-shoaling breaking waves, or whitecaps,
are known to exhibit relatively small crest lengths. Generally, they are
much less thar one wave length.

Raj's (1977) analysis indicates that non-shoaling breaking waves will
not cause slicklet formation. It is apparent that one of the reasons for
this result is the assumption of a rectangular shape of the slick. Raj's

analysis is extended here to include irregularly shaped slicks.

6~1
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For a rectangular slick, the length and width are the only pertinent
scales to compare the mean crest length with. When a real slick spreads on
the ccean it does not exhibit a regular, rectangular shape; nor does it form
a smooth oval shape.

The real shape of an oil slick under the action of wind and waves is

likely to be quite irregular. Basically, it is an oval shape with a

distorted edge, which is affected by the turbulent character of both wind =~
above and water below. rotuberances or fingers appearing at the outer edge
may be variable in length and width. These fingers may be separated from
the main slick by wave action to form slicklets. Slicklet formation is
hypothesized to begin at the edges and gradually to proceed through the
slick as fingers are separated. Although a variety of finger sizes will
form, only those of comparable scale to the crest lenth of the breaking
waves will be separated as a coherent slicklet. Larger fingers will not be
detached and may gradually disappear as an identifiable shape. Small
fingers will vertically disperse by breaking wave action, rather than
separate to form slicklets. The characteristic slicklet size will be
comparable to the mean crest length of breaking waves. In the droplet
formation model and vertical distribution model we assumed, in lieu of
specific obgervational or theoretical evidence, that the mean crest length
is 1/4 the wave length. This assumption is adopted here as well. The
typical slicklet size is 1/4 of the significant wave length (Hl/3).

The distribution of oil on the surface is dictated by gravitational
spreading while the slick is thick. When the thickness is approximately a
few millimeters, it will begin to be broken up and dispersed by waves. The
thicknese criterion for breaking waves is arbitrary. The actual critical
thickness at which dispersion of oil by breaking waves becomes effective is
probably depandent on the size of the spill, sea state, and the physical
properties of the oil. A single critical thickness criterion has some
support in the extrapolation of experimental resvlts of Milgram et al.
(1978) .

Considering the foregoing discussion, the model for the surface

distribution of 0il is based on the assumption that the slick, under
gravitation influence, spreads uniformly until its thickness Jlecreases to a
critical thickness, hc. at that time, the slick is fractured into

slicklets of characteristic size ;\ /4, and the slicklets are dispersed as

6-2




any other passive contaminant.

The rate of spreading by turbulent diffusion is dependent upon the
intensity of tubulence and the length scale over rhich the turbulence is
coherent. The assumed problem is described in a Lagrangian coordinate
system where slicklets move with respect to the center of mass of the
slick. 1In the diffusive spreading regime, oil is presumed to act like any
other substance in water, and turbulent diffusion aspects of the model are
insensitive to the physical properties of the oil. We assume that the oil
distribution during the gravity spreading regime is of uniform thickness and
that the spread is isotropic. Spreading in the turbulent diffusion regime
approaches a Gaussian distribution of oil volume per unit surface area

(Obuko, 1972).

6.3 MODEL DEVELOPMENT

6.3.1 Interface with Bvaporation Model

The volume V(t) and the radius r(t) of the unbroken slick were given by
Equations (3.5) through (3.12) in the description of the evaporation model.
The thickness, h(t), is calculated knowing the volume of o0il and the slick
radius remaining at time t. It is necessary to exercise the evaporation
model prior to the surface oil distribution model and to establish the time,
t , at which the slick thickness diminishes to the critical thickness,
hc. At this time the distribution of oil has a top hat profile, i.e., the
volume of oil per unit surface area is uniform for r r(t) and is zero for
r > r{t). The horizontal turbulent diffusion process is responsible for
determining the area of ocean surface which is contaminated by oil,
requiring cleanup. The area actually covered by ocil can be estimated from
r(t) by Squations (3.11) and (3.12) of the evaporation model. (This
approximation is not technically valid because under surface tension the
small slicklets will not spread at the same rate as the large slick.) The

total surface area contaminated by oil, As’ and the surface of floating

oil, Ao’ are illustrated in Figure 6.1.

6.3.2 Initial Horizontal Diffusion of the Slicklet

Tne rroblem of horizontal turkulent dispersion of an initially finite-
sized clou@ in the ocean has been investigated by Csanady (1973). His

review of the literature and discussion indicates that although the physics
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of the problem is understood, a rigorous mathematical experession is not
available because of the complexities involved in describing the effects of
larger eddies on a finite-size cloud.

The Qispersion is described in a frame of reference moving with the
center of gravity of the cloud. The speed of the moving frame is
approximately that of the mean current. Velocity fluctuations relative to
this frame of reference are responsible for dispersing the cloud.

Frequently called Taylor's theorem, the basic dispersion equation is:

T
2
g—z——. = 1) ]
L~ =2 50<U(t)U(t » at (6.1)
wherec7‘2 = the variance or second moment of distribution of contaminant

around the center of gravity of the slick;

(=4
1}

the fluctuating Lagrangian velocity relative tc¢ the center of

gravity of a particle at time t and t';

<2

By definition of the Lagrangian autocorrelation function, R(t'):

t
2
o’ . z<uz(tpSR(t')dt' (6.2)
0

an ensemble average over all the oil in the slick.

dt
The autocorrelation function, a decreasing function of t', can be
established by measurement, but there is no general expression. Figure 6.2
indicates schematically the expected shape of R(t') and gives a linear

approximation of that function. Using the linear approximation, we obtain:

ac’ 2
i <vTep t for t ) t_ (6.3)

where t, is assumed to be a constant. This assumption is supported by
Smith and Hay (196l1). Integrating Equation (6.3), we obtain:

o 2t) = (a constant) + {U?(E)) t, t (6.4)
At time t = tg, tg being the time at which the slicklets are formed, the
variance should correspond to the variance of the coherent slick. Further,
if there is no turbulence in the ocean, i.e., uz(t) = 0, the increase in
variance should be the same as the increase in the variance of the coherent

slick. We now have

ol = g‘oz(t) +<oH o) e (k- t) (6.5)
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where Crbz(t) = the variance of the coherent slick:

C762(t) = r2(t) /3 (6.6)

It should be noted that the rate of spread of the slicklets will be
significantly less than the rate of spread of the coherent slick. The
variance given by Equation (6.5) will always be greater than the actual
variance of the incoherent slick and represents a maximum-value estimate of
the total contaminated area.

The initial slick-averaged velocity covariance, Uz(t), will depend on
the size of the slick and turbulence intensity. The turbulence intensity
can be expressed as

i? = av? + 42 (6.7)
where io is the background turbulence intensity and Uc is the mean
current speed. 1In oceanic conditions, observations to determine the value
of the constan. 'a' indicate a wide scatter from 0.1 to more than 1. Values
of 'a' grater than unity indicate that the fluctuating components of
velocity are of greater magnitude than the mean current. This is possible in
the open ocear. An average value of a = 0.5 i3 assumed in the present
analysis. There is no experimental data on the intensity of background
turbulence in the ocean in absence of a current. The background intensity
is assumed to be zero in the present analysis.

The value of uz(t) should approach the value of 12 as the size of
the slick increases. The slick-average velocity flucuation covariance,
relative to the center of gravity of the slick, cannot exceed the intensity
of the turbulence spectrum., Slick size is expected to be positively
correlated with uz(t). The velocity of a slicklet relative to the center
of gravity of the slick is bound to increase as the slickiet’s distance from
the center increases because of the interaction with larger eddies. 2An
initially large slick has a greater mean separation distance, slicklet
center to slick center. The functional dependence of uz(t) with slick
size is unknown. It is difficult to conceive of an experimental design
which would allow one to measure this dependance. It is clear that the
appropriate function should approach 12 asymptotically as r, the slick
radius, approaches L, the length scale of the largest eddies. We assume the

following functional relationship for the velocity covariance.




]

(v (v)) =o.5 Ucz( £(t) for r £ L
(6.8)

n
o
o
(=

forr > L

The typical value of L in the ocean is on the order of 10 toc 100 km.

The Lagrangian correlation time tc will depend of the size of slick
(characterized by its radius, r) and the fluctuating velocity of
turbulence. &n approximate value for tc is:

t, = r(t)/31 (6.9)
Substituting Equations (6.8) and (6.9) in Equation (6.5), we oktain this

expresion to describe the initial stages of horizontal disperision.

2
2 _ o 3/2
o (t) = 2t 0.23 Uc r

} -1/2
(t) (t tg) L

By introducing the two assumed forms of covariance, the Lagrangian
correlation function R(t) and the turbulence intensity, the resulting
expression has little value as a fundamental characteristic of the
dispersion process. The extent of dispersion given by Equation (6.10)
exhibits the following essential behavior of the process:
-The extent of dispersion increases wih the current velocity. When the
current velocity is zero, the variance of dispersion approaches the
variance of spreading.
-The increase in the size of the slick also increases the variance of

dispersion. This functional relationship, by Equation 6.10 is rl°5.

l'SL_l/2 can be thought of as a

in fact, the coefficient Ucr
diffusion coefficient. The measurements by Obuko (1971) show that the
. increase in apparent diffusivity caused by an increase in thelength
scale can be approximated by:
diffusivity ~ (length scale)l'l

Within an order of magnitude, results from our expression agree with

Obuko's measurements.

-An increase in eddy size decreases the variance of the dispersion.

As Csanady discusses, this behavior is expected during the early growth
regime of a finite-size cloud having an initially uniform concentration
distribution. Aas time progresses, the contaminant will tend toward a
Gaussian distribution. Once the Gaussian distribution is attained,

subsequert slick growth will be indistinguishable from the dispersion of an

instantaneous point source.



6.3.3 Transition Time to Gaussian Distribution

The transition time, from top hat profile to a Gaussian profile, can be
estimated using the experimental results of Obuko (1971). The variance of
the coherent slick,(7‘:, at time tg, is calculated using the formulae
described in the evaporation model. An estimate of the time for transition

from top hat to Gaussian, t is made using Figure 6.2. The ordinate of

GI
Figure 6.3 is entered using the variance 671: and the abscissa is taken as

the transition time, tG. For times between tg and tG' Equation (6.10)

describes the variance of dispersion. For times greater than t_., a

Gaussian dispersion formula is used to determine the extent of Spread.
Details of the Gaussian dispersion formula are given in the following
section. The value of tG given by this procedure will serve only as a
first approximation. The actual value of the Gaussian transition time is
determined on an interactive basis. Details of this procedure are given in

Section 6.5.

6.3.4 Gaussian Dispersion Formula

Obuko (1971) studied the diffusion of passive contaminants in the upper
mixed layer of the sea. The experimental data covered a time scale of
diffusion ranging from 2 hours to one month and a length scale from 30m to
100 km. Using this experimental data, Obuko arrived at some empirical
relationships for diffusion of instantaneously released contaminant. The
"diffusion diagrams" of Obuko provide a practical means to predict the rate
of horizontal spread of a passive substance.

in Figure 6.3 we show the variance of an instantaneous release of a
contaminani as a function cf time after release. The data points are
omitted for sake of clarity. Obuko arrived at the following approximate
relationship for the variance of horizontal diffusion as a function of time.
6 2.3 (6.11)

the variance of the spread is given by Equation (6.10).

Orz ~5x 10
At time t = tG,
For times t tG’ the following is used to determine the extent of spread.

2, _ r?() 3/2,, _ -1/2 -6 2.3 __ 2.3
gE) = T A 0230, 5N -t L +5x 10 (t g7 ) (6.12)

where r.is the radius of the slick at time t = t

G G’
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To determine the area of the ocean surface contaminated by oil we adopt
~ the approximation that all oil is contained within 2 of the center of
mass. This approximation gives slick area as:

A= amrg? (6.13)
The area of the floating oil is assumed to be AO, as developed by the

e s

evaporation model. The fraction of the bounded area that is covered by oil

is:
f = AO / As (6.14)

,'1 6.4 MODEL LIMITATIONS

] 3 The most serious model limitation is the lack of validation by

comparison with observations for large spill volumes and long time periods.
o This data may be obtained from historical spill reports or from detailed
'; observations at spills of opportunity. Although the model is developed for
instantaneous releases, observations from continuous releases, such as the
R recent blow-out in the Gulf of Mexico, is analogous and would be valuable in
model tuning and validation. The type of data required are the current
velocity, time since spill (or time of travel for continuous slick), and the
horizontal length scales cf the slick. For a finite slick, the slick area
would be acceptable; for a continuous slick, the slick-width transverse to
the flow would be acceptable.

It is also necessary to establish a criterion for the formation of
slicklets, The times t_ and tG are sensitive to the thickness of the
slick where the slicklets begin to form. In our caiculation procedure we

have used a critical thickness of 1 mm. The final area of dispersion

calculated using this criterion corresponds closely to the estimated maximum

areas of oil spills of different initial volumes given by Hoult (1972),

~ L
e

which is:

.
23

Maximum area (m2) = 105 x (initial volume, m3)0°75

N

AN
d

s tn s
TN a5 ’ - .
S S - - PR ) s '
ER S NS S R
e

The thickness criterion should be a function of sea state and properties of

oil. Clearly, more theoretical and experimental studies should be conducted
to determine the critical thickness criterion for the slickiet formation.
At a more fundamental level, it would be advantageous to measure the -

sub-ensemble average of Lagrangian velocity fluctuations with respect to the

Al

center of gravity of the slick, orx uz(t), and its variation with slick

size.
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An alternative to this type of fundamental measure of turbulence
properties, which may be very difficult to obtain, would be to conduct
experiments on the initial dispersion of a finite patch of drifters of
uniform initial distribution. Obtaining the rate of change of the variance
of the distribution with respect to time for patches of various initial
sizes would supercede the observations of uz(t) mentioned above.

The concept of slicklet formation presented here is admittedly crude.
This results not only from inadequacies of our understanding of the problem,
but also from the constraints of this study that the algorithm »resented
must be sufficiently simple to be implemented on a hand calculatocr.

Additional theoretical and observational research in this area is warranted.

6.5 APPLICATION OF THE SIMPLE ALGORITHM

A simple algorithm tc determine the extent of dispersed area is
presented here. The input to this algorithm are the radius and thickness of
the slick from the evaporation model.

Scep 1
Using user input data, determine:

U
[e}

¥

L =0.4 ds . (6.15)

0,035 u !

*
L =1x 105 or L =L ,whichever is smaller of the two

Step 2
Determine, using the evaporation model, the time tg when the thickness of
the slick igs 1 mm, Let r be the radius of the glick at this time.
2 2
g =r /3 (6.16)
g g

Using Figure 6.3, determine the time for transition to Gaussian, t

Step 3
For time tg'< t € tG' use Equation (6.17) to determine the variance of

G

dispersion. For t > tg, calculate 0‘2 using Equations (6.17) and

(6.18). If(72 given by Equation (6.17) is larger than theﬂ'z given by
Equation (6.18), choose the larger value and increase the value of tG by

the time step size. Continue this process until the value ofc7'2 given by
Equation (6.18) is larger than the one given by Equation (6.17). This value

of time is the actual time for transition to Gaussian distribution.
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[od 1 o 7\ 2
Evaluate rg at this time tg.
2 -
g =28 L o3 0 My M (e -k (6.17)
3 c c g
2 - -—
ity =2 om0 M2 - ) 245510070 @ - 27 (6.18)
3 ¢ G g g
whare Lq is the radius of the slick at time tG.
Step 4
Determine the dispersed area
A = sro ? (6.19)
Step 5

Compute the ratio of actual area of the slick to dispersed area of the slick.

6.6 CQONCLUSIONS
From the analysis performed in this chapter the following conclusions can be

drawn:
~0il spill dispersion on the ocean's surface can be adequately described
by a two-dimensional model anelogous to the three dimensional turbulent
diffusion model used for calculating the particle concentrations in a
puff dispersing in the atmosphere. The empirical relationships
describing turbulent diffusion were obtained from Obuko's (1971i) resulte.
-While the model describes the behavior of the slicklet group after the
patches are formed, we have been unable to obtain any criteria for
determining the exact conditions under which slicklet formation begins.

The breaking wave induced slicklet information model is utilized.

T
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7. TABLE OF DISPERSION PREDICTIONS

7.1 Introduction

The objective of this chapter is to illustrate in detail the calculation
procedure for determining the oil dispersion parameters for a specified
spill quantity and environmental conditions.

The models presented in Chapters 3, 4, 5, and 6 deal with different
aspects of oil slick behavior in the open ocean. In this chapter, these
models are utilized and the sequential calculations are illustrated. The
purpose of the illustrative example is to indicate how the outputs from each
model are utilized in the succeeding calculations.

The step-by-step illustrative calculations are performed for a
hypothetical instantaneous spill of 10,000 cubic meters of light crude oil
on a sea with a significant wave height of 1 meter. The procedure indicates
the input values needed, the equation on which the particular calculation is
based, and the output results.

Also presented in this are the results of calculations for three other
types of oil: heavy crude, fuel oil number two, and fuel <il number six.
The important results are presented in tables and graphs. The results from
each contributing model are presented in separate tables. Graphical
displays are used to show the variation of the volume of oil floating and
the slick area with time. In addition, the time required to reach 50% and
90% dispersion into the water are presented as functions of sea state.

Calculations presented are based on a fully developed sea state, and the
assumption of a linear droplet size distribution.

The sensitivity of the results to these assumptions are addressed in the
final sets of graphs where comparisons are made between two sets of
parameters: the results obtained from a fully developed sea state and a
much choppier sea where the waves are steeper, and the results obtained from
the assumed linear droplet size distripution compared to the assumption that
all the droplets were of the minimum size.

The calculations presented in the step-by-step illustrations are worked
out by using only a scientific calculator. The calculations presented in
the tables and graphs at the end of the chapter were obtained from the
computer code discussed in Appendix E.
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The illustration is formatted to serve as a self-sustained work sheet:

the left column shows the results from the example calculation, while in the

right column the results are left out to permit calculations by the user,
These are shown in the right-hand pages of the report; the left-hand pages

give the corresponding formulas supporting the calculations.
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TABLE 3.1

Constants to be Used in Equations (3.24) and (3.25)

Type of 0il 3y as by b,
Light Crude 350 9.67 x 107° 4.2 x 107° 0.62
Heavy Crude 27 2.47 x 107° 3.5 x 107/ 1.05
Fuel Oil #2 4.6 1.56 % 10"6 no change in density
Fuel oil 6 no evaporation no change in density
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A=F/Py (3.16)

G=g(l-O) (3.17)
P = V01/6 G172

(3.18)




7.2 STEP-BY-STEP CALCULATION PROCEDURE ILLUSTRATION

7.2.1 Problem Statement

Given: Light crude of 10,000 cubic meters volume is spilled

instantaneously onto the sea. The fully developed sea state corresponds to

a significant wave height of 1 meter.

To £ind: the fate of the oil at different times after the spill, by

evaluating the various dispersion parameters.

7.2.2. Calculations from the Evaporation and Spreading Model

User Supplied Data User Supplied Data

0il Type: Light Crude 0il Type:

Initial Volume: 10,000 m3

Initial Volume:
Wind Speed: 5 meters/second Wind Speed:
Slick Temperature: 25°C Slick Temperature
Obtain the following properties of the oil:

Initial Density: 8.68.6 kg/m3 Initial Density:
Surface Tension: 0.03 N/m Surface Tension:

6

Kinematic Viscosity: 8 x 10 m2/s Kinematic Viscosity:

average density at 2, 4, and 8 hours after the sgpill.
Step 1 Assume the following properties for water:

Density = 1000 kg/m>

Kinematic Viscosity =1 x 10'_6 mz/s (1 centistoke)

also assume:

Evaporation Constant = k_ =1 x 10-8 52/m

Gravity = 9.81 m/s2 0

Calculate the following:

\

0.8686 (equation 3.16) =

= 1.29 m/s2 (3.17) G =

(]
i

H
1}

4.09 s (3.18) T =

kg/m3

N/m

mz/s

Determine the following: volume, area, and thickness of the slick and the

m/s

o

[ O




'Z; = 0.546 (V,G/1) 2) 176 (3.19)
T, = 0375 (P, /) /% /312 (3.20)
T, = 3/2 i if T, > T then T = 5.2 a,T (3.22)
?l;max = (P Lo = D/ by1r22 o032 )(l/b2)+ o (3.23)
R=1+b7 02 0% (T T, by (3.2
p=ar”® e (T- T)ar’?) ) (3.25)

Note: If T is greater than Tp oy 3SSume £ equals P .

€ IIIQA

1f T is greater than 'Z" o calcualte Pat ¢ equal to Tc'

= 1/6 5/12 - 1/2 1/6
¢y = 0.670 kg 7 ( £ c, =3.02 ¢ "y

-‘.\.-“.“ S ],‘-'vr: o
v My
Ny

. -1/12
£ =%

A
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Obtain the following constants for the oil from Table 3.1 or another source:

a; = 350 a, =
a, = 9.67 x 107° a, -
2 2
= -5 -
b, = 4.17 x 10 by
b, = 0.62 b, =
Step 2 Determine T% and 1:', .
T, = 264 (3.19) T-
1a = 15455 (3.20) 1=
Determine I: and f? .
[
T, = 7640 (3.22) € =
= T =
f}k" 46778 (3.23) s
Step 3 Determine T=t/r
t, hrs T t, hrs
2 1760
4 3521
8 7042

Step 4 Use equations (3.24) and (3.25) to determine R and P

T R P T R P
1760  1.0132 2184
3521 1.0213 1545
7042 1.0336 774

Step 5 Determine the following:

- -11 -
c1 = 2.58 x 10 cl =
02 = 36.5 02 =
fl = 0.46 fl =
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_ v 1/12
£, =V,
/2 3/2, \3 26
7=, Q- 11‘311”"‘7'3 -T) (3.26)
= /3 1/2 (3.27)
A= c2 292 V2
h(T) =v(T)/a(T) (3.30)
= (3.31)
k = koUP
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£, = 2.18 £, =
gl = 5.28 g1 =
92 = 1,66 g2 =
ef; ;: C h h, T h, h,
{'é 1760 0.487 0.493
‘ 3521 0.473 0.483
7042 0.452 0.468

Determine the slick volume and area using equations (3.26) and (3.27)

v v A T v A
1760 9321 1.2 x 10°
3521 8648  1.59 x 10°
7042 8192  2.11 x 10°

Step 6 Determine the slick thickness and evaporation flux

€ b k (kg/m’s) T h (m) k (ka/m’s)
1760 7.7 x 107> 1.09 x 107}
3521 S.4x%x 10° 7.7x 107
7042 3.9 x 1070 3.9x 107

Step 7 Prepare a summary Table of Results, similar to Table 7.1.




m i . A L e G =
TABLE 7.1
SUMMARY OF EVAPORATION MODEL RESULTS
Residual Slick Slick Average Evaporation
Time Volume Area Thickness Density Flux
A 2
(hes)  (n) @) (m) (ka/m°) (kg/n’s)
0 10,000 - - 868.6 -
5 ~2 -4
0.3 10,000 5.0 x 10 2 x 10 868.6 1.46 x 10
2 9,321 1.21 x 106 7.7 x 10—3 880.1 1.09 x 10_4
6 -3 -5
4 8,648 1.59 x 10 5.4 x 10 837.1 7.7 x 10
6 -3 -5
8 8,192 2.11 x 10 3.9 x 10 897.3 3.9 x 10
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Z)eff = (1 - h/t1)1) w?t h/t'b)o
if z)eff< 4) > then assume Ijeff =7jw.
If'l)eff> Zj o’ then assumez)eff =7)o'

0.001 g/z)>

We = 0.6
yARY 7) 5l4
eff
1/4 3/4
if We.é'. 10 then do h- 0.6 - A) 1/eff
! 1/2
3/5 2/5
if We } 10 then ¢' = 0.03 a é)
n o 3/5 4/5
Lo g

If h » d'o then d = d'o; where h is the slick thickness.

1/3 4 2/3

If h{ d' thend =h
(o] o) )
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7.2.3 Calculations from the Droplet Formation Model

The example given here is a
continuation of the problem discussed
in Section 3.5. The relevant results
obtained there are:

t (hrs) density (kg/m3) h (m)

2 879.9 7 x 1073
-3
4 888.6 5 x 10
8 893.9 3.8 x 1073
Step 1 Find

G =1.37 s_l (equation 4.15)

Step 2 find tl
3

t (hrs) density (kg/m3) h (m)

t (hrs) g);ff
4.19)
t (hrs) We

v

£, =5.23x 10 " m  (4.17)
Find the effective viscosity usirg equation (4.18)
t (hrs) ﬁ7eff
2 1.04 x 107
4 7.7 % 107
8 6.1 x 107
Step 3 Calculate We, using equation (
t (hrs) We{
2 12.0
4 17.3
8 23

Step 4 Calculate the diameters of the

t (hrs) d0 (m)

2 11.4 x 10”8

smallest drops using equations (4.20)

t thrs) d0 (m)
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. max /aw
5 1f hp» 4* then d = 4' ; where h is the o0il slick thickness.
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| 1f h< ' then d___ = h.
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4 1.4 x 1078

8 11.3 x 107°

Step 5 Calculate the diameters of the largest drops using equation (4.21)

/ /
t (hrs) dmax (m) t (hrs) dmax (m)
2 7% 1073
4 5x 10>
8 3.8 x 107>

(Step 6 does not apply to these hand calculations)

Step 7 Prepare a summary Table of Results, similar to Table 7.2
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K TABLE 7.2
X DROPLET SIZE DISTRIBUTION
‘: smallest droplet largest droplet
time diameter, d0 diameter, dmax
Ahrs) _m (m)
2 11.4 x 107° 7% 107°
4 11.4 x 107° 5 x 107
f 8 11.3 x 1078 3.8 x 107
«
;s

T
P A

B

¥

¥
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TABLE 7.3
TABLE OF ERROR FUNCTIONS
s erf r s et 2 r erfr
0,00  0.00000 0000C 0,50  0.52049 98778
0,01 0,01128 38156 0.51  0.52)24 36198 } 8({ g' g:zg‘{ g}gig
0,02 0.02256 45747 0.52  0.5%789 86305 . . 0
0.03 0,03384 12223 0.53  0.54645 40369 1..02  0.85083 80177
0.04  0,045!1 11061 0.54  0.55393 92505 1.03  0,85478 42115
1,04  0,85864 99465
on sgmum on ey
0.07  0.07585 77198 0.57  0.57981 58062 i gz g' ggz:z géggz
shOGREEE iR i Le Sh
" 0.59  0.5359 1,08  0.87332 61584
0,10 0.11246 29160 0.60  0.60385 60908 1.09  0,87680 31019
o bBER R i
013 0.14586 71148 0,63 0,62704 64433 }: N ggggg 331’22
0.12  0,15694 70331 0,64  0.63458 58291 Y1z O 8678 78902
0.15  0.16799 59714 0.65  0.64202 93274 1,13 0.88997 0670¢
0.1o  0.17901 18132 0.66  0.64937 66880 1.14  0,89398 23276
BT Y
g d d d 1.15 0,89612 35429
0.19  0.21183 98922 0.69  0.67084 00622 1 }6 g‘ gg‘,gg 8%333
0.20  0.22270 25892 0.70  0,67780 11928 .17 0,902
0.21 023352 19230 0,71  0.68466 55502 1.18  0.90483 74269
0,22 0.24429 59116 0.7z 0.69143 3123) 1.19  0,90760 82850
0,23  0.25502 25996 0,73 0.69810 39429
0.24  0,26570 00599 0.74  0.70467 80779 1.20 0'9103é g97ag
. 1.21 0,912 508
0,25  0.27632 63907 0.75  0,71115 56337 . g
0.26 028689 97232 0,76  0.71753 67528 .22 0,91553 38810
0.27  0.29741 82185 0.77  0.72382 16140 1,23 0.°1805 01041
0.28  0,30788 00680 0.78  0.73001 04313 1,24 0,92050 51843
0.29 031828 34959 0.79  0.13630 34538
0,30 0,32862 67535 0.80  0,74210 09647 i %2 g' ggégg g},igg
0.3'  0,33890 81503 0.8]  0.74800 32806 < .
0.32 034912 59948 0.82  0,75381 07509 1,27 0,9275) 36293
0,33 0.35927 B(x%0 0.83 075352 37569 1.28  0,92973 41930
0,34 0,36936 45293 0.84  0,76514 27115 1.29  0.93189 86327
0.35  0,37938 20536 0.85  0,77066 B05/6
0.3  0.38932 97011 0.8  0,77610 02683 i g(l) 8‘ 3;2% ;‘{;;Z
0.37  0.39920 59840 0.87 078143 98455 -2 g z
0,38 0,40938 94534 0.88 0, 78668 73192 1,32 0,93806 51551
0.39 041873 87001 0.89  0,79184 32468 1,33 0.93001 50262
1,34 0.94191 37153
op gpmpm an wmean
.42 044746 76104 0.92  0.80676 77215 x gz > e ﬁggt
ihoEEGE i i RIRAt g
: - -94 0.816 1,38 0,94901 60353
0.45  0.47548 17198 0.35  0,32089 06073 1.39  0,95067 32958
tR thiom gt G
G onm iy gk GED e LAl 09558 2a
S.47 G s - B850 806 .42 0.95537 61788
0.50  0,52049 98778 1,00 0,84270 07929 1,43 0,95685 72531
1.44 0,95829 65696
1,45 0,95969 50256
1,46 0,96105 35095
1,47 0,96237 28999
1,48 0,96365 40654
1.49 0.96489 78648
1.50 0,96610 51465
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Figure 6.1 Varlation of Droplet Terminal Velocity with Diameter (RAJ, 1877)
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7.2.4 Calculations from the Droplet Distribution Model

Summary of data:
time after spill = 7200 seconds
significant wave height = 1 meter

wind velocity = 5.0 meters per second

from evaporation model:

_ 3
Q = 880.1 kg/m
h=7.7%10 " m
A =1.,21 x 106 m2
v = 9321 n°
A =0.88
from droplet formation model:
dy = 1.1 x 107 n

-3
a__=7.7%x10 " m
max

Step 1 Use equations (5.26), (5.27), and (5.28) to find:

w=1.378" w =
T, = 4.58 s T, =
o =1.49 8" & =
N =278nm N =
Step 2 Use equation (5.29,

N =3.7x 10"3 s—1 N =
Step 3 Use equation (5.30) to calculate v
V=2x 10-4 m3/ms V=
Step 4 Use esguation (S5.31) to £ind the fou
dy =9.7x 107 n d =
d, = 2.9 x 107 n d, =
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|
!
_ 7d0 + dm ] ;
- 8 } |
. Sdo + 3dm
- 8
(5.31)
3d. + 54
< 0 m
8
i dO + 74
8
5 4 5
d
_ n _ 4o + -2 (5.32)
20 4 5
!
) Jdo + dm
a 4
Gty (5.33)
b 2
) do + 3dm
c 4
4 5 4 5
a. = -%- dmda - da —dmdo 4 d0 1
1 W 4 5
4 5 4 5
dz-—i dmdb—ab-ma+a)
2 W 4 5 4 5
(5.34)
1 aat a® gqat >
a4 = _* me - ¢ - _mb + b
3 W 4 5 4 5
1 ad aat a?’
q = * m ~- mc + ¢
4 W 20 4 5
2/3
X 9.529),, (5.35)
T 1/3 1/3
i For droplet diameters less than the critical diameter, use equation (5.36)
to calculate the terminal velocity. For droplets larger than the critical
diameter, use equation (5.37).
b gd®1 -A) Lo *
. W = 18 for d&= dc (5.36)
| w
!
| *
| = (8/3gd (L -A) )2 for 4> d_ (5.37)
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Y

_a

S

4

a3

4

4.8 x 1073

6.7 x 1073

m

m

Determine W wusing equation (5.32)

"
w =

-12

1.4 x 10

5
m

d3 = m

d4 = m
*

W = ms

Determine da' db' dc, using equation (5.33)

S Fa

— i

d =1.9x%x10° m
a
d =3.9%x10° m
b .

-3
d =5.8x10 m
C

Determine the four values of Fd
i

Fdl= 0.017
Fd2= 0.175
Fd3= 0.447
Fd4= 0.364

=1

*
Step 5 Determine dc using equation (5.35)

* -4
d=9x10
(o}

*
Since all diameters are above dc,
equation (5.3

velocities.

can use Figure 5.1 on page 7-18 to

determine the terminal velocity.)

= 5.5 x 102

Wl = m/s
W, = 9.5x 1072 m/s
w3 =1.2 % 10"l m/s
W, = 1.5 x 107! m/s

(For convenience, one

d = m
a
db = m
d = m
c

using equation (5.34)

4
2: Fdi =1

%*

dc=

use

nal
W1 = m/s
w2 = m/s
W3 = m/s
W4 = m/s
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1) P 7
. q
2, = - (5.39) ,
2 ?
;
2 1
; = 0.01 H°ZD .
w W (5.38) !
zo = zw if Zw = Zg
. = 4 _ (S.40)
0 g if ZW >' Zg
.41
K = 0.004 Hz (5 )
erfc (X ) 1 +erf (X ) if X £ 9 }
d,t! 4d,t d.t!
(5.44)
= - £
erfc (xd,t') l - erf (xd,t') if xd,t' > 0
ey 5.45
Is = 2 L erfc xd,t' ( )
over
time
steps
_ 1. (5.46)
vd(d) = vdto +3 VdId
V&(t)

1

7-22

= F,V.(d,) +
a.Vaqldy) Fdzvd(dz) + Fd3vd(d3) + Fd4vd(d4)

(5.47)




Step 6 Calculate z, and zg using equations (5.38) and (5.39)

zg = 27.8 m

zwl = 0.27 m
zw2 = 0.16 m
zw3 = 0.12 m
zw4 = 0,10 m

Using equations (5.40) we obtain
2 =0.27m

= 0.16 m

N
i

= 0.12 m

N
1

= 0.10 m

N
i

N
1]

Step 7 Determine KT using equation (5

K, = 5.96 x 1073 n?/s

Step 8 From equations (5.44) and (5.4

All X are greater than 2.
4d,t

I(d) =0

From equation (5.46),

va(d) =0

Step 9 From equation (5.47)

Vd(t) =0

This implies that there is no oil

lost in the form of o0il droplets

I1(4)

Vq(d)

Valt)

at £t = 72000 s.

5), find

n

I(d) and Vd(d)

m /s




U = 0.035u

c

*

L =10.4 ds (6.15)

*
L =1x 10S or L =1 swhichever is smaller of the two

R | N L -
s

Co

§ 2 2

L, =r - /3 (6.16)
o %t

|

:‘i

3

:

- {

3

3 g 7-24
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7.2.5 Calculations from the Surface 0il Distribution Model

Summary of data:

wind speed = 5.9 m/s U= m/s
distance to shore = 107 m ds = m
time after spill = 8 hours (2880 s) t = s

Step 1 Using equation (6.15), find:

Uc = 0.21 m/s Uc = m/s
* 6 *

L =4x10 ' nm L = m

L = 105 m L= i

Step 2 Using evaporation model data, determine the thickness of the slick
(this is given in Table 7.1)
h=3.9%x10"m h = m

Since slick thickness i greater than

1x 10-3 m, the horizontal

digpersion model is not applicable.

If the thickness is less than
1x 1072 m, use equation (6.16)
to determine the region, rg, r =

of the slick at this thickness

and the variance U’Z . 0“; =
- ) Using Figure 6.3, find a first
; estimate for tG tG =
3
;
s
2 7-25
24 {
L




2 (t) 3/2 -1/2

Gl = s+ 0.230 e L U, (- ) (6.17)

2
2 r”(t) 3/2 -1/2 -
o (&) = 3t 0.23 U, s / (¢ -~ ) L 454 107° (t2°3 - tgz‘3) (6.18)

A = 4o ? (6.19)
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Step 3 Using an iterative solution
based on these estimates, find the
actual tG. For t less than tG'

use equations (6.17) and (6.18) and
chose the larger value of 2. If
(6.17) yields the larger value,
increase tG by the stepsize and
repeat the calculation until both

equations yield the same result.

This value is the actual tG and can

be used the calculate the radius r

4 G
3 at this time. If (6.18) yields the
Eii larger value, decrease tG by the
é, stepsize and repeat the process.

Step 4 Determine the dispersed area

using equation (6.19)

Step 5 Determine the ratio of area

under o0il to area affected by oil.
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TABLE 7.4

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
EVAPORATION MODEL RESULTS

1/3 Significant Wave Height = 1lm

Volume of 0il Slick Average Evaporation
Time Remaining Slick Area Thickness Density Flux
(hrs) (m3) (m2) (m) (kg/m3) (kg/m%s)
0 10000 - - 868.8 -
2 9205 1.2 x 106 7.8 x 1073 882.5 6.7 x 1073
4 8799 1.6 x 106 5.6 x 1073 889.5 2.0 x 1075
8 8411 2.1 x 106 3.9 x 1073 894.7 1.1 x 102
16 7721 3.3 x 106 2.3 x i¢ ? 904.3 6.2 x 1076
12 6996 9.4 x 106 7.4 x 1074 915.7 3.1 x 1077
64 6168 2.7 x 107 2.3 x 1074 919.9 1.6 x 10~7
101 4336 5.3 x 107 8.2 x 1073 930.0 9.3 x 10-8

After 101 hours, the area vs. volume stopping criterion (area >10° x (volume)'75)

is reached: the slick breaks up.

E o Al L i o (2
P (PN
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TABLE 7.4 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
**  DROPLET FORMATION MODEL RESULTS

1/3 Significant Wave Height = lm

Diameter of the Diameter of the

Time Smallest Drop Maximum Drop
(hrs) (m) (m)

2 9.9 x 107 7.8 x 1073

4 9.9 x 10-6 5.6 x 1073

8 9.9 x 1076 3.9 x 10-3

16 9.9 x 1076 2.3 x 1073

32 9.9 x 10-6 7.4 x 107%

64 9.9 x 10~¢ 2.3 x 1074
101 9.9 x 1076 8.3 x 107
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TABLE 7.4 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL 1IN VARIOUS STATES
DROPLET DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height = 1lm

Total Volume Volume of
Volume of of 0Oil 0il
0il Remaining Floating
Dispersed in the _ on Water, Vp
Time in Water, Vy System, V (Vp =V - Vy)
(hrs) L m) (m3) (m3)
2 0 9205 9205
4 0 8799 8799
8 0] 8411 3411
16 0 7721 7721
E 32 11 7008 6996
i
! 64 448 6616 6168
! 101 1557 5893 4336
i
{
3 g
¢
&/ -
.
b4 N
! 7-30
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TABLE 7.4 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES

SURFACE OIL DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height = lm

Total
Time of 0il Patches
(hrs) Ay (m2)
2 1.2 x 10°
4 1.6 x 10°
8 2.1 x 10°
6
16 3.3 x 10
32 9.4 x 10°
64 2.7 x 10’
101 5.3 % 10’

7-31

Total Polluted
Sea Surface

Area
Ag (m2)

1.2 x 106

1.

2.

6

1

X 106

X lO6

X 106

X 107

X 108

X 108

.34

.10

.06




TABLE 7.5

SUMHMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
EVAPORATION MODEL RESULTS

i/3 Significant Wave Height = 3m

Volume of 0il Slick Average Evaporation
Time Remaining Slick Area Thickness Density Flux
(hrs) R (m?) o (m) (kg/m3) (kg/m2s)
0 10000 - - 868.8 -
6 -3 -5
2 8973 1.1 x 10 7.8 x 10 886. 6 6.5 x 10
4 8616 1.6 % 10° 5.6 x 107 890.9 2.5 x 107
3 8086 2.1 x 10° 3.9 x 1072 899.0 1.5 x 107
16 7325 3.3 x 10° 2.2 x 107 910. 4 5.1 x 107°
L - -7
. 32 6663 9.4 x 10° 7.1 x 1074 916. 6 3.2 x 10
1 64 2309 2.7 x 107 8.7 x 107° 927.1 2.0 x 107
o 68 1941 2.9 x 10’ 6.6 x 107 929.9 1.6 x 10"
3
T

A -1 5 .75
j After 68 hours ‘he area vs. volume stopping criterion (area > 10 x (volume) )
is reached: ti. slick breaks up.
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TABLE 7.5 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
**  DROPLET FORMATION MODE]L RESULTS

1/3 Significant Wave Height = 3m

Diameter of the Diameter of the
Time Smallest Drop Maximum Drop
Lhrs) (m) (m)
2 8.0 x 107° 7.8 x 107
4 8.0 x 107° 5.6 x 107
8 8.0 x 107° 3.9 x 107
16 8.0 x 107° 2.2 x 1072
32 8.0 x 107° 7.1 x 107
E 64 8.0 x 107° 9.0 x 107
c 68 8.0 x 107° 6.9 x 107
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TABLE 7.5 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES

DROPLET DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height = 3m

Total Volume Volume of
Volume of of 0il 0il
0il Remaining Floating
Dispersed in the _ on Water, Vg
Time in Water, Vy System, V V=V - Vg)
(hrs) (m3) (m3) (m3)
2 0 8973 8973
A 0 8616 8616
8 0 8086 8086
16 8 7333 7325
32 272 6935 6663
64 4040 6349 2309
68 4331 6272 1941
i.
|
{
R
g
]
.
3
o 7-34
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TABLE 7.5 (continued)

SUMMARY OF KESULTS FOR LIGHT CRUDE SPILL IN VARIQUS STATES

SURFACE OIL DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height = 3m

Total Polluted

Tocal Sea Surface

Time of 0il Patches Area

(hrs) Ay (m2) Ag (m2)
2 1.1 x 10° 1.1 x 10°
4 1.6 x 10° 1.6 x 10°
8 2.1 x 106 2.1 x lO6
16 3.3 x 10° 3.3 x 10°
32 9.4 x 10° 2.7 x 107
64 2.7 x 10 2.8 x 10°
68 2.9 x 10’ 3.2 x 10°

2
7-35
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TABLE 7.6

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
EVAPORATION MODEL RESULTS

F - 1/3 Significant Wave Height = 5m

3 Volume of 0il Slick Average Evaporation
1 Time Remaining Slick Area Thickness Density Flux
(hrs) (mdy (mz) (m) gkglm32 (kg/mzsl__
0 10000 - - 868.8 -
6 -3 -5
2 8882 1.1 x 10 7.8 x 10 888.2 6.0 x 10
4 8519 1.5 x 10° 5.6 x 102 893.3 2.6 x 107°
8 7904 2.0 x 10° 3.9 x 107 901.5 1.7 x 107
16 7171 3.3 x 10° 2.2 x 1073 912.7 3.9 x 107°
] 32 5435 9.4 x 10° 5.8 x 102 917.1 4.1 % 1077
- 52 1135 2.0 x 10’ 5.8 x 107> 929.0 2.2 x 1077

L
e
A ™ At s 2

.
PRI AT 7 S

s
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TABLE 7.6 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIQUS STATES
DROPLET FORMATION MODEL RESULTS

1/3 Significant Wave iHeight = 5m

Diameter of the Diameter of the
Time Smallest Drop Maximum Drop
(hxs) (m) (m)

2 7.2 x 1070 7.8 x 1073
4 7.2 x 107° 5.6 x 1075
-6 -3

8 7.2 x 10 3.9 x 10
16 7.2 % 10°° 2.2 x 1072
32 7.2 x 1078 5.9 x 107
B -5

52 7.2 x 10 6.0 x 10
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TABLE 7.6 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
‘DROPLET DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height = 5m

Total Volume Volume of
Volume of of 0il 0il
0il Remaining Floating
Disperseg in the _ on Water, Vyp
Time in Water, Vy System, V (Vr =V ~ Vy)
(hrs) (m3) (m3) (m3)
2 0 8882 8882
4 0 8519 8519
8 3 7907 7904
16 24 7195 7171
32 1452 6887 5435
52 5382 6517 1135
.
7-38
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TABLE 7.6 (continued)

SUMMARY OF RESULTS FOR LIGHT CRUDE SPILL IN VARIOUS STATES
SURFACE OIL DISTRIBUTION MODEL RESULTS

1/3 Significant Wave Height = 5m

Total Polluted

Total Sea Surface

Time of 0il Patches Area
(hrs) Ay (m2) Ag (m2) Ao/As
2 1.1 x lO6 1.1 x lO6 1.0
4 1.5 x 10° 1.5 x 10° 1.0
8 2.0 x 10° 2.0 x 10° 1.0
16 3.3 x 106 3.3 x lO6 1.0
32 9.4 x 10° 3.2 x 107 .30
52 2.0 x lO7 1.6 x 108 .12

7-39

~—m S

e=J



T11dS ¥3L1dV FWIL 40 NOILDONAA V SV IDVJYNS HHI NO ONINIVIEY 110 dANdd IHOTT A0 FWAI0A

1L 2anS1d

(sanoy) 11Ids 19313e BHWTY

N
~T
o
~N
~

00t 08 09 0 o0 0t 0¢ 01 8 9

\
\ 0002 W

b

Ut U RHo

7-40

N\ NN

( w) omngoa 1o

f

/
/-
///

//

/
/
I

™
:Jr:urltJ 0008
I/

00001

-




TIIdS Y414V HHIL A0 NOILONAA V SV JOVJUNS THL NO ONINIVWIY TI0 AANED AAVIH A0 IWNTOA

Z°L ?2an31yg

(sanoy) r[1ds I31je awij

00T 08 09 0¢ 0% O¢ 0c o1 8 9 ¢ Y € Z T

f 000¢

7-41

000¢

// | 0009

({m) JUJOA [TO JUTuLRUOY

0008

00001




TI1dS YALAV AWIL 40 NOILONAd V SV dOVJdNS IHL 40 ONINIVRAY ¢# TI0 TdNd J0 dRNI0A

€, @an31y

(sanoy) T(11ds xa21je 2WTIY]

001 08 09 0 0% Of 0¢ 01 8 9 ¢ y € 4 T

’ 000¢

- 000%

7-42

0009

(gux) JuNToA TTIO 3urureusy

/ / 0008

,llllllnuwwuwllu- — 0000T ,




T11d3 Y314V IWIL 40 NOTIONAA V SV AOVAYNS FHL A0 ONINIVWAY 9 TIO Tdnd 40 TWNTOA

¥ [ 2an31yq

(s.inoy) 1r1ds av13je auwiy

0ol 08 09 0¢ 0% 0¢ o7 0t 38 9 ¢ 4 13 [4 T

....
\

000~

0009

0008

N
I ///!.V L 00001

i s . mre—— . o

: R T
bl s Sty -

o Tk Gy
At X g

s f L

=
I
=2
=
-
=
-
=
=z
-
z
=
<
s
<
=
=
Fany
—
A

7-43




10

~N
E
q
by
¥
©
o
h 2
>
-
—
&
| 10
1]
|
5
| ) P
§ ///
6 ]
3 10
: 1 2 5 10 20 50 100
Time after spill (hours)
S -
% Figure 7.5

SURFACE AREA OF A LIGHT CRUDE OIL SLICK AS A FUNCTION OF
TIME AFTER SPILL

7-44




[

!09
; /
2 1/
108
- 5
~
E
<
()
- -
. [+]
3 -
g 3 2 -
< . >3
-
;- 0o
i ~ 7
2 i 10
P
||
C |
- ' 5 . -
§ 2
¢
; 10° ‘/
{ | 2 5 10 20 50) 100

Time after spill (hours)

- - Figure 7.6

- SURFACE AREA OF A HEAVY CRUDE OIL SLICK AS A FUNCTION OF
é; TIME AFTER SPILL

b

'

7-45

i

PSR T LTS




10

—~ 5
IS
&
Nt
]
o
$
=
3 .
Y 2
3
~—
—t
&
7
10

| /
|~

)
10

] 2 5 10 20) %) L0

Time after spill (hours)
Figure 7.7

SURFACE AREA OF FUEL OIL #2 OIL SLICK AS A FUNCTION OF
TIME AFTER SPILL

]-46




109
5 /ﬁ
2
|
108
- 5
o~
E
- )
» Y
- ‘:
2 R —
. >
~ —d
o ——t
&
g 10’
!
l
5
- )
{
1
P 7
S 1o®
S ! 2 5 10 20 50 100
: Time after spill (hours)
2 Figure 7.8
[ - SURFACE AREA OF FUEL OIL #6 OIL SLICK AS A FUNCTION OF
s TIME AFTER SPILL
M
F‘ ! 7-47
=
E’:f‘:‘r—-“'



—W"WWT :"r;r b

i
LIS

bt
\

1

k!

REFERENCES
1. Blokker, P. C., "Spreading and Evzporation of Petroleum Products on
Water," 4th International Harbor Conference, Antwerp, 1964, p. 91l.

2. Bowden, K. F,, "Turbulence," The Sea, Volume 1, ed. by M. N, Hill,
Interscience Publishers, New York, 1262.

3. Csanady, G. T., Turbulent Diffusion in the Environment, D. Reidel
Publishing Company, Dordrecht, Holland, 1973.

4. Donelan, M. A., M. S. Longuet-Higgins and J. S. Turner, "Periodicity in
Whitecaps," Nature, Volume 239, 1972, pp. 449-450.

5. Duncan, J. H.., "The Dynamics of Breaking Surface Waves," Journal of
Fluid Mechanics, 1979.

6. Fay, J. A., "Physical Processes in the Spread of 0il on Water Surface,"
Prevention and Control of 0il Spills, American Petroleum Institute,
Washington, D. C., 1970, pp. 463-467

7. Forrester, W. P., "Distribution of Suspended 0il Particles Following the
Grounding of the Tanker ARROW," Journal of Marine Research, Volume 29, 1971,
p.151.

8. Hoult, D. P. and W. Suchon, "The Spread of 0il in a Channel,"™ Stop 0il
Pollution, Report 2, MIT, Department of Mechanical Engineering, Cambridge,
Massachusetts, 1970.

9. Hoult, D. P., "0Oil Spreading on the Sea," Annual Review of Fluid
Mechanics, pp. 341-368, 1972.

10. 1Ichiye, T., "Upper Ocean Boundary Layer Flow Determined by Dye
Diffusion," Physics of Fluids, Supplement, s270, 1967.

11. Leibovich, S., "A Natural Limit to the Containment and Removal of 0il
Spills at Sea,"” Ocean Engineering, Volume 99, 1976, p. 809.

12. Levich, V. G., Physicochemical Hydrodynamics, Prentice-Hall, Englewood
Cliffs, New Jersey, 1962.

13. oin, J. T. Mohamed Gad-el~Hak, Hsien-Ta Liu, A Study to Conduct
Exper iments Concerning Turbulent Dispersion of 0il Slicks, Flow Research
Company, Kent, Washington, April, 1978.

14. McIntyre, W. et al., "Investigation of Surface F'.lms--Chesapeake Bay

Entrance,” report EPA - 67012-73-099, Office of R&D, USEPA, Washington,
D.C., 1974.

r— I TSNP T e T T Gl eme e e T -




15. McKay, D. and R. S. Matsugu, "Evaporation Rates of Ligquid Hydrocarbo
Spills on Land and Wacter," Canadian Journal of Chemical Engineering, Volume
¢ 51, 1973, p. 434.

16. Milgram, J. H., R. G. Donnelly, R. J. Van Houten & J. M. Camperman,
1 "Effects of Oil Slick Properties on the Dispersion of Floating Oil into the
] Sea," report CG-D-64-78, U. S. Coast Guard, Washington, D. C., 1978.

17. Milgram, J. H., and R. J. Van Houten, "Hydrodynamics of the Containment
of 0il Slicks," 10th Sympocium on Naval Hydrodynamics, MIT, Cambridge,
Masachusetts, June 1974.

18. Okubo, A., "Oceanic Diffusion Diagrams," Deep Sea Research, Volume 18,
p. 789 %02, 1971

19. Schlichting, H., Boundary Laver Theory, McGraw-Hill, New York, 1979.

20, Shuleikin, V. V., Soviet Research on the Theory of Wind Driven Waves,"
3 Atmospheric and Oceanic Physics, Valume 3, No. 11, pp.l1l137-1157, 1467.

:( 21. Shonting, D., "Observations of Reynolds Stresses on Wind Waves,"

- Journal of Pure and Applied Geophysics, Volume 81, Number 4, 1970, pp.
] 202-210.
; . 22. Shonting, D., Report to the U. S, Coast Guard on the Measurements of

Ocean Turbulence Off Gouid Island (RI) - 1979, (Under Preparation).

23. Smith, F. B. and J. S. Hay, "The Expansion of Clusters of Particles in
the Atmosphere," Quarterly Journal of the Royal Meteorological Society,
Volume 87, 1961, pp. 82-101.

g 24. Van Dorn, W. G., Oceanography and Seamanship, Dodd, Mead & Company, New
j York, 1974.

25. Wiegel, R. L., Oceanographical Engineering, Prentice~Hall, ENgelwood
Cliffs, New Jersey, 1964,

26. Wu, J. "Oceanic Whitecaps and Sea State," Journal of Physical
Oceangraphy, Volume 9, pp. 1064-1068, 1979.

.
FRPPUUY > S

RV




TSRS

NOMENCLATURE
Symbol Definition Equation No. Units
a Ratio of r.m.s. turbulent A.l
Veloully O mean current
speed
A Area of the oil slick at 3.1 m2
time t
* 3 s
A lierson Moskowitz spectrum
parameter
Ao Area of floating oil 6.15 m2
' A Total surface area contam- 6.14 m?
- s . .
g inated by oil
5* b Wake thickness 5.3 m
= B Coefficient for turbulent 6.13
- dispersion
% | Ca Drag coefficient
éf
B d Droplet diameter 4.1 m
dm Maximum droplet diameter 4.4 m
dmax Maximum droplet diameter 4,12 m
do Minimum droplet diameter 6.13 m
ds Distance to shore 6.13 m
erfc Complementary error function
- . . 2
g Acceleration due to gravity 3.3 m/sec
;. \ g (d) Number density distribution 5.16
- of entrained oil vs. droplet
E
- diameter
: . 2
G Effective acceleration 3.3 m/sec
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Definition

Slick thickness

Significant wave height

Turbulent intensity

Integral of the comple-
mentary error function

Evaporation flux

Evaporation constant

Wave steepness parameters
Diffusion coefficient

Length scale of largest
eddies

Rate of loss of wave
momentum £lux

Frequency of occurrence of
breaking waves within the
slick

Turbulence pressure fluc-
tuations

Vapor pressure of oil
Probability of wave breaking
Probability density function

Slick radius when thickness
reaches 5 mm

Slick radius at time t

o = Ve Drwma T4 e, b

Equation No.

6.6

5.14

3.1

3.2

5.10

5.12

6.13

5.1

5.10

4.1

3.2

5.10

5.11

6.7

Units

mz/sec2

sec

kg/mzsec

S2/m2

mz/sec

kg/sec2

sec

N/m

N/m



R(t)

Y

Do

“1

B

5 | t5

"

i T

o { .
1

o T

s

>3

S gt 2

E & {

-

78 v

L

" i, R
Q

bl a2
k)

S T
. '

v(t)

»

b

T
Ll

Definition

AR
Reynolds number of droplet

Lagrangian autocorrelation
function

Time since spill
Lagrangian time scale

Time at which slicklet
formation begins, i.e.,
end of gravity spre¢ading
regime

Time at which slicklet

distribution approaches
a Gaussian distribution

Thickness of the turbulent
bore

Time at thickness = S5mm
Characteristic time

Observed wave period

Slick temperature

Mean square velocity
fluctuation of turbulence

Suface wind velocity
Current speed

Fluctuating Lagrangian
velocity of a particle
relative to the center

of gravity of the slick at
time ¢

Equation No,

3.6

5.8

6.2

3.1

5.7

604

6.13

4.9

5.10

3.12

4,2

3.2

6.4

Units

sec
sec

secC

sec

m

sec
sec

secC

m2/s
m/s

m/sec

m/sec

i [N
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W

<1

We

We

™
(=]

Definition

Initial slick averaged
velozity covariance

Volume of the oil remaining
in the slick

Nondimensional volume
Entrainment rate
r.m.s. velocity difference

Dispersed oil volume

Volume entrained as a
function of diameter

Initial volume of the spill

Residual volume at the end
of gravity-viscous region

Terminal velocity
Weber number
Microscale Weber number

Maximum depth of dispersion

GREEK LETTERS

A

eo/ (w; specific gravity

of oil

Wave length

Kinematic viscosity of oil

Effective kinematic viscosity

ret St e . e,

6.9

3.1

5.13

4.10

5.14

5.15

3.4

3.8

5.8

4.6

4.7

5.5

3.16

4.18

4.18

Equation No.

Units

m?'/sec2

m/s

mz/s

m /s

i
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Definition

Kinematic viscosity of water

Average density of the oil

Density of the heaviest
component in the oil

Initial average density
of the oil

Densicy of water

Surface tension of oil

Standard deviation of surface
oil distribution at time when
gravity spreading regime ends

Standard deviation of surface
oil distribution at time when
gravity spreading regime ends

Standard deviation of surface
0il distribution at time when
gravity spreading regime ends

Nondimensional time

nondimensional time limit for
evaporation model

Nondimensional time for trans-
ition from gravity-inertia to
gravity-viscous region

Nondimensional time to attain
maximum density

Nondimensional time for trans-
ition from gravity-viscous to
viscous~surface-tension region

Wave frequency

Equation No.

3.19

3.23

3.16

3.16

3.20

6.12¢c

6.12d

6.12d

3.15

3.19

3.14

3.20

4.15

Units

m2/s
kg/m3

kg/m3

kg/m3

kg/m3

N/m




APPENDIX A

RELATIONSHIP BETWEEN VARIOUS SEA STATE
PARAMETERS AND CALCULATION OF OCEAN TURBULENCE

A.1 RELATIONSHIP BETWEEN VARIOUS SEA STATE PARAMETERS

In this appendix, we derive several sea state parameters from a spectral
correlation for a fully developed sea. In deriving these parameters, we use
the Pierson-Moskowitz spectral representation. The average energy per unit

nominal surface area of the sea is given by (see Raj, 1977 for details):
o0

n ol
E" = 5 /% g 5; e(w)ded (A.1)

where e(&)) is the spectral energy density (mzs) at frequency & . The
Pierson-Moskowitz spectra for e(&)) has the forn:

2
4
e(W) = ngg exp ( -8 (g/wu)) (A.2)
o
The commonly accepted values for the constants are:

o= 3.62 x 102

B =0.74

The amplitude of the water particle velocity is given by:

s

o0
w? = ex2? = j w 2e(w)aw (A.3)
0

Substituting for e(&) from Equation {A.2) leads to:

_ 1/2
W2 = AL Ol</2 2 (A.4)
s B
For a Raleigh distribution of particle velocity amplitudes, we have:
2 _ . 2
us =2u (A.5)

This gives us:

5\ 1/4
(T et
us—( Y. ) U (A.6)

If the heights of waves are Rayleigh distributed, then it can be shown that

A-1
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the significant wave height is related to the mean square amplitude by:

(2 V2 P a7
s8] s '

From Equations (A.4) and A.7), it can be shown that:

ve
n

32 (A.8)

Y 1/2
2 (%)

The modal frequency 0’ is that frequency at which the energy density is

maximum. This is given by:

Y
&= 5B 9/u (A.9)

A.2 CALCULATION OF OCEAN TURBULENCE PARAMETERS FOR A SPECIFIED SEA STATE*

A definition sketch for the air and water boundary layers in a
wind-waves flow field is drawn in Figure A.l. The air boundary layer is

characterized by a thickness é al and the water boundary layer by a

thickness & W' The fetch x is measured from the beginning of the
test-section in a laboratory wind-wave tank or is defined as the offshore
= distance in the field. The vertical coordinate z is positive upwards, and
is measured from the undisturbed water surface. The dominant wavelength and

height are denoted by ;\ and Hl/3’ respectively. The free stream

e
pron—

velocity in the laboratory or the reference velocity at 10 meters in the
N field are denoted by U,. Fully developed sea state is assumed in the

following computations.

For a turbulent air boundary layer over wind-waves, the growth of the

air boundary layer thickne55¢§a, and the air friction velocity** u,

a
are correlated with the free stream velocity U, and the fetch x as follows:

' gd 4/5
q 2 = 0.025 (93‘—-) for 0.2 < & (17 (A.10)
2 2 2
K Upg U Uy
E H
E u*
) -1/10
o —2 2 0,055 (9—’-‘3) for 0.3 < 9—"—2 < 200 (A.11)
: Upo U, u,2

E * This work was performed by Flow Research Company, a subcontractor to
. Arthur D. Little, under the present USCG contract.

Uy
- ** Related to the surface skin friction coefficient by Cf = 2 a
Uoo
A-2
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gx_
—2 - 0.03 for 200< . 2 {6 x 10° (A.12)
U.o Uvo

where g is the gravitational acceleration.

The air velocity profile is approximately logarithmic and is given by:

Uz) . 5,75 109 & (A.13)
u, 2,
a
where z, is the aerodynamic roughness. Hence, for a given free stream

velocity Ugyand fetch x, one could compute the air boundary layer

thickness 5a using Equation (A.10), and the air friction velocity u, using
a
Equation (A.ll) or Equation (A.12). Equation (A.13) could then be used to

compute z by the relation:

U(at l0m) = U (A.14)

The root-mean-square of the water-surface-displacement 7?rms' and the
dominant wavelength k are correlated with the free stream velocity U,o and

the fetch x as follows:

g 2/5
—z—‘%s- = 0.001 (—91‘3 for 0.3 £ —-955 {17 (A.15)
Uoo U Uoo
9 - _ 172
——Fi';ﬁ = (6.9 x 107> + 2.97 x 107’ (= - 200))
1
Uoso Joo (A.16)
for 2004 - 6 x 10*
Uoo
ga X 2/5 X
s = 0.03 [ for 0.3 ¢ =¥ (17 (A.17)
Uso Uoo Uso
The significant wave height Hl/3 and the dominant phase speed for the
wind-waves Cp are related to the rms displacement rms PY:
31/3 = 4)?ms (A.18)
1/2

C_ = 2.24 (g)?rms) (A.19)

p
For a given free stream velocity U and fetch x, one could compute the
root-mean—-square of the water-surface deisplacement T( rms using Equation
(A.15) or Equation (A.1l6), the dominant wavelength k using Equation (A.17),

A-4
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the significant wave height H using Equation (A.18), and the dominant

phase speed Cp using Equationl{i.l9). The significant wave height Hl/3
could be used as an input parameter in place of the fetch x, if desired.
Equations (A.15) through (A.17) are consistent with field data compiled by
Wiegel (1964).

The frequency spectrum of the water surface displacement (wave energy
spectrum) follows the function:

S(f) =% g? £ (A.20)
from the dominant frequency to a frequency cut-off of about 10 Hz, where
capillary waves become important. The constant ¢X is in the order of 10—4
in typical laboratory tanks and 10—5 in the ocean. 1In the capillary wave

regime the wave energy spectrum follows the function:

sig) =BY 23 ¢71/3 (A.21)
for £ greater than 7.5 Hz. The constant /5 is the order of 10—2 in
typical laboratory tanks. No information is available for the value of the
constant/ﬂ in the ocean.
The momentum transferred from the air boundary layer to the water is
manifested as water waves and a drift layer in the water. Aabout 90 percent

of the air boundary layer momentum is transferred to the water boundary

layer.* The equation

(pu*z) = O.QO(Pu*z). (A.22)

water
can be used to compute the water friction velocity u, . The surface drift
W
velocity Us is computed from
Us
- = 0.032 (A.23)
U
or
U 7 H 2 H C
S 20002 +9 [ —=2L3] 4 o.a45 2L 4 B (A.24)
U )‘ }' U

where Hl/3 is the significant wave height,jl ie the dominant wave length,

and Cp is the dominant phase speed.

*Equivalently, the ratio of the wave drag coefficient to the wind drag
coefficient is 0.1.
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The water boundary layer thickness <Sw is correlated with the free air

stream velocity Uy, and the fetch x as follows:

g 4/5
~—2 = 0,025 [ (A.25)
2 2
Uoo Uso
The mean velocity profile in the water boundary layer is approximately

logarithmic and is given by:

Us - U(z)

Uy

w

= 5,75 1og<—z'-2—‘) (A.26)
0

where u, is the water friction velocity which could be computed from
W
Equation (A.21), and Us is the surface drift velocity which could be

computed from Equation (A.22) or Equation (A.23). The roughness height in
the water boundary layer is usually smaller than the corresponding one in
the air boundary layer, but could be considered the same for an oraer of
magnitude estimate. T mean velocity defect shows that the water boundary
layer under the water surface resembles the turbulent air boundary layer
over the water surface, and the water boundary layer is produced as the
result of the wind stress exerted on the water surface. Both air and water

boundary layers resemble a turbulent boundary layer over a rough flat

plate. For example, under weak sea states without wave breaking, the
maximum root-mean-square of the longitudirnal velocity fluctuations* is about
two to three times the friction velocity and about 15-20 percent of the free
stream velocity Uee in air or the mean surface drift velocity Us in

waler. The maximum rms values cccur near the water surface and
monotonically decrease away from it. The rms of the vertical velocity
fluctuations is about half the rms of the longitudinal velocity
fluctuations. The dimensionless dissipation rate is, as expected on the

order of one, and the Reynolds stress coefficient is typically 0.3.

*Contains in part the contribution from orbital motion of the waves.
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In high sea states with intensive wave breaking (H/L on the order of
0.1), the maximum rms value of the longitudinal velocity fluctuations is as
high as 60 percent of the mean surface drift velocity, and the rms value of
the vertical velocity fluctuations. The (dimensional) dissipation rate is
one to two orders of magnitude higher than in non-breaking waves.

In short, data on ocean turbulence parameters (especially close to the
ocean surface) are scarce, and one has to use similar flow fields for an
order of magnitude estimate. The information summarized in this report
provides a few rules of thumb for obtaining such estimates. For accurate
predictions of ocean turbulence parameters from laboratory measurements,
systematic investigations will be required to establish appropriate scaling

laws. These scaling laws should be validated with ocean data obtained from

future field experiments.
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APPENDIX B
DEVELOPMENT OF A MULTI-COMPONENT

OIL SLICK EVAPORATION MODEL

Here, we have developed a multi-component oil slick model which
considers the combined effects of evaporation and spreading. The extent of
spread is determined by the expressions given by Fay (1971). The resulting

equations are coupled and aonlinear, and are solved using a digital computer.

B.l. FORMULATION OF THE MULTI-COMPONENT OIL SLICK MODEL

In formulating the mass transfer due to evaporation from a floating oil

slick, we have made three assumptions:

- The slick is homogeneous in horizontal and verical directions and

is of uniform thickness.

N - The evaporation flux of the individual components is given by the

empirical relationship:

k, = k0 U p,

i i (B.1)

where ko is an empirical constant (sz/mz)

. k, = evaporation flux (kg/mzs)

U = wind speed

p. = partial pressure of ith componient (N/mz)

- The slick is radially symmetric.
. . . . .th
If Ci(t) is the time varying mass concentration of the i component

- i per unit volume (kg/m3), then the consevation of mass iteads to:
4. C, (t)v(t) = -k, A(t) (B.2)
dt i i

i=1,2, ... , N

Where A and V are the surface area and the ramaining vciume of the slick,
regspectively. If Qi is the density of an individual component, then the

volumetric velationship leads to the following constraint on Ct(t):

B-1
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(B.3)

Substituting A = 7%c? and Vv = #¥r i Squation (B.2), dividing by

c i and summing over H components leads to:

N

2 k.
2h Z —(—--é-;~+a-€(rh) Z = 2—;1 (B. 4)

i= l i=1
Differentiating Equation (B.3) with respect to t leads to:
N 1 dCi
(i

Substituting Equations (B.3) and (B3.5) into Egquation (B.4) leads to an

(B.5)

expression for the rate of change of volume:

N

k
a 2. k2
at (t B = Z . (3.6)

i=1

Substituting Equation (B.6) into Eguation (B.2) leads to

ac, c, k.  k,

e S M N R (B.7)
o ) (’- h(t)

j=1UJ

In Equation (B.7), the first term on the right-hand side represen.3 the
increase in the concentration of a component due to reduction in volume, and
the second term indicates the decrease in the concentration of the component
due to evaporation. Equation (B.7) shows that the concentation of a
particular component may either increase or decrease: depending on which one
of the two phenomena dominates. The concentration of the lighter components
decreases with time because of their higher vapor pressure, and the
concentration of heavier hydrocarbons increases with time. The average

density of the oil at any given time is:

N

eave = z ¢; (&) (8.8)

i=1
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The partial pressure of a component is related to the vapor pressure of
the component and the molar concentration. If we assume that the mixture of
the vapors behave like an ideal mixture of gases, then this relationship is
given by Henry's Law, which is:

C; My

% =N P;(T;) (B.9)

> i,

j=1

Where Mi is the molecular weight of the ith component and Pi is the

vapor pressure at the saturation temperature T. Given a distillation curve
for the o0il or a breakdown by boiling point classifications, the value
ofthe vapor pressure Pi can be found easily. From the average boiling
point of a fraction, the average vapor pressure may be determined using the

integrated form of the Clausius-Clapeyron equation. This leads to:

gAl log (Pi /Po) =157 *x T (B.10)

Where Po is the vapor pressure at the boiling point, (usually atmospneric
pressure) T*s is the slick temperature in O and g is the heat of

evaporation. The quantity (in/4'57Ti) is nearly constant (5 * 0.2) for

hydrocarbons, and we can simplify Equation (B.l10) to:
= 5 [ —
log (Pi /Po), 5 = ) (B.11)

The radius of the slick is calculated using Fay's (1971) expressions.

-

In essence, the spreading is broken down arcificially into three stages,

i.e., gravity-inertia, gravity-viscous and the surface tension regions. The
i
s expressions for the radius of the slick in these regions are:
H
s - Gravity-Inertia region:
=
;; 0L t ¢ tO
E
2 1/3
E"‘ t. =0.564|V_/g(1 - / )1,> (B.12)
- 0 ) o (o (w W .
) 1/4 172
r = 1.14 (g(l (o /(w) Vo) t (B.13)
2
b 1
] f B-3
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Gravity-viscous region:

t,. €t <t

0 1

1

/6
. = 0.375 —g—_‘i g?(1 - /(’ ) v4\> ] (B.14)
r = 0.98 (92(1 - 0, /ew vl 9)1/12 £ (B.15)

Viscous-surface~tension region:

t >t
- (0 1/2  3/4
r =1.6 {») 1/2 3/2 t (B.16)
e
The thickness of the slick is given by:
= V() _ B.17
am) -V a2y (B.17)

Milgram et al., (1978) contend that the spread law in the viscous regime
dicussed by Fay (1971) is theoretically not valid. Their reasoning is
two-fold. First, Fay's model ac-umes that the water boundary layer is
laminar. 1In actuality, the Reynold's number based on the mean interfacial
velocity and slick radius is very large and the boundary layer is likely to
be turbulent. Second, for the gravity-viscous region to be favored over
surface-tension region, the ratio of surface tension forces to gravitational
forces must he much smaller than unity. Milgram et al., (1978) have
demonstrated, using an order of magnitude estimate, that this ratio is
larger than unity. The gravity-viscous region should include the spread due
to surface-tension effects as well. This would yield a faster rate for the
spreading of the slick than the rate predicted using Fay's model. The
inclusion of turbulent boundary layer effects do not change the spread law
significantly. There are no simpler expressions which consider the combined
gravity -surface tension effects. We have used Fay's (1971) expressions for

spreadiry of the slick.
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Read in for each component:
1) Initial Volume 4) Specific Gravity
2) Wind Speed 5) Yield Percent
3) Time Increment 6) Boiling Point
Temperature

Evaluate for each component:
1) Vapor Pressure 3) Density
2) Molecular Weight 4) Mass

R

Evaluate: 1Initial Area
Initial Time

~

Compute: ThicknessJ(f

\

Print Volume, Area, Thickness,
Time Mass for each Fraction

@ =
/ -
yes 0

~_~_\Jlisffess 3mm

yes no

Time to end Gravity-Viscous Regime

N

Compute area (time) in Compute area (time) in
Gravity-Viscous Regime Surface-Tension regime

] |
.

Solve Differential Equations
Using 4th order Range-Kutta Method

)

{gime = Time + Time %;

Figure B.1l: Flowchart of the Computer Program of the
Multicompnent Evaporation Model
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Substitution of the appropriate spread law with the evaporation flux,
given by Equation (B.l) in Equations (B.6) and (B.7), leads to a set of
nonlinear coupled equations to determine the remaining volume and the
concentration of the individual components in the slick. These equations

were solved numerically with the aid of a digital computer.

B.2: SOLUTION OF THE MULTI-COMPONENT OIL SLICK MODEL

The resulting nonlinear equations were solved numerically using a fourth
order Ringe-Kutta technique. Figure B.1l shows the flow diagram of

thecomputer program. The input to the program is :

~ Initial volume of the spill,

3 - Wind speed and slick temperature, and

¢ - Number of components and the following properties of each one of

the components:

[

(L) Density,

(2) Initial concentration,

(3) Vapor pressure (or boiling temperature), and

* (4) Molecular weight.

For simplicity, we assumed that there was no evaporation in the

gravity-inertia region. The remaining volume of oil, area and thickness of

i the slick and the concentration of individual components as a function of
Do time were computed in the gravity-viscous and the surface-~tension region.
%;‘ i The program was automatically terminated when the slick thickness was equal
%f to 3 mm. The computations were performed over a range of parameters. The
¥ B
gﬁ initial volume was varied from 100m3 to 10,000 m3. The wind velocity
¢ was varied from 5 m/s to ?5 m/s an the slick temperature was varied from
3 o) ‘e .
10 C to 25 C. The specific outputs sought from this model were the
variation of the average density and the vpor pressure with time. These are
£ discussed in the next section. The various oils are given in Table B.l.
2
e !
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B.3. DISCUSSION OF RESULTS

To obtain the variation of the average density of the oil remaining in

the slick with time, we nondimensionalized the depnsity and the time by:

R = Q/QO (B.18)
't‘zt/T (B.19)

Figure B.2 plots the variation of R with the nondimensional time

difference (C - 1?0) for various initial volumes for light crude oil.
A least-squeres fit to the 3drta points indicated in Figure B.2 leads to the

following functional relationship for the variation ¢f R.:

R=1+1.43x 1072 T - '[“0)0'62 (B. 20)

Similar relationships were obtained for various wind velocities and slick
temperatures. The final expression for variation of R with time, slick
temperature and wind velocity is:

E R=1+ 4.17 x 10"S TSO'ZZ 00'32 (1" - t’0)°‘62 (8.21)

‘ Figure B.3 demonstrates the variation of vapor pressure of oil as a

function of nondimensional time difference T - QYQ. A least-squares

curve fit leads to an expression for the variation of the vapor pressure P:

P = 2929 exp -1.95 x 1074 (- f’o) (B.22)

]

i The finai expression for the variation of P with dimensionless time and
A}
i

temperature is:

. p=3507°% exp -~9.67 x 1070 022 (- T (B.23)
:}" Similar expressions were obtained for other types of oils. These are given
- in Table 3.1.




TABLE B.1l
COMPCSTION OF VARIOUS TYPES OF OILS

Light Crude*:

Yield Percent Boiling Point

Specific Gravity by Volume (%) Temperature (OC)
.700 10.0 73.9
. 786 19,2 151.4
.850 20.7 265.8
. 890 15.4 376.4
. 965 34.7 426.7

Heavy Crude*:

Yield Percent Boiling Point

Specific Gravity by Volume (%) Temperature (OC)
.72 11.00 121.1
.83 11.35 204.4
.89 12.76 323.9
.93 24.13 454.4
1.06 40.76 648.9

Fuel Oil #2**.

Yield Percent Boiiing Point

Specific Gravity by Volume (%) Temperature (OC)
.80 20.00 221.1
.83 20.00 240.6
.85 20.00 260.0
.87 20.00 276.7
.89 20.00 304.4

Fuel 0il #6:

The average density of fuel oil %6 is 970 kg/m3 and the boiling point
temperature is greater than 3259C. Therefore, we have assumed that the:ire
is no evaporation.

* From 0il and Gas Journal, March 29, 1976.

*% From Mark's Standard Handbook for Mechanical Engineers, 7th edition, 1966

B-8
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APPENDIX C
THE EFFECT OF OTL VISCOSITY AND SLICK THICKNESS
ON THE DAMPING OF BREAKING WAVE TURBULENCE

The present droplet formation moudel is based on the assumption that the
smallest droplet sizes will be determined by the energy spectrum of the
turbulence generated by a breaking wave. Milgram, et. al. (1978) found
that typically the smallest droplets had a length scale lying in the
inertial subrange of the turbulence, in which case the droplet sizes were
independent of the microscale. Since the energy dissipation rate is a
function of the macro-length and time scales, the smallest droplet sizes
predicted are dependent on oil 3lick characteristics insofar as they affect
the macroscale; i.e., only as they affect the size of the breaking wave.
However, in the experiments reported by Milgram, et. al. (1978) the presence
of a thick oil slick was found to increase signficantly the smallest droplet
sizes, even for cases where the macroscale characteristics were
substantially the same. Milgram, et. al. (1978) hypothesized that the
existence of oil may increase the microscale of the turbulence to the point
where droplet formation no longer stops within the inertial subrange, so
that it may be affected by the size of the microscale.

Although the problem of a two-phase turbulent flow is extremly complex,
a simple approach, which was outlined by Milgram, et. al. (1978), is to
model the turbulence in a breaking wave as a single-fluid flow, bhut one
whose viscosity is some weighted average of thal of oil and that of water.
For simplicity, a linear weighting may be used. The effective viscosity is

then:

\fo = (1 - h/tl) ‘]?w + h/t ])O (C.1)

where h is the thickness of the oil slick and tl is the thickness of the

turbulent fluid which rides on the crest of a breaking wave. A good
estimate for t1 is:

£, = 0.001 g/¢0’ (C.2)




which is approximately 0.001 times the breaking wave height. Although the
apparent thickness of a whitecap is somewhere between .0l and 0.1 times the
wave height, tl is taken as less than this to account for the fact that
the oil lies in the region of greatest shear between the forward moving bore
and the rearward moving fluijid beneath, so that it is extremely effective in
damping the turbulence.

When the effective viscosity of the fluid is large enough for the

microscale Weber number to be smaller than 10, or:

o/
0.6 Al Z10 (C.3)

the droplet splitting process will stop at the microscale (Levich, 1962), so
that the smallest droplet sizes will be given by:

1/4 3/4
2% ,>) £F

_ e
dnin = 0-6 172

(C.4)

The practical consequences of this model are that for small amounts of
oil, the smallest droplet size is independent of oil thickness and
viscosity; whereas for large amounts of 0il, the smallest droplet size
increases with both oil thickness and o0il viscosity. These trends agree

with available experimental evidence.




APPENDIX D
THE EFFECT OF WAVE DAMPING ON THE PROBABILITY OF BREAKING

Although the droplet distribution model assumes that the sea is
unaffected by the existence of an oil slick, there is some evidence that
this is not actually the case. Theoretically, an oil slick will cause oOcean
waves to be damped at a higher rate than in the absence of oil. The
significant wave height within an oil slick might therefore be somewhat less
than that in neighboring regions of the ocean. Since higher frequency waves
are damped more strongly than lower frequency waves, the significant wave
period will also be reduced. Both of these effects will tend to reduce the
steepness parameter, and thereby the probability of wave breaking within an
oil slick.

The difficulty in quantifying this effect is that theoretical
investigations indicate that the effect is neglibible; whereas field
observations indicate otherwise. Often even relatively thin slicks appear
to calm the sea, and reduce the number of breaking waves. However, no
systematic field investigation of this effect has been carried out. In this
appendix, an approach is outlined whereby experim:ntal data on wave damping
can be used to modify the droplet distribution model.

Assuming that wave damping is linear, and that the forces tending to
generate waves are negligible during the time they are within an o0il slick,

we can take the local sea spectrum ;o be:

-¥(w,h, V) x

S(C,x) =S (&) e (D.1)

5* (@) is the ambient spectrum and x is measured from the upwind edge. The
damping constant )/ can be determined experimentally. If the frequency
dependence is taken to be the same as that of the theoretical damping

constant in the case of clean water, 7/ has the form:
Y - ;z(h,\)o)cf)"’ (D.2)

One can calculate the percentage of waves which break during one wave
period in an oil slick as follows:

A

P Pb(x)dx (D.3)

= L
t I J

D-1

e
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where f is the dimension of the oil slick in the direction of the wind.

Py (x) represents the local probability of breaking and is given by:

:ZIZ(X
% (x) = — (D.4)

2
74 (x) +1
where ){(x) is the local steepness parame.er:

B & =g by 0w’ ) (0.5)
where here the significant wave height and average frequency are spatially
varying, and can be computed from the zeroth and second moments of the local
spectrum, given in Equation (D.l).

Equation (D.3) can be computed numerically, or may be approximated as
follows. One can linearize the probability of breaking about the ambient

steepness parameter to obtain:

*

.n
Pb(x) = .z )* (x) (D.6)

+ 1

where the * superscript refers to the value in the absence of an oil slick.
Furthermore, since the damping constant varies as the fifth power of the
frequency, the second moment of the spectrum will change more than the
zeroth moment; or in other words, the primary effect of the oil is to reduce
the average frequency of waves, rather than to reduce their height.

Therefore, one can approximate ¥} (x) as:

/-Do
o~ ) 6..“;

2
H(X) = a—l;];; J L S{w,x)d (D.7)
0

This gives an expression for the percentage of waves which break:

*
N 6.13 1

N A ;
W3S (w) / 1Y ™ qevax (D.8)
0

Pt - 2 g H

N 41 1/3 4 0

The inner incegral can be evaluated, to give:
o)
MR e 1 2 1 -nasd

P, = 23 L ooy e L aw (D.9)
t %2 951/3,0 (4)5

7* + 1 0 7




If wave damping is large enough to suppress wave breaking in the intesior of

‘l
the slick, (or, mathematically, rzw 177 1), then:

9 * & & w
P, = —5 -6;113 L §—5—3~)ch (D.10)
t o S 1/3121 W

Wt 0

*
In the case of a Pierson-Moskowitz spectrum, S can be defined as:

4
* -
s (W) = —AS- e B/ (D.11)
w
and one obtains:
- * H
N 1/3
P, =1.81 (D.12)
t %2 gIB T
H + 1 (B
g M RY,
= 2 * 3 (D.13)
*
Ko+l Q.IOV
Pt’ given by Equation (D.13), can be substituted for Pb in the droplet

distribution model to incorporate the effects of wave damping. The factor
in brackets in equation (D.13) represents the change in breaking probability
due to the presence of 0il. One must be careful in using this equaticn,
since if 1.1605 is not nmuch greater than unity, an assumption made in the
derivation is violated. For these cases, the equation could predict
breaking probabilities greater in the oil slick than in the surrounding

sea. In these cases Equation (D.9) should be used.

The formula deiived above for the probability of wave breaking in an oil
slick was not =sed in the predictive model because of the lack of available
data. Because wall undary layers are much stronger than surface boundary
layers, this data cannot readily be obtained in laboratory experiments, and
must be obtained .t sea. Any field investigations of o0il spill behavior
should include, at least, visual observaticns of wave damping and wave
breaking within the slick, and ideally would include precise measurements of
the sea spectrum both outgide and inside the slick. Once data are
available, the droplet distribution model can readily incorporate the

effects of wave damping.




APPENDIX E

OIL SLICK SIMULATION PROGRAM

To relieve the user of having to perform the difficult and tedious
calculations detailed in Sections 3 through 6, we have vritten an
interactive BASIC program that performs these calculations more quickly,
more accurately, and in more detail than is possible with a hand-held

calculator.

Scetion E.1 contains a general discussion of the program, its
structure, input and output. Section E.2 contains a listing of the
program itself, the definitions of variables used in the program code,

and some notes concerning the code and its installation on other systems.

E.1 PROGRAM DESCRIPTION AND FLOW CHART

A flow chart £ the oil slick simulation program is given in
Figures E-1 and E-2. The flow chart shows not nearly the level of
detail actually contained in the program; however, it does describe
the general structure of the program, and so serves as a useful guide.
The simplest and probably the most effective way for us to describe the

program is to follow the flow chart.

E.1.1 Overall Program Structure

The program is broken into four main sections: (1) the input
section, which performs the obvious function; (2) the initialization
section, which determines a variety of initial and constant values based
on the input parameters; (3) the .alculation section, which determines
the evaporation, spreading, dispersion, and other physical characteristics
on an hourly or semi-hourly basis; and, (4) the output section, which
prints the results in summary or in detail according to the user's
request. Each of these four main sections is composed of a number of

subsections or subroutines.

E~-1




FLOW CHART OF

FIGURE E.1

OLL SLICK MODELLING PROGRAM

Input

!

Read: o Initial spill volume (m3).

4
Calgulate: e Runge-Kutta time step
AT (hr.).

|

Read: e Maximum simulation time, Tmax(hr.).

e Output display interval.

}

Section

Read: e Number of components.

or Each Component

Read: e Specific gravity.
e Boiling point (°C).
e Relative volume.

i

Read: e Speed of current (m/s).
e Temperature of sea (°C).
e Initial distance to shore (km).

}

Read: e Number of weather intervals.

For Each Interval

Read: e Wind speed (m/s).
e 1/3 significant wave height (m).
e Duration of interval (hr.).

T

{

Read: # Output flag (summary or detailed).

Initial
Sec

T

{

ization
tion

Calculate:

Initial slick density.

Initial component concentrations.
Initial slick radius.

Other initial values.

Components' molecular weights.
Components' vapor pressures.
Oth.r constants.

vy



Calculation
Section

@ FIGURE E.2

¥
T=0

T=T+AT

Yes

1No

Calculate: o Evaporation & spreading

Has
Yes 51ick sunk,
_('evaporated, or

broken up?

Calculate: o Min. and max. droplet sizes.

o Droplet dispersion distribution

and total dispersed volume.
e Slicklet distribution, total
polluted area.

Output
Section

Print:

e Input parameter table.
o Slick volume distribution table.
o Slick area and thickness table.

Was

No Detailed

Output
Requested?

Print:

e Volume, flux, density, thickness,
and radius table.

e Min. & Max. diameter, dispersed vol.
and total polluted area table.

e Component mass concentration table.

e Droplet terminal velocity table.

e Droplet dispersion depth table.

e Droplet volume table.

!
|
‘.
l

¥

f( Stop )

E-3
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E.1.2 1Input Section

The input section of the program is fully interactive: the user
is asked to supply all input necessary for the run, is told what units
the input values must be in, and, when an input value is clearly incorrect,

is asked to correct the error.

The required input is of two types: physical/environmental and

program control. The physical/environmental input describes the physical

characteristics of the oil slick (volume, specific gravity, boiling
point, etc.) and the characteristics of its ocean environment (wind
speed, wave height, current, etc.). The program control input determines
how many iterations the program will perform and how detailed the output
will be. The physical/environmental input describes the problem; the
progrum control input describes in part how the problem should be solved

and how the solution should be displayed.

The physical/envircnmental input parameters are described in Table E-1.
This table gives the variables, the.. units, and any size rescrictions
(for example, the initial slick volume must be greater than 100 m3, and
the ocean temperature must be between 0°C and 50°C). The program control
parameters are described in Table E-2. This table describes the decisions

the user must make and the consequences oi those decisions.

One feature of the input section is nol shown on the fiow chart:
after the user has entered the oil spill component data, these data may
be saved in a file and read back in during subsequent runs, so the user
can avoid repetitive and error-prone retyping. In the present version
of the program, up to ten different component data sets may be stored.
(This may easily be increased according to the capacity of the storage

tape.)




Variable

TABLE E-1
PHYSICAL/ENVIRONMENTAL INPUT PARAMETERS

Meaning

Ve

R(Y)

B(1)

v(I)

cg
T@
%,_ Dy

7 W(I)

B e(x)

Initial Spill Volume

Specific Gravity of
Component I

Boiling Point of
Component 1

Relative Volume of
Component I

Speed »f Current
Ocean Temperature

Initial Distance to
Shore

Wind Speed During
Time Interval 1

Wave Height During
Time lnterval I

783

P T e

L )
- (W(L) * .¥]

<) <5

See Section 5.4, Step 1.

.283

Units

3
m

unit vol. component per
unit vol. water

°c

parts component volume
per part total slick
volume

m/s
°¢c

km

n/s

Restrictions

v§ > 100

4 < R(I) < 1.1

B(I) > 40

V(I) > 0

0<ch<s

IA

T¢ < 50

0

A

g > 0
0 < W(I) < 60

must be compatible
with wind speed*
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Variable

TABLE B-2
PROGRAM CONTROL TNPUT PARAMETERS

Meaning Cumments

T2

D1

=]

Ng

F3

Y1

#(1)

g s o

Total Simulation Time (hr.) Must be between 10 and 140
times the Runge-Kutta time
step determined by the program.

Display Interval A positive integer. Determines
the number of Runge-Kutta time
steps between displayed output
lines of the summary tables.

Must be small enough so that
at least five output lines result.

File Number for 0il Spill An integer between 1 and 10.
Component Data

Number of Components in An integer between 1 and 5.
Spilled 0il

Qutput Type Flag Set according to whether the
user requests summary or
detailed output.

Number of Wind Speed/Wave An integer between 1 and 10.
Height Intervals

Duration (hr.) of Wind Must be greater than O, and
Speed/Wave Height sum of all durations must be
Interval I greater than or equal to the

maximum simulation time.




E.l.3 Initialization Section

The initialization section calcula.es a large number of initial and
constant values used in the calculation section. (A few of these "con~
stants" depend upon wind speed and wave height data that may change
periodically according to the durations of the weather intervals defined
by the user. When the weather changes, these "constants' are recalculated;

this is not shown in the flow chart.)

E.1.4 Calculation Section

The calculation section is composed of four subroutines, corresponding
to the procedures described in the four Chapters 3% through 6: (1) the
evaporation and spreading subroutine; (2) the droplet diameter subroutine;
(3) the droplet dispersion subroutine; and, (4) the slicklet distribution
subroutine. These four subroutines are executed in sequence, once for
each Runge-Kutta iteration, until either the maximum simulation time is
reached or the spreading and evaporation subroutine indicates that the

slick has entirely evaporated, broken up, or sunk.

The evaporation and spreading subroutine determines:

e component mass concentrations
e average slick density

e evaporated volume

e surface volume remaining

e slick thickness

e slick radius

%Actually, the more detailed spreading and evaporation procedure described

in Appendix B is used, rather than that in Chapter 3.

-7




The droplet diameter subroutine determines:

o mnmininmum dispersed droplet diameter

o maximum dispersed droplef diameter

The droplet dispersion subroutine determines:

e incremental dispersed slick volume

e dispersed droplet volumes

e dispersed droplet terminal velocities

e dispersed droplet dispersion depths
- e probabilities that droplets remain dispersed

3 e total dispersed volume

(The droplet dispersion subroutine also adjusts the oil slick thickness

¥ according to the increment of volume dispersed during one time step.)
fé The slicklet distribution subroutine determines:

e the total area polluted by o0il slicklets

[

{
E% 1 e the percentage of total polluted area covered with oil
|

» The results generated by these four subroutines, along with some
interwediate and constant values, are passed to the output section when

one of the stopping criteria (e.g., maximum simulation time or break-up) is
1reached.

!

4

; E.1.5 OQutput Section
i

o é The output section produces elther three or nine output tables,
: depending upon whother the user has selected summary or detailed output.
Tables E-3 through E-11 show examples of these output tables, produced

77. , by a run modelling a 100 m3 spill of light crude consisting of five

components, The first three tables (see Tables E-3 through E-5) are

;{ always produced., (If detailed output were not requested, as it was in

E-8
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TARLE 1--~INPUT PARAMETERS:

SPILL COMPONENTS:

COMPONENT NO., 1
SPECIFIC GRAVITY:

RELATIVE VOLUME:
VAPOR PRESSURE:
MOLECULAR WEIGHT:

COMPONENT NO., 2
SPECIFIC GRAVITY:

RELATIVE VOLUME:
VAPOR PRESSURE:
MOLECULAR WEIGHT:

COMPONENT NO. 3
SPECTFIC GRAVITY:
BOILING POINT (DEG., C
RELATIVE VOLUME:
VAPCR PRESSURE:
MOLECULAR WEIGHT:

<

COMPONENY NO., 4
SPECIFIC GRAVITY:

RELATIVE VOLUME:
VAPOR PRESSURE:
HOLECULAR WEIGHT:

COMPONENT NO., 9
SPECIFIC GRAVITY:
RELATIVE VOLUME:
VAPOR PRESSURE:
MOLECULAR WEIGHT:

L¥3

CURRENT SPEED (M/8): .5
TEMPERATURE OF SEA (DEG. C): 20
INITIAL DIISTANCE TO SHORE (KM): 10
RUNGE~KUTTA TIME STEP (HR): .25
NISPLAY INTERVAL: 2

MAXIMUM SIMULATION TIME (HR): 35

E-9

|
f
z

TABLE E-3

ROILING POINT (DEG. C):

ROILING POINT (DEG. C!:

):

EOILING POINT (DEG. ©):

ROTLING POTAT (DEG, C):

INITIAL SPILL VOLUME (CURIC METERS): 100

12028, 314590
101,178

. 786

181.4

192
U72.,373055
133,728

.85
265.8
207
6.389410
181.776

.89

376.4

15
.h81114E—

228, ’)")8

265

124.7

347

1. 147432E~2
249, 354

INTERVAL NO.

WIND SPEED/WAVE HEIGHT INTERVALS:

1

WIND SPEED (M/8):

1/3 SIG. WAVE HEIGHT (M).

INTERVAL

INTERVAL NO.

DURATION (HR):

2

~

WINDY SPEEDN (M/S)

1/3 SIE,
INTERVAL

WAVE HEIGHT (M):

DURATIOH (HR):
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TAEBLE 2---g

ELAPSED
TIME
(HR)

0.00

50
1,00
1.45n
.00

2,50

.00

3.50

b.qo

.50

T, 0

5, 80

.00

6.50

7,00

7.50

g.00

8,50

P.00

?.50

0a

]

ao

.]l
L.%50
2,

I o

0o
i

- I

1
1
1
1
1
1

’
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SLYCK BREAKS yp CAREA VY,

D

LICK VOLUME Dp1sT

SURFACE
YOLUME
REMAINING
{(Maa3)
L.nooE+gn
P A87E+D
DLAINnoE0y
8.815+01
8.588F01
&, 322(E+01
8.008E+0)
7 ABSERD Y
TLR9XE 01
7. 1548F+01
6. 985E401
6. YOEE-0 )
70030
70096401
T O0PRE01
T, 030E DY
703401
7 032E+01
T 0Z0F+0
LOORQE0
T 027¢+01
V025D
VORI 01
7. 031E+0]
>
7

R

COZXE+D Y
(DLAE+DY

TABLE E-4

PERCENT #F
INITIaL
VOLUME 0w
SURFACE
100,00
°5.87
21,149
R 1y
8%, a8
831,22
20,08
T4, 85
TR 93
T1.54
69, 8y
&%, 95
70, 0%
70,09
7o, 0%
T,
T30
70,32
T0.3p
T0.3n
70,0y
70,05
Yo, zo
70,31
oL S
L IEY-

STOPPING CRITERTON REACHED)

E~10

RIBUTION:

" e o b

PERCENT oF
INETIAL
VOLUME

EVAPORATED

29,10
29,00
99,30
29 .42
29,50
29,61
29,49
29,77
1960

YOI UME

PERCENT 0F
INITIA,
VOLUME

NYSPERSE

i, a0
G.0n
00
01
Q5
J1é
2
el

1,09

1.yg

1, a8

1.44

U e

1,29
.03
80
e
8
Y
A8
el
23
00
LA
, 1
i

R b st iS5



TABLE E-5

A«

TARLE ~POLEUYED AREA ANT SLICK THICKNL 8%

Wh S St PN Lves MR NN T MM A b S SN Gs e R SME D m et WM Sews sems e e G608 b b EAE SAC Nime pves sube FLM 4R GHON KOTH BORE B A MO e

TOTAL PERCENT OF
ELAPSED AREA TOTAL AREA SLICK
TIME CONTAMINATED COVERED THICKNESS
(HR) (KMax2) WITH OTL (MM

« [T R —— S e e e e e

0.00 1.%00E-02 100.00 6, A6TEHDD

Sl 2.8480F-0D 100,00 Z23uTE+Q0
1.00 G.21208-02 loo.00 1., 756E+00
1,540 1., 277801 FERRUL Q.2o07E-01]
2,00 3, 2%7E-01 i, 99 9.028E-01
2 2050 & 1IYE~0] 33,47 i, 0noE-01
i - 3.00 9.218E~01 27,58 2.90VE~01L
3 3,50 1. MZPE+00 271 20002F-01
” .00 L.984lI+00 21.00 1, 773F--01

3 b, 50 2622 18.97 1039801
3 G.00 J.3H0E+00 17.39 1,199t ~01
- .64 . 170E+00 16,12 1,00 LE--01
L 6,00 D.083E+00 15.07 YL IN2E-02
2 6,50 6. 089E+00 . 1a B, 110E~-0D
7,00 7 191E+00 13,42 TRTHE-Q2

7,50 8], 3RBE+G0 12,74 ISR NI
8.00 9. ABLE+G0 12.18 5.963F-02
3. 50 1 107E+01L 1L.67 G BLGE-00

.00
L0

? 2L6E+01 il.21 b, 994E-01
9

1o, 00

10

LHTRERD] e b, 4071002
B340 Nl b, 26n1-02
L0, 50 CTHLE+O] O 394202
i1.00 AR ANk 7Y S0 -0
11,50 S y7E+01 M d B NBYE- 0D
12.00 2,3060+01 .20 1, 2UDE-Q
12,00 2.07NE+0 8. 906 R (LAY R ()

[ a3l v B == ]

i

SLICK BREAKS UP (AREA VS, VOLUML
SINPEING CRITERION PEACHED)

E-11




.
- b

TALLE Y--TIETAILED
SURFACE
VOLUME

I (Mrx3)
1 1.000E40D
2 9.821E+01
3 9.987E401
4 9.362E401
O 2. 149E401
6 B.959E+01
7 8.815E+01
8 8.698E+01
9 8, L88E+01
10 8, us3E+01
11 8.322E+01
12 8. 168E+01
13 8,008E+01
14 7,844E+01
1S 7,685E+01
16 7.533E+01
17 7.393E+01
18 7,266E+01
19 7.106E+01
20 7.063E+01
21 6.980E+01
22 6.982E+01
23 6.998E+01
24 6.993E+01
25 7.003E+01
26 7,009E+01
27 7.009E+01
28 7.024E+01
29 7.023E+01
30 7.021E+01
31 7.034E+01
32 7,036E+01
33 7.032E+01
34 7.030E+01
A5 7.032E+01
36 7.032E+01
37 7. 030E+01
38 7,029E+01
39 7. 0308401
W0 7.029E+01
Bl 7.027E+0L
L2 7.025E+01
hg ¥v.020E+01]
i 7, 043E+01
15 7. 039E+01
W6 7.035E+01
L7 Y. 0316401
Hg 7.027E+01
ue v.003E401
90 7.019E+01
91 V. 016E+01
%52 7.01UE+01

EVAPORAT LON

FLUX

(KG/M%n2/9)

1.168E-04
1.015E-0u
LSO 0%
L PGOE-03
PEBE~-05
 268E~05
318E-05
ATLE-06
LOTHE-06
7, 219E-06
AHPTE-06
109E~06
MTIE-06
JTP6E-06
JLO0BE-06
M23E-06
CIUSE-06
L 185E-06
LOTIE-06
CAUIE--06
LO27E--07
JT24E-08
AHTIE-08
.090E-08

NG =130 e

o O

120l F o

L TH2E-08
JH30E-08
CO94E--08
L761E-08
D2T7E-08
09GE-08
. TH8E-08
CUBE-08
C14SE- 08
C830E-08
CH360-08
C2E3E-08
CPR3E-08
L72GE-08
JAglE~-08
L2S1E-08
CO346E-08
.835E-08
COUE-08
M 77E-08
. 319E-08
ATSE~08
OULE-08
CP26E- )8
19 o
L 7R22E-08
JADDE-08
J121E-08

RIISNIIIOMRIISLIWNWNNGIF FF UM NNODDL 4713

e

[ Y

SURF ACE

TABLE E-6

SLICK CHARACTIIRISTICS

AVE RAGE
LENSITY
(KG/M¥%3)
8,688E+02
8.717E+02
Q. 757E4+02
8.797E+02
8.836E+02
8.8469E+02
8,0893E+02
2.901E+02
8. 92uE+02
8,939E+02
8. 9L6E+02
8,973E+02
8.,9946E+02
?.017E+02
9, 038E+02
?,039E+02
9. 078E+02
?.096E+02
9. 111E+02
?.123E+02
9. 133E+02
P LIMEROD
9.135E+02
®.136E+02
9.137E402
P 138402
9 139E+02
?.140E+02
9. IUIE+0D
9. 1420402
9. IU3E+0D
9. 14UEDR
@ ANHEH0D
? . 146E+02
9 IUTE+02
?,LUBE+D2
9. IUPE+DD
?.1590E+02
9. 150E+02
Y. 151E+02
9, IG2E4+0D
?.193E+02
?,153E+02
?,15HE+02
9, 158E+02
?.155E+02
9. 156E+02
?,156FE+02
9. 157802
?.147E+02
9. 159402
9. 159E+02

E-12

GLICK
THICKNERS
(1)

6. 66TE-03
b, 721K -03
F.3UTE -03
D.7HIE-03
CTH6E-03
C230E-03
L 20T7E~0L
L 209E--04
. 026E-04
812E--04
b, 0u0E-0n
3. 437E-0
2.9U7E~04
2.969E-01
2252804
L991E-04
TT3E-04
L9 LE-DY
LXQE 01
L309E- 04
199E--04
CLIGE QU
SO0y
LTG5
IB2E0--05
LO07E -0
L11NE-DS
HB6E-0T
LTEE- 0%
JROLE-0S
COTLE-0Y
VAGBE-03
LRO3E~0%
VHPIE~04
CJHUTE 05
CAL3E-05
OYEE-0D
4, 79HE-DS
I, 407E~Q%
b, 430E--0%
I, 264 -05
I, 108E-05
3.9462E-09
3. 83WE-00
I 702E--05
3.577E-05
I U459E-05
3.3L4T7E-05
3.042E-0%
JA141E- 05
3.0U6FE--0%
2.9N6E-05

-—

TR NNTEE L= e e e

SHE &

olen s

-—

SL1CK
RADTIUS
(M)
6. 91001
CL3T7EH01
LOUPER 0]
CO3ERDD
L8RE+02
CE23EH02
STUHGE+ 0D
LP60E+02
1 6EEAQD
» 366E+Q2
LOA1E+QD
LTE0E+02
L3O +0D
118E+02
V296400
ATIERGR
COUBEHND
CBIJERDD
ITPEA402
WolHGZR)2
W, 2076+02
WoNSETERDD
I, 626E402
b, 7EIEHOD
4. 938E4+ 00
H.091E+0%
L AM3E+02
CBPUEHRDD
COUZER0D2
CHOPL1EHGY
LB3ITEIND
CRE3E 02
AI7EH0GD
270100
DR 0D
CEG3ERGD
APIEA0D
BILEHGD
VLB 0D
LOTERDD
COBE00
V3TBE+0D
VO13E402
COWTEFOD
LTB0E+O2
CP12E+D2
COUIEFDD
CATHESDD
CBCUHEADD
JH3UER0D
8. U62E402
8.690E+0D

os)

O R R

Bl L OE LY O

oha i

in

N I N G EER IR I N NN N N PN



TARLE

12
13
14
13
16
17
18
19
29
21
22
23
2y
23

26

28
29
30
31
30
33
3y
253
3é
37
34
34
1]
U1
y
3
Ly
Ho
U4é

e
U}y
i)
91

32

[ S

[ s

TABLL L-7

LROPLET NISPIRSION AND

TOTAL
POL.. AREA
(%2
CS00E+0Y
080E+04
CBOUE+OH
AHEGE 0L
C212E+0H
L 283E+0N
CATTEADY
L1T3E+05
CATTEH0D
T | 1
ATTEH0G
L9405
L8181+ 05
L0006
U3REL08
JOIE4 06
L9BALCEOS
LD93EH06
LH2E406
VRTGEAD4
C3O0E+QS
L TUBE+06
CIT0EHD6
COTLERE

Pl O R e

N ARSEREN AN i ' TN s P~ ¢

083E+06
LOTHEANS
LO08PE+0S
A2BEH0S
L191E+06
JITYER 06
388E+06
O22E 06
CABLE+0S
ORLES 07
AO0TEFRDY
180E+07
LAG6EHDT
I3UE+OY
MHIUERO07
BOTE+0Y
CIB3C+07
JATIE+OY
LTOLEHDY
CBOUE+07
U077
OUTEADT
IYTEFDT
IDOESO7
C3HREHGY
JOUE+ 7
LSTUE+OT
LOBTE+07

2=
L A ]

oAt a i s s BN N e N ¢

QIS FATS IS e e el e e b Ll

~

Py

HE TATLED
SLICKILLET RISTRIRBUTTON RESULTS
SMALL LARGE VOLUME
L AMETER NIAMETER HISPERSED
(M) (M) (M*%3)
0.000E+00 ©0.000E+00 O0,000E<00
LoiwE~05% 4, 721E-02 0.000E+00
1. 140E~-05  3,.347E-03 0, 000E+00
1. 140L~0% 2.741E~03 0.000E+00
1, 140F~05% 1.756E~-03 |,72GE-03
1. 1U0E~0%  1.230E--03 U.,1463E-03
1. 140E-03 9.207E-0U  4.8735E-03
LIW0E-05  7.2106-~00  1.7594E--02
I VIY0E-05 5.809E~0u  5.,262E8-02
1V LW0E~Q0S 4. 8I4E-04  9.091E- 02
1. 140E-05 4. 0UBE-0U  1.6U4K-01
LVIWO0E~0S  J.U4U2E- 04 2.8176--01
114QE-05 2.%962E--0u 4, 1546E-01
LIW0E~0S  2.574E--0  5,710F~01
1, 140E-0% 2.257E~04 7,355E-01
LIM0E~-0S  1L.99%FE-04 @ ,071E-01
1 140E-0% 1.778E-04  1.093E+00
1.140E~05 1.5946E~04 1.288E+00
1IB0E~-0% 1. 4N2E~0%  1,h84E+00
1.140F -65  L.J13E~04  1,4681E+00
1.100E-0% 1.2026E~-04 1.875E+00
2.49FE-05 0 1L 113E-00 1, 8U4E400
2.493E~00  1.038E-04  1.463RE+0D
2.U493E~00  Q.727E~0S 1.,626E+00
2U493E~05 Q. 122E-0T5 1, 4T73E+00
D2U493E~0L L G92FE-05 1,353 +00
2.U93E-05 8,108E~05 1.292E+00
2.U93E-0D - 7.66%E-05 0 1,076E+00
2.492E~-05  7.271E~0% 1,027E+00
2.493E-00 6.897E~0%  9,878E--01
DN93IE~0G S6.323E-0T 7,999K--01
2,49 7 6.250E-05  7.127E-01
2.493E o 5.962E-05  46.960E-01
DYYIFE-AF 5, AROF-05 &, EN4F--01
2.493E~05 S 439E-05 5, 782E~01
2.493E-~09  5.209E-05 5, 241E--01
DUPIE~0G 4, 993E-00  4,876E-01
2.H93E~0G 4, 791E-05  4,381E-01
2.UP3E~09  ,603E~05 3,812E-01
D2H93E~0T 4, u2VE-0S  3,378E-01
2. U493E-05 4., 262E-05 3,037E-01
D2.493E~00 w4 104E-0D 2, 727E-01
2.493F~05 3.9U9E-0%T 2,.294E-D1
2. 493805  X.8D22E~05 1, 268BE~03
2. 493F~05  3.702E-0% L, 320UL-03
DU9IE-0L FLSYTE~0L 1, 382003
2. 493E-0% I US9E~-09  1.438E~-03
2U93E~00 X 3B/E-0D 1 U4WOLBE-QS
2.493E-0%  3.242E-~0%  1.5U9E~03
DLU9FE 00 FL 101805 1.60%E-03
TYPRE-0% FL.046E-0N 1, 659E~03
2M9ZE-05 2.906E-05 1.VIME-~03
E-13

e e




T

7

TARLEF

I

"

Ax

3

i2
13
1

146

o1

e
od e

&

&

~COMPONENT MARS

camMp.

T 000E+0L

0
L
3
i

‘)
.

fl

TSSO o

S oMo OD DO D Do ST

[ B o 2o B o

U401
UVPE+ 0]
153E+01

LBYGEH 0]
8.

GOLE+00

B746F +00
¢,
0.
0.
a,
0.

000F+00
000F+00
enRE+O0
GooE+00
M0k +00

Lo00L+Q0
0,
n,
0,
LNGCE100
LO00E+00
NG an
NOOE+0D0
LO0QE+00
,000E+00
LO00E+00
L000E+Q0
LOngEs-00
,000E+00
MOOE+00
000400
LOUOE +00
LO00F+00
LO00E+Q0
LO00E+D0
LAO0F+00

D00E+00
QoeE 00
000t 00

000+00

L000E+00
LO000ED0
LOGQE+ QO
LO00GE+D0
LOOOE«00
LO00E+00
LOooE+00
LDO0BE+0D
LO00F+00
COR0E+00
LO00E+00
O00E+Q0
CO00E +0N
O00E+00

GOOE +00
000E+00

LO00E+00
LD00E+00

b Ld bk e fek tee bek ek gk e ek b

LN 53 3t

&

R R R it e

-
P

(= i R o8

camp. 2

LA e02
LRI
LOUT7EA4QD
COG3EH0D
COABE 0D
LEEOER02
WLITESQD
JHETER02
CBUIE02
C2RPEADD
1860102
LOT2EH02
ARE 0]

2224401
PULE+01

LTORE+0L
COLAE 0
CS1RE+01
LA2OEA0L
LBP3F+01
LE18E403

267L+01

COPUE 0T

160F+01
JOSE+4 03

COUPE+01

FROE400

36700
L0800
COGUE4AC
JTOYERDO
LATIEH00
CALPEHQQ
LABTF+ND
JALLIE QD

7.180¢00

LPR0E 00
L302F+00
LB9T7EL00
CS16E+00
J199E+00
LROLE DD
SVARE+GA
CYARE+D0
LOTUE 00
L 736E+00
ODIE+0N
V32AE+00
JAL0E00
COB0E+00
COGOE+00
LD00FA00

TABLE_E-8

3232

COMP. 3
LAQE QD
LI9LE &R
LQ3GE+Q2
AT9F402
RS A1
L2620 40 2
LU 02
LO20F4020
LQUAEDD
O UE+Q2
L0SE+Q2
Lg00+02
L7602
L2NERe2
LS00
CA8RE02
CIDLE Q2
AT TR (I
CRTHE+QD
V39202
L Qubk+02
JHO05E40D2
A Q7E QD
Log8r+02
AHORE+02
LoE+02
MIIE 02
R +02
MI2E €02
JpLIE40D
R JUE4Q2
RS LITPEN (4]
A1 SE+QL
LAiRE+0D
AT A0
MILGEQR
Jrlér o2
MlAE+Q2
1aE40D
LT AE+OD
ApinE+QD
M 1GE+00
JrIyE+0R

2 TAE+02

UIPE40D
e
A 0ERQD
JAHG9E+DD2
MOTERGD
LOSE+02
JHOAEYOD
ORE+02

E-14

FONCFNTRATIONS

(KG COMPONENT
PER CLURLC MPIFR DF QLICK

caomp. N

[y

e b bk et bl ek Gk el ek ek fed b i b fek b bk feb et b G b e ek e b bbb bl Bl b e b ek bt Rl e e

CATIEA0D
L396E 02
U300 02
HEHEEHED
N 98E 02
LO3012+00

L SSSE F02

LETEED2
QTR OD
LA20E+DD
CARSEA 00
LA 02
R ot e O

TI7E402

LT6PL 02
LU0LE+D2
X002
CRLTIE+H0
LBROF+02
LR00F+02
LIFLEHQD
PUTE D2
PIPE 0D
LR20F402
CYDDE QD
CODRBEHDD
CORDE DD
PDTEX0Y
LOREE+QD
LR30E+07
L932F w02
L3300
LOBOE +02

PI7EL00

L93BEF02
CPN0E+D2
OULEROD
OUEE 02
CPUBEHOD
LRUAE+D2
CNTE QD
CPUBE+02
CIEOF4 02
OH1IRE+02
JRLIE 0
CPUEEH02
COUUE +O2
CRUSE+0?
CPSSEH0D
CPEBE+02
CYOHLE DD
LP6LE+0.2

coMp. U

O G owd Ol B O3 DI B B

JAYQE 0D
MLOED2
JQBEAQD
ETTER0D
LHOHO0E #0202
LT37E402
A R
LBUQERQY
LQLE 02
LOBTEHOD

U, 020E+02

L090E+Q2
CTAHES0D
ONAEHQD
LE22E402
L399EH0D
MTAF 02
CE3TLE02
LLYUE+ 02
COH2EH02
CABLE 0D
CABOEH0D
,689E+02
LOP2E RGP
AP6E 0D
LTO0E 0D
CAOHERDD
TOBE+0D
L7120 +02
CT16E+02
CIDPIES02
TA5F+OD
YDPEHQD
BFECRAE Y
COATE+0
CTHOESDD
CUNE+QD
CIHBEFR0D2
CTOIE+02
CTEGERQD
L TORE+0D
CTHLFH0D
CT6TEH0D
LTEREFRDD
JATIEAQD
CTIUESGD2
TTEEA02
CATPEROD
L T7RIE+0D
LIBUE DD
LTY2E+02
YRR 02




I

1

SIZE 1
0.000E+00
2,318E-02
1. 32W3E-07

TABLE -9
TARBLE 7--LROPLET TERMINAL

St 10w aee EL o Gbm BSL Mben dem o0t eas Tom PSS Boup Bues 01 MR Geos 0N KON ben i St SNeh Send Sam T Saee Beve i Smas Peed 0 Veew Gew W

SIZE 2

¢, 000E+00

7. 723E-02

6. HOLE-0D

VELOCITIES

8YZE 3
0.000E+0Q0
¢.958F-y2
8. 20%E-02

(M/78) -

4

SLZE Y

LO00F+00
17801
LIS 02

b B8.14PE-03 H.707E~-02 7. 3T1E-02 B.48PE-02
9 3.3W0E-03  2,810E-02 §.7920-02 4. QUUE-0D
6 1.632E-03 VIGRE-02 3, 683E-02 O, 6UEE-02
7 9. U3PE-0Y MPRE-(3 LO2BE-02 3.930E--02
8 6.001E-04 VAL12E-03 CR3IPE-0D 2. 39UE-02
Q W, 023E--04 L98YE--03 CPOBE-DA CAAWE--02
2.843E-04  2,035E~03 L3B83E~-03 033E-072
2.083E-04 3 B33E-03 CTEAE--03 ATTE-03
1.569E~-04  1,036E-03 L 488E-03 A 1EE-03
13 1.209E-04  7.4647E~04 CPE3E-0) JPLTE-03
?
7
b

P

23 E Y

14 HA2E-0G G5 TITE-0N MA2E-03 TEH3E--03
i COUSE~-0S B RIBE-QU A07E-03 ATUE-0F
3 4By E~-0N CSRIT-0N CGBE-03
2.36E-04 LABPE~QL L R3RE-03
2.M00E-04 5, 332600 CS0GE--0
1.817E-04 4, X22E--04 LBTE-0L
1.518un -0 Z.561E-04 M EEE-DN
1.287E~04  2,97QE~0N L A4HRE 0N
1.591E~-04 2, 9u0E-0U , TERE--01)
1. w00E--QU 2, 5946E--01 N R A T
1.276E~04 CRLTE-~0l &HEHG6IE-04
- 25 H.190E~0L 1, 166E-0L PRS0 F L 23GE--00
= 26 H,980E-05% 1,074E~0W 348 ~0h 2, 8301--0H
1 27 WL YPLE-0S 9., 924E~05 CA9TE~OL L ETIE 0N

4

2,

3

7

{

&

)

é

5

CROLE~09

[ SR oc IEERE N T g6 BRI ) JEN IS ol

17 G.209E-05
18 b piui-05
. 19 3.802E-05
3 20 3,327E~-05
34 21 2,993E-05
2 22 6.025E-05
- 23 5,705E~05
= 24 5. h36E-05

IR N SN R X IF RIS PN g ¢

i

28 4, 619E-05 CA0HE~0S JIBGE-00 0 2, 307100
29 b BWYLE~0S GOHE 0% JHOSE-O 2 08UE -0
30 4. 332E-05 CO33E-05
31 WL 206E-05 CHALE-0%
32 4,093E-03 LLO3E-0%
33 3.992E-05 CPOTE-05
Sh 3, 895E-05 C 3N Y0
35 3.807E-05 O LBE-00
36 R 7DYE-0G LERIF-05
37 3.652E-05 JAHOIE-0G
38 3.583E-05 S5.217E-03
;g 39 JF.SBR0E~05 4, 995E-05
F 40 MAELE-05 4. Y92E-0Y
e 3 JHOSE-0D U4, 605E-00

207E-00 1, 88%E-01
LR2E-04 L TOE N
O P UL S I R4 EE

J

i

1

O LE QY R
C3BEE-00 e ped g (1]
JOARE- 00 1L L9EE -0
JASSE-0S 1, L0LE~0Y
COZLE-0T 1, 0L 60U
AGAE-0G 2. n01E-0%
T2BE~-0G @, 71803
CBBOE~0D B LOBE-0D
QAL -0% 7, UUTE-VD

e Rt s I R S S e el 20 i

[ s o4
HEE

o s 3 =g

. 42 3LFGUE-05 4L U3RE-05  5.661E-05 7. 0M0E-0%
- 43 3.B06E-05 W, 27IE-05  5.BEHE-0S 6. SBO0E-05

0

Ity
us
6
b7

DE1E-05 i, 126E~D5
C2D2E-05 4, 000E-05
J1828-05  3,871E-05
, CMRE-05 3, 7EOE-05
- 48  3.109E~0% 3.,46H0E~0S
£ 4O B 07SE-05 3, SIGE--0%

: 50 3, 080E-05 3, N79E-07
, 91 3, 009E-0% 3, ZLIE-05
E 52 2.982E-0%  3.258E-05

OP3E-05 AL L62E-0%
B63E~-05 G, 8L0E~0T
AR2PE-05 B USBHE-DF
MIZE-05 0 OLOL28E-05
L R2INE-0% L, 829105
CO29E-08 WL DGHE-OG
CP03E-0G 4, 300
CAPBE~0Y ML 04DE -0
CSUTE-0G EL BUBE-0T

INERENRRERFAFNEAFNEL
NN FFFFF

S E-15

. Tm Tm‘..p;;..‘"‘...{"“*.,:w.‘:‘




12
13
14
1%
16
17
18
e

21
)
Nu Na
23
2u

oY
25

26
27
28
29

33
32
33
i
35

L
b Wl

37
38
39
4.0
"1
3¢
! yaA
I W1y
- Wi
g hé
5 uv
] 48
19
a0

Gl

BEZE 1
0.000E+00
1.780E-01
J.607E-01
S0 LE-01
1. 342E+00
2.713E+00
b, 7H9FE+00
W 793E+00
I, 793E+00
. 793E+00
b, 7OXE+00
. 793E+00
I 793E+00
b, 793E+00
b, 793E+00
. 793E+00
B 793E+040
H.793E+00
I, 793E+00
L. 793E+00
4, ?9IE+00
., 0846E~02
9,486 -02
9, 586002
9., 38402
9. 586k-02
9. G86E~02
2. 58602
2. 5861002
9. 584E-02
?.O8eE-02
Q. GR6E-02
9. G86E-02
9.586E-02
9. 086E-02
2., G080 62
9. GR&E~02
?.586L-02
9. GB4E~02
9. 58602
9. U602
9. GB6E-02
9. U861 -02
9. 086102
9. G84E-02
9. G86l2-02
9 GB6E-00
?,586E-02
9., G986E-02
92.,5846k--02
Y. 086F--00
P, 506~ 02

TABLE_E-10

8IZE 2
g.000E+00
G.BOWE-G2
6. 998E-02
7. B55F-02
1. 598E~01
3.

21GE-01

L982E--01
9, 730E-01
1. 501E+00
2, R202E+00
. 127E+00
b, Z2GE+0D
b Y93E-+00
h, 793E+00
4. 792E+00
I, 793E+00
L, 793E+00
I 793E+00
I, T93E+00
b, 793E+00
I, 79XE+00
9, 586E~02
9. G86E--00
9, B86E~02
9. G86E-02
9, G86E~02
9. G846E~02
9, 586E-02
9. H86E~02
9, G86E-02
9. 586E-02
9. 58602
9. 086E~02
9. 586E-02
9., G36E-02
P UB6E~02
9, G86E-0D
9. 986E-02
. OB6E-02
9,986E~0D2
9. 586E 02
9. 5986E~02
9. G86FE~02
?,U86E~02
P OBOE~02
9. G86E~02
9. 586E-02
9, G86E--02
v, G8AE~0D
. 5B84E-02
.UB6E-02

@, W6E-02

E~16

BIZE 3
0.000E+00
N S02E-02
B BF0E-02
6,098LE-02
7. 738E-~02
1.217E~01
2.210E-01
3.617E~01
9. 628E-01
8.328E-01
1. 193E+00
1.,468E+00
2283600
2. 067EHD0
b, JuBE+00
b, 793E+00
I, 7936400
b, 793E+00
. 7Y3E+00
b, 793E+00
b, 793400
9. u86E~02
9., G86E-02
9,G86E-02
9 GGHE-02
?.,0986E-02
?.086E~02
2.484E~02
9. G86E-02
9,586E-02
9. 586E-02
?.,5R6E~02
9. G86F~02
?.UB6E-02
9., G86E-02
LaB&E-GR
9. 5B86E~02
9, 586E-02
2. 586E-02
9., 586E-02
9, G86E~02
9. UB6E-02
9. U86E~02
9, 586E~02
9., 586E-02
9, 986E~02
9., G84E~02
9, 586E-02
9, GB6E-0D
9,5861C-02
Q. U8LE~- 07
9, G86E-07

TAYLE &--DROPLET DYSPERSION DEPTHS (M)

QIZE 4

0.000E+00
3.807E-02
b, G302
W LE9E~02
6, 550E-02
7,230 02
1 IM0E-01
1.872E-01
2,923 --01
. 3N1E--01
.M HE--01
8.7468E-01
1. 206E+00
1,628E+00
2.161E+00
2, 821E+00
3.621E+00
hoET71EA00
e, Y93E+00
b.793E+00
b, 793E+00
9. B86E-02
9. G86E-02
?,986E-02
. 386E-02
. 5R86E-02
9, G86F-02
G86E~02
G86E-~02
IB6IE-02
G8OE-02
LEGB86E-02
S86E-02
GB6E-02
CS86F--02
G8AE-02
G8o6E-02
G86E-02
CS86E-02
COBEE~07
G861 02
CaBAE-02
CSBOE 0D
CIB6E-DL
D86E~0.2
IBOE-02
COBOE 02D
VEB6E-02
wB6L 02
SB6E-02
CB6E-02
L E86E--00)

O
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TABLE_E-(1
TABLE 9--VOLUME IN DROPLETS (M#xaX):

e
= OGO F I

[avy
(g8}

vy
+ G

[y
(a4

I SRR I e
Qg O 4O

28
29
30
31
32
33

zh

SIZE L
0.000E+00
4, 007E~-03
3.984E-03
3. 945E-03
b, 023E-03
b, L40E-03
b.301E~03
b, 50103
4, 732E-03
I}, 985E--03
G.265E-03
5.573E~-03
u.?lHL-03
6.293E-03
4. TIHE-03
7.,181E-03
7. 699E-03
8.270E-03
8.89UE~03
?.5791.-03

9. 7H0E-0%
4, 1U8E~05
6, 370E~03
4, YI8E~O5
7 430E~05
7.868E-00

- - A
gl 11"'.. U'.J

g, 7unE-

¢, 199 U
9.6%3E“05
1 009E-~0N

GIZE 2
0.,000E+00
7. 437E-02
7.282E-02
7. 127E-02
. 013E~02
b, 923E-02
6.873E-02
6, 849E-02
6, 837E~02
4.815E-02
6. 788E-02
6. 755BE~-02
&.718E-02
6. 4683E-02
6. 653E-02
b.630E-02
6.619E-02
&6, 620E-02
6. 63UE-02
&, 662E-02

1, 133E~04
1.171E~0u
1.185%E-04
1.198E-04
1. 212E~-04
1 224E-04
1 E3%E~00
1, 24ZE-04
1,232E~04
1, 259E~0N0
L. 265E~00

SIZE 2
0 000F+00
2.050E-01
2.001E-01
1. 904E~ 01
1.908E-01
L. 86?E"01
1.836E~01
1.810E-01
1. ?86E~01
1.758E~-01
1. ?SE~01
1,494E~01
1.658E~-01
1.622E-01
1.586E--01
1.551E-01
1, aiBE*ﬁl
1.488E~-01
1. 061E-01
1. 437E-01
1.
1.
1.
1.
3.
1.
1
1.
1.
1.
i,
L.
1,
i,
L.
1
1.
1.
1.

UP1E-0"
L4&PE -0
bipikE~-0u
413E-04
FRIE~0
TLHAE -0y
34k ~04
SOUE--QL
RT6E-ON
QM GE-- 00
M20E~00

G178 u
0.000E+0D
B6PE-01
VB22E--01
TPTE-D
L P30E-01
68701
4UIE-01
.620E”0]
H?1E-01
.bU?F"ﬂJ
CO21E-01
N82E--01
MG OE~04
L398E-01.
355E-01
C31UE~01
CRTHE-01
WR3TE-01
CR03E-01

- A71E-01
2 9% 1. 031E~02 &.703E~02 WISE-01 1. 142E-01
. 22 3,525E-05 1.040E-0h 428E-04  1,121E-04
- 23 3,859E-05 1,060E-04 GDGE-QH L, 085E-0Y
$ 2, 206E-05 1. 081E-0u 5Q6E-01 1, 052E-00
25 4, 572E-05  1.,100E-04 S6E-0% 1,0140-04
L 26 4, 94BE~05 L.119E-04 TUOE-04 9. BI2E~0Y

; 27 5, 338E-05 1., 137E-04 G1TE-04 9, UYEE~05

151E~0%
84$Em05

S08E-0%
1 PHE-0G
CBR1E--0G
COTAE--00
CAGE~05
CRUPE-0D
CATEE-05
L3RG 0
CIR2E-D5

&m&mﬁﬁx}@mm‘OQQHHk—HHHHHHH!—*HHHHHHHH"‘E—““T—‘H

39 OS2E-08 ) 2V1E--04 192E-0 U, B6IE-05
b0 1.096&“0% 1. 276E~-00 1, 165800 5,61 1E-05
41 1.139E-0u 1, 280E-04  1.138E-04 0, 3469E-05
B2 1.182E-04% 1, 283E~-04 L, 111E-0h  H,134E-0%

1 2RYE--0L
1. 26GE-0N

1, 285E-04
1. 286E~-04

1, 08UE--0Y
L. 0G8E~-01

. 909805
" G6PTE--0%

uE  1,306E~-04  1,291E-00  §,038E~04 U4, G18E-05
b6  1.34AE-04  1,290E-04  1,012E~-0n 4,315E-05
7 1, 38SE-04 1, 290E-04  9,870E-0T B IR21E-03

1. 423E-00

1. 288E-04

9, 6251205

3 P36E--05

49 1. U60E~-04% 1, 286E-04  9.3BOE~05 3, 760E-05
50 1.497E~-04 1.,284FE-0b Y, 1G3E~-0G 3, G92E-00
91 1.8932FE-04  1.281E-04  8,93CE-05  F, 4IZE-05
92 1.5967E~-04  1.278E-04% 8,7L3E-05 3, 202E-0%

E-17
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this example run, then the components' vapor pressures and molecular
weights would not be given in the first table. Also, in this example
run, the display interval was 2; hence, as the Runge-Kutta time step
for a 100 m3 spill is .25 hours, results were printed every half hour
in the second and third tables.) The last six tables (see Tables E-6
through E-11) are only produced when detailed output is requested. (In
the detailed output tables, results are displayed for every iteration,
regardless of the display interval oxr the time step.)

E.2 PROGRAM LISTING AND NOTES

E.2.1 Program Listing

The program code is divided into two files, due to capacity restric-
tions on the IBM 5100 on which the program was developed. The first
file contains the input, initialization, and calculation sections; the

second file contains the output section.

E-18




Q010 REM 63333 3% 3 3 3 563 3 3 36 9% 6 9 36 3 %

0020 REM

0030 REM THIS PROGRAM MODELS THE RBEHAVIOR OF OIL SLICKS
0040 REM ON ROUGH SENAS. PARTICULARLY THEIR SPREANING,
0050 REM EVAPORATION, DISPERSION INTO THE WATER COLUMN,
0060 REM AND EVENTUNL RREAK-UP THTO SMALL SLICKLETS.
0070 REM

0080 REM THIS PROGRAM WAS WRITTEN FOR THE UNITED STATES
0090 REM COAST GUARD RBY JOHN K. OSTLUND OF ARTHUR I,
0100 REM LITTLE, INC.., JULY 20, 1981,

0110 REM

0120 DIM RS BIH) LA VG LEA) ,TAHD L WUCLE)Y , @ C10),#(10)
0130 DIM Y(&),6(5), TCiu1), JC11),SC1LuL)

QLY0 DIM PCEY MO, OCLUL, 5, FCo) KLU

0150 DIM LCIn1)  HOLWL)Y . NCIR DY, 1), udiut, )

RLO0 DIM OCINL ), 21l 0, X(A1),QC11)

0170 REM %3965 59 533X 3 3HH A K%

0181 REM

0190 REM %3 MAIN PROGRAM  sewx

0200 REM

0210 GOSUR 0371

0220 GOSUR 1480

0230 FOR T0=2 TO N

0240 PRINT 'ITERATION NUMRBER:';I0

0250 IF TO0-#(Y2)Ivy2:=Y1 GATQ 0280

02460 Y2=Y2+1

0270 GNSUR 280

0280 GOSUR 2550

N290 1F F2+0 GOTO 0340

0300 GOSUR 3910

031y GOSUR Yi1u0

0320 GOSUR 4940

0350 NEXT 10

030 GOSUR B3110

0F50 CHAIN "EQO0", 1

N360 ENI

DAV REM 9636 0 0 36363696 36350 30 3 3 Jo 3 369 36 3 3¢

0380 REM

0320 REM #3 INPUT #x

0400 REM

OU10 PRINT "INYTIAL VOLUME OF SPILL (CJRLS METERS)Y?
Qu20 INPUT V0

QU0 YF VozL00, GOTO OuA0

0hy0 PRINT "THE INITIAL VOLUME MUST RE 100 OR GREATER. '
ou50 GOTO ol

0460 IF V0500 GOTO o0uvo

0u70 T3=,25

o480 GOTO 0930

0u90 IF v0=:3000 GOTO 0520

0500 T3=.5

0510 GOTO 0430

-19
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0520 T3=1,

05936 PRINT 'THE RUNGE~-KUTTA TIME STEP IS ';T3;' HOGURS.'

0Su0 PRINT *

0S50 PRINT 'TOTAL SIMULATION TIME (HR) {MUST RE ' ;140xT3
0560 PRINT "OR LESS)?';

0570 INPUT T2

0580 IF T2:9.999%T3 GOTO 0610

0520 PRINT 'THE SIMULATION TIME MUST RE ';10%7T3;' OR GREATER.'
04600 GOTO 053

0610 IF T2:140.001%#T3 GATG 0550

04620 PRINT "DISPLAY INTERYAL (INTEGER--NUMBER GF RUNGE-KUTTA'
0630 PRINT 'TIME STEPS BETWEEN DISPLAYED QUTPUT LINES)?',
06u0 INPUT IMl

G450 IF DL1&NL=INT(I1) GOTO 0680

0660 PRINT 'THE INTERVAL MUST RE A POSITIVE INTEGER.'

0670 GOTO 04620

0680 IF DxT3:T2/4,9999 GOTO 0720

0690 PRINT ‘"FEWER THAN % OUTPUT LINES WILL RESULT. CHOOSE”
G700 PRINT 'A SMALLER DISPLAY INTERVAL,'

0710 GOTO 0620

0720 PRINT "RASED ON A ';T3; " HOUR TIME STEP AND A DISPLAY'
0730 PRINT '"INTERVAL OF ';01;', THE STMULATION RESULTS WILL'
0740 PRINT 'BE DISPLAYED EVERY ' ;7T3%*D1;" HOUR(S). I8 THIS'
0750 PRINT 'SATISFACTORY?';

0760 INPUT A%

0770 IF S8TR(A%,1,1)="'Y" GOTO 0800

0780 PRINT "ENTER & DIFFERENT DISPLAY INTERVAL.'

! 0790 GOTD 0640

¢ 0800 PRINT 'DIO YOU WISH TO ENTER THL 0OIL SPILL'
0810 PRINT 'COMPONENT MAKEUP FROM THE TERMINAL (ENTER ''T'*)'
4820 PRINT "OR FROM A FILE (''F'')%*;

| 0830 INPUT A%

- 084%0 IF A$="T"' GOTO 0980

TN 0850 PRINT "ENTER FILE NO. TN WHICH DIATA ARE STORED, ' ;
¢ 0860 INPUT F

0870 IF FrO0&F-11 GOTU G700

0880 PRINT "MUST KE BETWEEN 1 AND 10.°

0890 GOTO 0850

g ! 0900 OPEN FLO, '£40°'.F ,IN
a4 0910 GET FLO,NO

2 0920 FAR I=1 TO 110

SN 0930 GET FLO,R(I).I(I), V(D)
N 09u0 NEXT I

SO 0950 CLOSE FLO

o 09460 GOTO 1420

0970 FRINY

- 0980 PRINT "NUMRER OF COMPONENTS IN SPILLED OIL?';
0990 INPUT NO

1000 IF NO=G&NO=6 GOTO 1040

1010 PRINT "THERE MUST RE BETWEEN 1 AND 5 COMPONENTS.'
1020 GOTO 0980




1030
1040
1050
1060
1070
Logo
1090
1100
1110
1120
1130
1140
1150
L1160
1170
1180
1190
1200
12190
1220
1234
1210
1250
1260
1274
1280
1290
1300
1310
1320
1330
1340
1350
13240
1370
1380
13906
RO
1410
2o
1430
1u4u0
LuSo
1460
1470
1480
1490
1500
1510
1520

1530

PRINT

PRINT 'FOR EACH COMPONENT, LENTER THE SPLCIFIC GRAVITY., '
PRINT '"ROILING PODINT (DEGREES C), AND RELATIVE'
PRINT 'VOLUME (THAT IS, PARTES COMPONENT PER PART®
PRINT 'SPILLED OIL).'

Vi=0

FOR I=1 TO NO

PRINT

PRINT 'FOR COMPONENT ';I;': ',

INPUT R(I),BCL),V(I)

IF (=0 GOTO 1160

PRINT 'THE RELATIVE VOLUME MUST RE GREATER THAN ZERO.'
GOTO 1160

IF RCD)& H&R(ID 1.1 GOTO 1190

PRINT ‘THE SPECIFIC GRAVITY MUST RE RETWEEN .4 AND 1.1.°
GOTO 1100

IF B(IDzn0, GOTGC 1220

PRINT 'THE ROILING POINT MUST RF GREATER THAN u0.'
GOTOo 1100

Vi=Vi+V(1l)

NEXT I

FOR I=1 TO NO

V(D)=Y(I)/Vl

HEXT 1

PRINT 'O YOU WISH TO WRITE THE OIl. SPILL’

PRINT 'COMPONENT MAKEUP TO A FILE?';

INPUT A4

IF STR(A%, L, 1)#'Y" GOTO 1u20

PRINT "ENTER FILE NO, IN WH.CH UATA ARE TO RE STORED.';
INPUT F

IF F=0&F<11 GOTO 1360

PRINT "MUST RE EETWEEN 1 AND 10.°

GOTO 1310

OPEN FLG, "EM0',F ,0UT

PUT FLO.NO

FOR Y=1 TO NO

FUT FLO,RCIDY,RB(ID),V(I)

NEXT I

CLOSE FLO

PRINT

PRINT 'CURRENT SPEED (M/S5)7";

INPUT CO

IF Coz0&CO:5. GOTO 1u”o

PRINT 'THE CURRENT 81 'I' MUST RE RETWEEN 0 ANW 5.
GOTO 1420

PRINT

PRINT 'TEMPERATURE OF THE SEA (DEGREES C)7?';

INPUT TO

IF TOoz0&T0:50 GOTO 1540

PRINT 'THE TEMP. OF THE SEa MUST RE RETWEEN 0 AND 50.°
GOTO 1480




1340 PRINT

LHG0 PRINT "INITIAL DISTANCE TO SHORE (KM)?';

1560 INPUT IO

1570 IF I0=0 GOTO 1400

1580 PRINT 'INITIAL DISTANCE TO SHORE MUST RE GREATER THAN 0.°
1990 GOATO 1540

14600 GOSUR ShEo

1610 PRINT 'DO YOU WISH SUMMARY QUTPUT ONLY (ENTER ''8§° ')’
1620 PRINT "OR DETALLEY QUTPUYT ¢ "D '),

1630 INPUT At

1640 F3-:0

1650 IF A$='S" GOTO 1670

1660 F3=1

1670 RETURN

1TARD REM 9 56369309 3 3 96 38 36 36 3 30 3036 36 3 98 9 3¢
1690 REM
i 1700 REM %% INITIALIZATION #x
< 1710 REH
E L0 G981

1730 R1=1000.
170 Ml=1,E~-06
- 1750 PO=1,E05
1760 KO=1.E--08
1770 S1=,07%

1 1780 T0=TO+273

9 1790 FOR I=1 TO NO

8 1800 BCI)=u(T)+273

; 1810 NEXT I

t 1820 REM *¥ CALCULATE AVE. SLICK DENSLITY »x

1830 Ro=0

180 FOR 1=1 70 NO

1850 RO=RO+RCLI*VL)*R1

L& NEXT T

1870 J(1r=R0

1880 TI=T2x3400,

1R90 TA=TI%IZ6u0,

1900 8¢17=v0

1910 FOR I=1 TO N0

; o0 C0L, D=V (I)¥R(TIVRI
{ 1930 RI=R(I)/TO
1

- —— ———— . e —

190 POIdY=10. 8 (-0, »(R2-1,))#P0
1990 MAI =, u2n(R(I)~10&.)
1260 MEXT X
i 1970 ThW=0
1980 N=INT(T2/T3)+1
1990 E0=ND+1
2000 Nu=g,F-06
2010 ZO0=(1,-~RB/RL)*0G
-, 2020 T7= 0Uéx(VO/{Z0%NL))I1(,333333)
3 2030 IF T3/2.=T7 GOTQ 20460
2000 NL)=1 , 1% (Z0XV0) 1. 25) #8QR(T3 /2, )

ok

e\ Ciug
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2050
2040
2070
2080
2090
2100
2110
2120
2130
2840
21350
2160
2170
21840
2190
22040
2210
R0
2230
) ’H_I O

Na Al

")'1"‘,0

2240
2270
22840
22910
23040
2310

3 2320
. 2339
? f .\-.{\SLI [l
; 2350
£ DEAHD

—

2390
A0
LU0
2020
2430
2unn
"7I| 5 {1
20460
2un
2480
. 2ue0
o~ 2500
¢ 2310
F a0
S ( 2530
% 2540
")l:.l:,(]

.
e -

+

23700
2280 07

e s e — e oo

GOTO 2070

NCL)= 98 (Z012, wVith, /N1) 1, 083333%x(T2/2 )¢

HOL) =G (1) /(3 1HLE¥NCLI 12D

F2=0

I0=1

KC1)=0

L(1)=0

g1y =0

FOR I=1 T0 %

e, I)=0

N¢C1L,T)=0

2¢1,1)=0

NEXT 1

MATA LG, 9398, 579X, 4179, . 6051, 46915
DATA . 7257..7358, .7881,.81%9, .8413
IATA B&UZ,  BRU9, 9032, . 9192, .9332
ODATA 952, 9554, 2601, . 9713, .9773
SATAH 9821, . 98461, .,9893, .9918,.9938
DATA 9953, ,99465, 6974, , 9981, .9987
FOR T=1 TO 31

REATL X (1)

NEXT I

REGTORE

L= Lelft» 1000,

IF Lezivo000, GOTO 23310

Loa-jo0000,

QLIS /HOL)

Ty )=0

FOR T=§ TO NO

SA=G2+C1, 1Y/MUD)

NEXT I

I¢ty=0

FOR I=1 TO NO
GCTy=KOnWCI I3 CCCL, D)/ MAID) /8PP (])
TCLY=TCL)Y+GCLY ZCRCT Y %R

NEXT I

W TRGEGARC, 283/ (QCY2IHG))
BO=,001x6/CW2,)
W2=(6.,.83/(2 %3, 1416) Ml

N2=1 , 7EE-06%XWY2) 13, 73%W2/(B, %3, 11159%#10.)
Z1=2 %3, U1 6G/(N212 . ¥4,)
K2=,00UxW2%@(Y2)12,

RETURN

REM 3363 3 3 3 36 36 30 3 3 36 3 36 3 35 30 36

E-23
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2860 REM

2570 REM %% EVAPORATION/SPREANING xx
25380 REM

2590 Fil=0

2600 FOR I=1 TO NO

2610 FCIN=C(I0~1,1)

2628 NEXT 1

2630 FAE0)=8(X0-1)/3.1h16
2640 REM

2650 REM ¥% RUNGE-KUTTA ROUTINE *x
L6060 Fl=Fl+1

2670 IF Fixl GOTO 2700
2480 Kl=1

26490 GOTO 3000

2700 IF F1l=2 GOTO 27%0
2710 FOR I=1 TO EOQ

2720 Y(I)=F(I)

2730 E(I)=ACI)

2740 FDI=Y(I)+, 5%A(T)%T3
2750 NEXT I

2760 Th=Th+,5%T3

2770 Kil=1i

2780 GOTO 3000

2790 IF F1:=3 GOTO 2860
2800 FOR I=1 TO EO

2810 E(I) =R (1) +2, *ACT)
2820 F(IX=Y(I)+.5%A(TI)I%T3
2830 NEXT I

2840 Ki=1

28%0 G6OTO 3000

2860 IF Filx=u GOTO 2940
287¢ FOR I=1 TO EO

2880 E(I)=E(I)+2,#A(TI)
2890 FOD=Y(I)+A(TI*TE
2900 NEXT I

2910 Th=Th+, 5%T3Z

2920 Ki=1

2930 GOTO 3000

2940 FOR I=1 TO EO

2950 F(D)=Y (I +(E(I)+A(T) I %TI/4,

|
s

- —

o 29460 NEXT I
2 2970 Fi=0
e 2980 K1=0
: 2990 REM %% END OF R~K ROUTINE #%
| 3000 IF FC(EO0)Z,001 GOTO 3090

3010 IF ro=2, GOTO 30%0

3020 PRINT 'THE SLICK EVAPORATES IN LESS THAN ONE'
3030 PRINT 'TIME STEP.®

3040 STOP

3030 N=I0

30460 S(I0)=0

: E-24




3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
3350
3340
3370
3380
3390
34500
3410
Ju20
330
I
3450
3460
3u70
3u80
3490
3500
3510
3520
3530
3540
3550
3560
3570

FR=-3.

RETURN

REM %% SLICK RADIUS ROUTINE %%
SCI0)=F(EQ»*3, 1416

RO=0

FOR I=1 TO NO

RO=RO+F(1?

NEXT 1

Z0=G%(1,~R0O/R1)

IF Z0=0 GOTO 3200

PRINT 'OIL DENSITY GREATER THAN WATER DENSITY'
PRINT "IN RADIUS CALCULATION IN STEP ';I0;'.°
STOP

Te=,SUo%(VO/(ZO%NL) )¢ (,333333)

TE= BT (RL/S1I%((ZO%NL) 12, ¥x5(I0)th D1 (. 1666666)
IF T4=T3/2. GOTO 3310

IF T3/2.*T7 GOTQ 3260
Ru=1,14%((Z0%V0) 1. 25)%8QR(T3/2.)

GOTO 3380

IF T3/2.:=T8 GOTO 3290

Riy==, 98%(Z0t2, xG(T0)+4. /N1, 0833333%(T3/2.)1.25
GOT0 3380
RU=1,6%GQAR(S1/(SQR(NL)*¥R1IIx(T3/2.)¢.75
GOTO 3380

IF Tw:=T7 GOTO 3340
Rib=1,14%((Z0xV0) 1, 25)%#5QAR(TH)

GOTO 3380

IF Tu=T8 GOTO 3370

Rz, 98%(Z042, *S(T0) 4. /N1)1.0833333%Th1t, 25
GOTO 3380
RYy=1,46%8QR\S1/(SQR(NL)I%R1) I%TuUt .75

REM %x END OF RADIUS ROUTINE #*x

I6=0

FOR I=1 TO NO

[6=046+F(I1)/(R(T)*R1)

NEXT I

FOR I=1 TO NO

FCI)=F(I)/D6

NEXT I

82=0

FOR I=1 TO NO

S2=82+F (1 )/M(I)

NEXT I

I¢10)=0

FOR I=1 TO NO
GCII=KOxWY2I % ((F(I)/AM(I)I/82I%P(T)
ICI0Y=TI(T0)+G(I)/(R(LIXRL)

NEXT 1

HO=8(I0)/(3.1416%RU12,)

IF K1#1 GOTO 3620

FOR I=1 TO NO
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3980 ACI)=(F{I)/ZHOY % ICTI0)~GCTY/7HO

3590 NEXT I

34600 ACED)=-[(I0)%RUtY,

3610 GOTQ 2650

3620 REM %x END OF R-K TTERATIONG ¥
3630 FOR I=1 TQ EO

3640 IF FCIyxl, GOTO 3640

3650 F(ILY=0

3660 NEXT I

3670 J(I0)=0

34680 FOR J=1 TO NO

THP0 CCI0.D)=F (L)

3700 JCIM)=JCTI0)+F ()

3710 NEXT I

A720 H(I0)=HO

3730 N(T0)=RYy

J7H0 SIM=FE)%3.1416

3750 IF Ri=JCI0Y GOTO 3790

3760 N=I10

3770 FR=-1

3780 RETURN

3790 IF 3, 1Uulé6%RU42,:100000.,. 28100475 GOTO 3830
3800 N=T0

3810 Fa=-2

3820 RETURN

3830 IF SCTOHY/8C1H)=, 0001 GOTO 3870
3840 N=I0

3850 FR=-3

38460 RETURN

3870 TF JCIM) =, 1 GOTO 3904

3880 N=T0

3890 F2=--3

3200 RETURN

3210 REM 363030 309 5 9690 369 90 9 30 3 36 5 3 3 3 %

3920 REM

A930 REM %% LROP DNTAMETER %

390 REM

3950 NI=(L  =HOTO) /RO %NI+CHOTO) /T00) %NY
3960 IF N3:=N1 GOTO 3990

3970 N3=Ni

3980 GOTO U010

3990 IF NZINU GOTO 4010

B000 NI=Ny

HB010 Wi=(, %806l 253 /7 CT0) %06, SuN3tL . 25)
4020 IF Wi=10, GOTO u0%0

O30 KOTO)Y=, 4%t . 25%N3B . 75/64.5

4Louwo GOTO 4080

BO0S50 KCI0)=(,03%5L4 . 6%WE 4)/(RLY, 65061, 8)
4040 IF H(IOY=K(I0) GOTO 4080

HOT70 KCI0O)=NCT0)Y1 . 333333%xKT0) 1, 66464666
4080 L(I0D)=SQR((12.%#81)/(G*x(R1-J(I0))))
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i
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¢
3
4
1 !
E * ]
- +
!
k |
y-

090
H100
L1La
4120
130
140
4150
1160
170
1180
4190
200
210
4220
L2340
4240
Han0
1260
o
4280
naso
300
310
4320
330
4310
300
340
Wavao
30
4390
puoa
i Lo
Ly e
Y30
Lt 0
G0
Lhé&0
Ly7a
e
oo
&0 0
4:31.0
o
4530
HELO
LS50
HM5AD
3

Ir 10 =HOL0) GOTO 4i10
LCIOY =H(I0)
IF LCTM) KCrg) Gara wi13a

LCTO)=K{I0)

RETURN

RESPE 3636396 9 M 96 36 9 36 30 3036 3o 9 3 36 R 36 3 9%
REM

REM %+ DNROP NISPERGTON *%
REM

DX=N2%S(T0) #T3

[Mp=9  D2¥NLY 6666677 C (G (1, - A(T0)/RT)) T, 33I3ZF)
IF Ko #L<T0) GOTO 438D

REM ) MLIN AND MAX DEIAMETERS THE SAME %%
FOR t=2 T 4

0416, 140

WCIo, t)=0

200,309

NEXT 1

QCLa, 1)-=n3

IF K(I0) Xy GOTA 43la

UCTD, D= 8 »GaKT 0], ~J(I0)/R1Y/3 .01, 5
GOTO 4320

UCI0, ) =6#K{10)12, (1, ~J(I0)/R1)/ (18, xN1)
Zdw=, 01 =E2%@ Y212, /8(10,1)

I Z2°Z21 GOTO 440

ZCI0,31)=71

GOTO 1374

Z{T0. 1) =72

GOTO 4SS0

REM s MIN AND MAX DIAMETERS DIFFERENT wx
An20 %13/ CLCLD)Y A5, -8 6l (TO)RKC1O) I, 40, %K (T0) 135, )
FOR 1=4 TO 1

DR CLO)4 00, %11 LT ~KCE0))/8,)
OCI0,I)=A%dL(TO) D3 #0543, %« ((LCTO)-KCL0Y) /N 0D
IF DEsrm Gorn puaso

L0, 1) =SQRE, sl 0E% ], ~J(T0)/R1)/3.)
GOTO 4uyo

L0, D =GalT 2, %3, - (T /R1ID /(T8 #NID

[F T(Iy=1 GOTO 4500

L2, 03 HWIH#@CY2)20, /7U0CT0, 1)

TF Z2-<71 60TO 1wS30

Z2CI0,T)=21

TiTY=]

GOTO W50

LCLO,1H=22

NEXT T

REM w» CALCULATE TOTAL 01, REMAINING DNISPERSEL »x%

Heyoy=n
FOR ¥I=17 10 fda

rge—-



4580
nE9a
4400
sl 0
3629
&30
4440
W&650
ERY A
W&H70
4680
490
3700
710
4720
4730
b7u0
Y750
W7460
4770
w730
4790
hgoo
Hg10
ug20
4830
yau0
Haso
4840
nevo
Ha3g0
Hge0o
400
eLo
20
oSG
1940
U]
Woal
o7
1960
oo
so00
G010
w020
5030
S0n0
5050
uhén
5070
E0aq

n9=0

FOR J=1 TO 4

IF DCI,J)+0 BOTD 4630
09=119+1

GOTO 48890

IF Z(I,0):0 GOTO 4660
09=09+1

GOTO 4880

IF UCI,.D+0 GOTO 1690
ICT0Y=(I0)+0(1,J)

GOTO 4880
T1=(10-14+,5)%T3

@ (UCT, ) %TL-Z (T, J))/8QR(2, ¥K2%T1)
ng=1

TF Q0 GOTO 4740

11g==-1

IF Q@:2. GOTD 4770
9=09+1

GOTO 4880

IF Q-=2. GOTO H800

ICTO) =0T +0(T, )

GOTO #880
Q=AKS (Q) %1, 4142
QL=INT(10, %@)+1

QZ=Q14+1

PLaX QL)+ ((XCQD) =X (@1 1)/, 1) %@~ Lx(Q1~1))
I+ D8=-1 GOTO H870

DL =0T+ (L, =PI #0(L, )
GOTD 4880

ICLOY =TT +PLR0CT, D
NEXT J

1" D9<4 GOTO 4910
I7=D7+1

NEXT 1

§5=5(10)
GCI0Y=ECT0)=C(IC1 O =T(I6-1))
HCI0)=H(T0)*(5(T0)/8%5)
RETURN

REM 3 2030303369 3036 36 30 % 303 3 903 3 96 1
REM

REM %% SLICKLET DTSTRIRUTION s
REM

IF L1#0 SOTO 5100

IF H(T0)5.001 GOTO 5000
QUIOY=BCI0)/HCIN)

RETURN

TS (10-1)%T3

Li=1

OR=NCI0Y12, /3,

T&=250, %024, Uk

QUTO) =l , ¥3, 1416%0D
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5090
G100
glio0
H5120
5130
a1t
G150
alsl
G170
9180
9190
9200
210
gy ey

Al
5230
Sau.0
9250
52640
9270
H280
a290
5309
G310
5320
B330
G340
5350
U360
L 7o
5320
S9390
SHoo
LN
42
S 30
SHL0
SU4S0
Su60
L WA
au80
L]
5500
Ll

5520

G030
5540
5950
9560
59570
5580
3590

RETURN

T9=(I0-1)XT3

IF T9:Té& GOTQ 5160

02=N(I0)12./3,

02=024, 2F%N(T0) 11, 5#COR(TP-TH) /SQR(LO)
Q(I0)=l, %3, 1416%02

RETURN

02=N(TI0)X12./3.

03=02

03=02+ 23%NCI0) 1, 5%CO%(T?-TS) /8QR(LO)
IF L2#0 GOTO S220

R3=N(I0)

L2=1

03=03+, 23%R311 . GxCO0*(TH-TH)/GARCLO)
03=03+5 , E-06%(T212,3-T612.3)

IF 02«03 GOTO S290
QCIO0) =, %3, 14 L6%02

R3=N(IO0)

Té=T6+T3

RETURN

QII0d=4, %3, 116%03

RETURN

REM 33365 %3 33303 6 3 306 ¥ ¥ 3 36 %

REM

REM *% VARIAERLE MAP xx

REM

OPEN FLI1,'E80°',002,0UT

MAT PUT FL1,I,J,8,K,L:H,N,D.Q, W, 0,4
MAT PUT FL1,0,U.Z,C, R, B, V, P,

PUT FL1,NO,T3,N,V0,C0,TO,00,T2,01,F2,F3,Y1
CLOSE FL1

RETURN

REM %9265 59 06 36 36 36 3 K 36 5 3 X

REM

REM #*x WIND/WAVES %%

REM

PRINT 'ENTER THE NUMERER OF WIND SPEEN/WAVE HEIGHT®
PRINT 'TIME INTERVALS (1-10).°;
INPUT Y1

IF Yi=0&Y1<)1 GOTO 5510

PRINT 'MUST BE BETWEEN 1 AND 10,
GOTO 51450

PRINT 'FOR EACH INTERVAL, ENVER THE WIND SPEED (M/8).°

PRINT 'THE ONE-THIRD SIGNIFICANT WAVE HEIGHT (M),°
PRINT 'ANI THE BURATION (HR) OF THE INTERVAL.'®

FOR I=1 TO Y1

PRINT

PRINT 'GPEED, HEIGHT, AND DURATION FOR TNTERVAL';I; ":

INPUT W(T),@(I),#(1D)
IF W(ID) =0&WCT) 260 GOTO 5610
PRINT 'THFE WIND SPEFD MUST BE BETWEEN 0 AN 40.°
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.
e i -

5600
5610
5420
5630
56 [
5450
5660
5670
5480
5690
5700
5710
5720
5730
5740
5750
5760
5770
5780
5790

GOTO 54560

Y=, 2803%/9.81

TF @CLYZAP% (WL e, 8) 12, &QC1) AP UTI#1 ., 242, GOTO
PRINT "THE GIVEN WAVE HEIGHT 1S NOT COMPATIRLE'
PRINT "WITH THE GIVEN WIND SPEED., THE WAVE HEIGHT®
PRINT "MUST BE RETWEEN' ;AP (W(I)%,8)12,;"° AND'
PRINT AQ#(WCI)*1 ., 2)12.; " METERS,®

GOTO 5560

IF #C1O=0 GOTO $710

PRINT "DURATION (HR) MUST RE GREATER THAN 0.°

GOTO G540

BODY=INT(HON) /T3

NEXT 1

Y2=2

FOR I=1 7O Y1

Y2=Y2+H (1)

#H{I)=Y2

NEXT =

Y31

RETURN
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0010
0020
0030
oouo
0050
0040
0070
0080
0090
0100
110
0120
0130
giub
0150
0160
0170
0180
0190
0200
0210
0220
0230
a2n.0
025

0240
0270
0280
0290
6300
03140
0320
0330
03140
0350
3360
0370
6380
0390
0400
ou1n
0420
0430
0440
ouso
04460
4o
o480
0490
0500
6510

FLETM 9096 30 36 36 96 36 36 56 36 36 36 3636 36 96 96 36 36 36 3036 26 6.3 30 36 36 30 36 06 9036 3636 30 36 o 3630 336 36 36 96 36 3 6 K 3 20 36
REM

REM #x QUTPUT ROUTINE 3%

REM

BIM RCE) LB, ACH) V(D) LECH) LWL, QCL0) , HC(10)
ODIM Y&, 6G€5), TCIHL), JC1UL), S(LHL)

DIM PCE) L M5, COIHL, 5) L FCA) KCINL)

OIM LOI4MLD,HOIWL) NGy, D), Uit )

BIM OCIW1, W), ZC10T ., 0), X(31),acihl)

REM

GOSUR 0140

GASUR 0240

END

REM 36 %3 36 36 36 36 36 36 36 36 3 36 36 36 36 3636 36 309636 W 06 96 36 36 36 36 36 903 309 996 36 90 36 36 36 36 3¢
REM

REM ## REVERSE MAP xx

REM

OPEN FLI1, "ES0", 002, IN

MAT GET FLL,I.J,8,K L HNTHL QW 0,8

MAT GET FL1.0,U,Z, 0. R KBV, P M

GET FL1,NO,T3,N,V¥0,C0,T0,00,T2,01,F2,F3,Y1
CLOSE FL.1

RETURN

REM 3636300030509 0363 363 3 300 0 306 D036 06 36 96 36 36 3036 3 X 00 36 336 36 36 36 Je 36 ¥ 96 36 336 %
REM

REM %% OUTPUT SUEROUTINE *x

REM

PRINT FLP, TAELE 1--INPUT PARAMETERS:'

PRINT o T B e T '

PRINT FLP,'

PRINT FLP.,' INITIAL SPILL VOLUME (CURIC METERS): ';V0
PRINT FLP,"

PRINT FL.I*,° SPILL COMPONENTS:

FOR I=1 10 NO

PRINT FLP,"

PRINT FLP," COMPONLNT MU, 7505

PRINT FLP,’ SPECIFIC GRAVITY: RO
PRINT FLP,' ROTLING POINT (DEG. C)- ' R(I-273
PRINT FLP,' RELATIVE VOLUME: RAS R
IF F3=0 GOTO 0430

PRINT FLV.’ YAPOR PRESGURE: i PCID
PRINT FLP.,' MOLECULAR WEIGHT - MDD
NEXT I

PRINT FLP, " '

PRINT FLP,® CURRENT SPEED (M/8): ;00

PRINT FLP.," °

PRTINT FLP,' TEMPERATURE QF SEA (NES. C): ';T0-273

PRINT FLP," °

PRINT FLP,' INITIAL DISTANCE TO GHORE (KM): ' ;10
PRINT FLP," °

PRINT FLP,' RUNGE-KUTTA TIME STEP (HR): ';T3/3600.
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0920 PRINT FLP,'

0530 PRINT FLP.' DISPLAY INTERVAL: ';D1

0540 PRINT FLP," '

0550 PRINT FLP.° MAXIMUM SIMULATION TIME (HR): ';T2/3600.
0560 PRINT FLP.," °

0570 PRINT FLP,' WIND SPEED/WAVE HELGHT INTLERVALS:'

0380 PRINT FLP.'

QUP06 YI=2

0600 FOR I=1 TO Yl

0410 PRINT FL®P,

0420 PRINT FLP.' INTERVAL NO, ", I; "

0630 PRINT FLP,"' '

0640 PRINT FLP.' WIND SPEED {(M/8): WL
04650 PRINT FLP.,' 1/3 SIG. WAVE HEIGHT (M):';6((I)

0660 HAI)=H(YI)-Y2

0670 Y2=Y2+H#(I)

0680 X9=H{I)RT3/34600,

0490 PRINT FLP.,' INTERVAL DURATION (HR): ;X9
0700 NEXT I

0710 FOR I=1 TO 8

0720 PRINT FLP.'

0730 NEXT I

3 0740 PRINT FLP, 'TARLE 2--SLICK VOLUME DISTRIRBUTYON:'
- 0750 PRINT FLP, "o oo v o o o e e e
. 0760 PRINT FLP,' °
¥ 0770 PRINT USING FLP,0780
- 6780 - SURFACE PERCENT OF PERCENT OF PERCENT OQF
S 0790 PRINT USING FLP,0800
{ 0800 : ELAPSED VOLUME INIT1aAL INITIAL INITIAL
! 0810 PRINT USING FLP,0820
] 0820 @ TIME REMAINING VOLUME ON VOLUME VOLUME
{ 0820 PRINT USING FLP,O084D
08u0 :  (HR) (M3*3) SURFACE EVAPORATED  DISPERSED
0850 PRINT USTNG FLP, 0860
0 8 6 0 [ - [ e 0 e ot 48 Soan e e e e et e ey s 08+ poon sotn mune [P

0870 FM—DI

0880 FUR L=1 TU N

0890 IF I<NIF2:0 GOTO 0920
! 0900 GOSUR 2640
{ 0910 GOTO 1030
1 0920 IF FuzD1i GOTO 1000

: 0930 X1=(I-1)%T3/3600.

- 0940 X2=8(I)

S 0950 X3=8(I)/8(1)%100,

2 0960 Xi=(1,~(SCI)+NCI))/$(1))%100,

2 0970 XS=D(I)/S(1) =100,

¢ 0980 PRINT USING FLP,1020,X1,X2,X3, X%, X5
= 0990 Fl=0

2 1000 FlmFu+

- 1010 NEXT I

e 1020 ¢ HHEH L HH B BEHT i, HHH L HH HitH e
f({

. E-32




1030 FOR I=1 TO 8
1040 PRINT FLP,

- 1050 NEXT I
- 1040 PRINT FLF,  TABLE 3--POLLUTEIL AREA AND SLICK THICKNESS:®
E . L1070 PRINT FLLP ) e s o o m oo o o o o ot e o s s i o it

1080 PRINT FLP,'
1090 PRINT USING FI.P,1100

1100 : TOTAL PERCENT OF
1110 PRINT ULSING FLP,1120
1120 :ELAPSED AREA TOTAL AREA SLICK

1130 PRINT USING FLP,11%0
1iu0  TIME CONTAMINATED COVERED THICKNESS
1150 PRINT USING FLP,1160

1160 : (HR) (KM¥%22) WITH OIL (MM)
1170 PRINT USING FLP.1180
1 j 8 0 2 oo e e s e e [ —— [ ——— [ A R
', 1190 Fl:=D1
& 1200 FOR I=1 TO N
2 1210 IF I<NIF2:0 GOTO 1240

3 1220 GOSUE 2640

= 1230 GOTO 1340

- 1240 IF FusDil GOTO 1310

1250 X1=(I-1)%T3/3600,

1260 X2=Q(I)/1.E04

1270 X3=(S(T)/HCI))/QCII%100,

1280 X4=H(I)*1000,

1290 PRINT USING FLP.1330,X1,X2,X3, X4
1300 Fl=0

1310 Fh4=Fu+1

1320 NEXT I

1330 :HHHE, §H HoHHRLT HEE, BH  HOHENIL
1340 FOR I=1 TO 8

1350 BRINT FLP,' °

1360 NEXT I

1370 IF F3=1 GOTO 1390

1380 RETURN

Dtk e S el Laley ety
S
.. PN . .

1390 PRINT FLP," PR R TR R R R RV R VR TR
1400 PRINT FLP,’ *¥%x% DETATILED OUTPUT TARLES xa#x’
Lul0 PRINT FLP,'® 33 36363 336 3 96 36 3630 36 W % 3 W I H ¥ 36

1420 FOR I=1 TO 4

1430 PRINT FLP,

1440 NEXT I

S0 PRINT FlP,'1ABlF H UL1AIIEF GURFALL %lICK LHARACTERToTJC '
1460 PRINT FLP, ' = e emeean e om0 o i o i e o e 18 3
1470 PRINY FLP,

1480 PRINT USING FLP, 1490

1490 SURFACE  EVAPORATION AVERAGE SLICK SLICK
1500 PRINT USING FLP,1510
L1510 VUIUMF FLUX DENSITY THICKNE 2R RABLUS
1520 PRINT USING FLP,1530
1530 T (M**“) (KG/Mxx2/76)  (KG/M#R3) (M) (M)
E-33
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1040

1950

E 1560
B 1370
g - 1580
& 1590
. ~‘ 1600
E: 14610
1620
¥ 14630
B 1Lau 0
146%0
1660
3 L&70
-8 14680
i 14690
3 1700
- 1710
B 1720
1730
L0
1750
1760
3 1770
- 1780
. 1790
: 1800
G 1810
g 1820
1830
é 1840
1850
. )_g 1840
o 1870
g 1680

; 1890
- 1900
R 1910
g - 1920
G - 1930
. i 1940
- 1980
g, 1960
E 1970
. L6
B 1990
2000

2010

2070

2030

2000

\ ‘41'-,4,;:' i R

~

e s ——— .

PRTNT U 1Nh FLLP, LS50
FOR I 1 TD N
IF T=NIF2z0 GOTQ 14600
GOSUR 2640
GOTO 1630
PRINT USING FLP,1620,T,8C1), T¢I %), JCI) L HOL) , NCT)
NEXT 7
CHEH #HEHIID HoHHRTT L oD HOHEHTTHD HOoHERL L
FOR T=1 TQ 5
PRINT FLP,'
NEXT I
PRINT FLP, ' TARLE S--DETAILED DROPLET DIGPERSTION AND'
PRINT FLP.,"* SLICKLET DISTRIRUTION RESULTS:
[PRITINT [ L5 o e o e s cne e e s s o i s o o s o e = 5 .
PRINY FLP,
PRINT USTNG FLP,17190
: HMALL LARGE VOLUME TOTAL
PRINT USING FLP,1730
: ODEIAMETER DIAMETER DTSPERSED  POL.. AREA
PRINT LUSTNG FLP, 1750
T (M) (M) (Mxx%3) (M#x2)
PPlNT USING I'LP, 1770
FUR }=1 10 N
IF I<«NIF2:0 GOTO 1820
GOSUR 2640
GOTO 18%50
PRINT USING FLP,L8u0, LKD) . LAT) (D), QCT)
NEXT T
CHEH B BHETITD BOHEBHLLLD ROHERILLD #OHBHILT
FOR T=1 TO %5
PRINT FLP,'
NEXT T
PRINT USING FLP, 1910
PRINT USING FLP, 15&0
PRINT HKTNG FILLP. 1930
"TABLYE 6--COMPOMENT MASEH CONCENTRATIONS (KG COMPONENT
: PhR UBIF METER DF &L;LK

PR]NT rIP,
PRINT USING FLP, 1940
I {OMP. 3 romMp, 2 comp., 3 COoMP. 1 CoMp., o
PRINT HSINU IIP L9839
IOR I:=1 TD N
IF LaNiFR:0 GOTO 2030
GOSUR 24640
GrTe 2040
PRINT USTHG FLP, 20001, CC3, 00,001, 2) . Ca3 3. CO)Lu), 0T, 00
NizXT T
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2050 CHEN HCHBBIILE  BOHBHIULL BHOHEEHLLTL ROHBO D HOHRE L)
2060 FOR I=1 TO 5
2070 PRINT FLP,
2080 NEXT T
2090 PRINT USING FLP,2110
2100 PRINT USING FLP,2120
2110 :TAELE 7-~DROPLET TERMINAL VELOCITIES (M/8)
D J “ f_'| e b Shm ave n i S € 00 B4R eda datn S S SN 004 b Mot S4B GBHL FOM Mo so0s e MO GF S Sase S0 P FARS Beve o e £ AR AHSO Mt A G000 0 1S
2130 PRINT FLP,
2140 PRINT USING FLP,2150
2150 ¢ 1 SIZE 1 S1ZE 2 SIZE 3 SIZE 4
2160 PRTNT USING FLP,2170
'\_) l '|? 0 [P . e bt v p s [POOSU— e o e s o a2
5180 FOR T=1 TO N
2190 IF I=NIFR2E0 GOTO 2220
2200 GOSUR 2610
2210 GOTO 2250
2220 PRINT USING FLP, 2280, 1,UCL, 1), UCT,2), U, 3), Ul 1)
2230 NEXT [
DRNO HEE HOBEBRLLED WL B HREELL B HERIL
2250 FOR I=1 TO 3
2260 PRINT FLIZ,
2270 NEXT T
200 PRINT USTNG FLP, 2300
2290 PRINT USING FLP,2310
2300 - TABLE &-~DROPLET DISPERSION DEPTHS (M)
DG | (] 1 o e o e e 1 e e o 1 8 e B o i e e S
RE20 PRINT FLP,
2330 PRINT USING FLP.23u0
A0 -1 SIZE RIZL ¥ SIZE X G1ZE Y
7350 PRINT USING FLP, 2360
'\'} 'jéﬂ - - s wne r s b an e et - [T
5370 FOR I=1 TO N
WABO LR LNIFDRED GOTO 2490
2390 GOSUL 260D
2400 GOTO ZHud
anEO PRINT UETHC KL
P20 NEXT |
DHF0 R BLCBHELLLL BLOHBRLIIL BRI R BN
20M0 FOR I=1 TN 5
24%0 PRINT FLP,
J 260 NEXT I
: ATO PRINT USING FLI, 2050
248y PRINT USING I'LP,2500
Y90 - TABLE 9--VOLUME IN DROPLETS (M 3) -
EME () [] ¢ = oo oot e o i i ot e b 1
2510 PRINT FLP.,
D520 PRINT USTNG FLP, 2530
, pEE0 ) GI7E 1 STZE 2 BI7E 2 S1Zt 1
n DGR PRINT USING FLP, 2550

)" 5’0 S e mamems wmeem e mmn e pesaaan e

P U P B R Y PR o el A
P:.zl;-_’.{'\::.’.l; ‘J'JI).(\.I!\.:IJI..(J'1-')'1'-.!,."!.’
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S-Sy

2560

2570
2580
2590
2600
2610
2620
2630
D610
2650
D660
2670
2680
26910
2700
2710
2720
2730
2740
2750
2740
2770
2780
2790
2800
2810

et v e
*M:—.W.‘&wf’mﬂk R iy ha ’»

FOR XI=1 TO N

IF T-NIF2:0 GOTO 2600

GOSUR 2640

GOTO 2630

PRINT USING FLP,2620,1,0C1,0),0¢1,2),0¢1,3),0(Y,

NEXT T

CHEH O HOHEBIV LD HOHERIIS D HOHBHTILD HORBHEI

RETURN

REDE 369636 3 3696 36 36 36 36 3636 36 36 36 36 3600 06 38 36 96 3630 30 96 36 36 36 36 36 36 36 3G 9636 36 96 36 0 0 06 300 630 3 3 3 e 3¢
REM

REM %% SLICK EVAP/STINK/BREAK-UP MESSAGES xx

REM

IF F2--1 GOTO 2730

PRINT FLP,' '

PRINT FLP,' THE AVERAGE DENSITY OF THE SLICK RECOMES'
PRINT FLP,'® GREATER THAN THE DENSITY OF WATER.'

RETURN

IF F2:4-2 GOTO 2780

PRINT FLP." '

PRINT FLP, SLICK RREAKS UP (AREA VS. VOLUME'

PRTINT FL.P.' STOPPING CRITERION REACHEI .’

RETURN
PRINT FLP,
PRINT FLP,*® THE SLICK HAS ENTIRELY EVAPORATED OR’
PRINT FLP, ODTISPERSED IN THE WATER COLUMN.'®
RETURN
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E.2.2 Definitions of Variables in Program Code

Arrays
A(K) - Intermediate Runge-Kutta function value for equation K.
R(D - Boiling point (initially OC, later OK) of o0il component J.
c(1,J) - Mass concentration (kg of component/m3 of slick) of
component J at beginning of interval I.
D(I) - Total rolume remaining dispersed in water column at
beginning of interval I.
E(K) - Intermediate Runge-Kutta routine value for equation K,
F(K) ~ Intermediate value of differential equation K in Runge-
Kutta routine.
e G(J; -  Mass flux (kg of component/m2 of slick/sec.) of
- component J.
é7 H(I) - Slick thickness (m) at beginning of interval I.
P~
E‘ I(1) -  Average volume flux of all components (m3/m2/s) at
E beginning of interval I.
. J(1) -~  Average slick density (kg/m3) at beginning of interval I.
FE : K(I) ~  Minimum droplet diameter (m) at beginning of interval I.
= b
£
- | L(I) -  Maximum droplet diameter (m) at beginning of interval I.
. M(J) - Molecular weight of component J.
N(T) - Radius of slick (m) at beginning of interval I,
0(1,L) - Volume (m3) of oil dispersed during interval I and
' contained in droplets of diameter given by L, K(I), and
h L(I1), where L varies from 1 to 4,
b P(J) -  Vapor pressure of ccmponent J.
;. 2
%x~ ¢ Q(1) ~  Tot~l area polluted (m") at beginning of interval 1.
;f R(J) -  Specific gravity of component J.
N . 3
A S(I) - Volume of surface slick (m™) at beginning o f interval L.
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Arrays (Cont.)

T(L)

u(L,n)

v(J)

W)
X(N)

Y(K)

Z(T,L)

@)
#HM)

Scalar Variables

{

A

A9
A$
B
s
V)
Dl

D3

D4
D5

D6

Flag in maximum dispersion depth calculation for droplets
of diameter given by L, K(1), and L(I).

Terminal velocity (m/s) of droplets of diameter given by
L, K(I), and L(1) that were dispersed during interval 1.

Relative volume (parts component per one part slick) of
component J.

Wind speed (m/s) during wind speed/wave height interval M.
Normal distribution table values.

Intermediate Runge-~Kutta variable for old values of
equation X,

Dispersion depths for drovlets of diameter given by L,
K(I) and L(I) and dispersed during interval I,

Wave height (m) during wind speed/wave height interval M.

Interval number at which wind speed/wave height interval M
begins.

Weighting factor for diameters in dispersion routine.
Intermediate value in wind speed/wave height input routine.
Answer to query.

Thickness of turbulent bore.

Current speed (m/s).

Initial distance to shore (km).

Display interval.

Increment of surface volume dispersed during an
interval (m3).

Droplet critical diameter (m).
Droplet diameter (m).

Temporary variable.
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Scalar Variables (Cont.)

D7 - Counter in dispersion routine.,
D8 - Sign flag in dispersion routine.
D9 ~ Counter in dispersion routine.
E@ -  Total number of differential equations: N¢ + 1.
El -  Evaporation time.
F - Data file number.
Fl -  Runge-Kutta flag/step number.
F2 -  Slick evaporation/break-up/sink flag.
F3 - Qutput type (summary or detailed) flag.
i F4 - Lipe count flag
%* G - Acceleration due to gravity (m/s).
VE H{ ~  Slick thickness (m) (temporaryv variable).
f 19 ~ Time step counter.
!
K¢ - Constant in component flux equation.
_E : K1 - Flag in Runge-Kutta routine.
i\ . K2 -  Turbulence difusivity.
é%’ LY -  Constant in distribution rovutine.
%%1 . Ll - Flag in distributicua routine.
'y
Ef § L2 ~  Flag for chiecking slick radius at 7T6.
éi : N -  Total number of time steps/intervals.
;;‘ ; N@ - Number of components in spilled oil.
Sf N1 ~  Viscosity of water.
?‘ N2 ~  TFraction of surface oil dispersed per unit time (s-l).
;T N3 - Effective viscosity of water/oil boundary.
fi N4 -  Viscosity of oil
o
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Scalar Variables {Cont.)

02
03
Pg
Pl

Q

Q1
Q2
R
R1

R2

R3
R4
S¢
Sl
S2
S5
T¢
Tl

T2

T3

T4
T5

T6

Variance of slicklet distribution before T6.
Variance of slicklet distribution after T6.
Atmospheric pressure.

Probability value in dispersion routine.

Temporary variable in probability calculation in
dispersion routine.

Index for probability calculation.
Index for probability calculation.
Average slick density (kg/m3).
Density of water (kg/m3).

Ratio of component boiling point (°K) to ocean
temperature (°K).

Slick radius (m) at time T6.

Slick radius (m) (temporary value).

1/3 significant wave height (m).

Surface tension of water/oil boundary.

Intermediate variable.

Volume variable.

Ocean temperature (initially OC, later K.

Elapsed time since dispersion (s) in dispersion routine.

Maximum simulation time (initially in hours, later in
seconds).

Runge-Kutta time step (initially in hours, later in
seconds).

Total elapsed time (s) in Runge~Kutta routine.
Time when slick reaches 1 mm thickness.

Time for transition to Gaussian distribution for slicklets.
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Scalar Variables (Cont.)

T7 - Time to end of gravity-inertia regime.
T8 - Time to end of gravity -viscous regime.
T9 - Present time (temporary).
v - Initial spill volume (m3).
; vl -  Component relative volume normalizing factor.
§ W - Wave frequency.
:;’ We - Initial wind speed (m/s).
E Wl - Microscale Weber number.
é; W2 - Wave crossing frequency.
- X1-X9 - Temporary output variables.
h} Y1 - Time until weather update.,
. Y2 - Index for weather update.
| yA!) - Intermediate variable in slick radius calculations.
{
| Z1 -  Maximum dispersio.. depth (m).
|
i Z2 - Velocity-dependent dispersion depth (m).
i
4
!
5
2
¢
3
?*
3
TR
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E.2.3 Notes on Program Code

While the program code is quite complicated, it do«s, for the most
part, follow the algorithms detailed in Sections 3 through 6 and Appendix
B. Below are some notes concerning parts of the code either that depart

somewhat from the given algorithms or that are in some other way confusing.

1. In line 580, 9.999 should be 10. (For some reason, our machine
believes that 10 > 9.999 * 1., but does not believe that
10 > 10 *# 1.) Similarly in lines 610 and 680.

2. The code in lines 5450 through 5790 should really be moved up to
line 1600. 1In an earlier version, there was a reason for this
separation; in the present version, it's only confusing.

3. The matrix X contains a normal distribution table (lines 2180-2260).
This is used in the droplet dispersion routine to calculate the
error function:

erf(x) = 2F (/2x) - 1,
where F is the cumulative normal distribution.

4. Lines 2480-2530 contain the "constants" that change when the wind
speed and wave height change; hence, the conditional GOSUB at line
270 in the main routine.

5. 1n line 439C, A is a constant such that
d
max 3

1) Ad_ -d) d” dd,

d .
min

Vdisp B

where V. is the volume dispersed during a time interval, d_,
disp min

is the minimum droplet diameter, and dmax is the maximum droplet dia-
meter. Thus, A(dmax—d) is the linear probability density
distribution for droplets of size (.

6. At line 4690, the elapsed time since the o0il «as dispersed is
gives by (I - 1 + .5) * T3, The .5 enters iato the equation

because we assume that the oil dispersed during a time interval
is dispersed in the middle of the interval.

~J

Line 4830 is an interpolation calculation using the normal
distribution table values at intervals of .l:
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8. The value of D(I) is the total volume of o0il dispersed at, or as
of, the begianing of time interval I. That is,

I /4
D(I) = & z P(I-k,j)* O(k’j) ’
k=1t j=1

where P(I-k,j} is the probability that a droplet of the jth diameter
is still dispersed after time I-k, and O0(k,j) is the total volume

of oil dispersed during time interval k and in droplets of the jth
diameter. In lines 4920-4940, the change in dispersed volume,
D(I)-D(I-1), is substracted from the surface volume and the thickness
of the surface slick is adjusted accordingly.

E.2.4 1Installaticn on Other Systems

The version of BASIC that runs on the IBM 5100 is sutfficiently
primitive that converting this program to another version of BASIC for

some other system should not be difficult (though it may be tedious).

Apart from I/0 (input/output) incompatibilities (which plague all
program conversions), there are only three immediately obvious potential

problems:

[
N

The 5100's version of BASIC limits array names to a single
character. Since the program requires 28 arrays, we were forced
to use "@" and "#" as names for two of them. These are probably
not legal names on most systems, and so will have to be changed.
Since most systems do not require single character names,

however, this should not prove too difficult.

2) The syntax of the IF statements will probably be different on
other systems. Most systems use "<>" for "is not equal to,"
rather than "#", for example. Many systems may require a THEN

prior to the GOTO in an IF statement.
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3) Some systems may requira LET statements (such as "LET T3 = .25").

Most systems do not.

Most system incompatibilities will arise from tke I/0 statements:
PRINT, PRINITUSING, OPEN, CLOSE, PUT, GET and CHAIN. It's fairly obvious
what the objectives of these statements are (in the convext of the program
code), but, depending upon the system, these objectives will range from

easy to impossible to achieve.

Any BASIC system has a PRINT statement, but the syntax will usually
differ.

Most, if not all, versions of BASIC have a statement equivalent to
PRINTUSING (a formatted output statement). Again, the syntax will usually
differ.

Some machines or some versicns of BASIC may be unable to handle
multiple I/0 devices, in which case the OPEN, CLOSE, PUT, and GET statements
will either have to be replaced with hard-coded options or will have to
be deleted. (For example, if it were not possible to read the oil spill
component make-up from a file, then the component data for some types
of oil could be stored in DATA statements within the program, and the
user could be asked to select one of these oil types or to enter the
component data f£rom the terminal.) Tf the machine is able to handle
multiple I/0 devices, it will still be necessary to change the syntaxes

of these statements.

If the system has a large enough core capacity, the CHAIN statement
at the end of the main program can be changed to a GOSUB, and the output
program can be made a subroutine of the main program, rather than a
separate unit, This would eliminate the need for saving data in and
retrieving data from a storage file. 1If, on the other hand, the system
has too little core capacity, the input and initialization sections can
be made a separate program unit and executed prior to the cal~ulation

section, through use of another CHAIN statement or its equivalent. (Note
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that a small portion of the initialization section may occasionally be

called by the calculation section.

See Section E.1.3.)
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APPENDIX F
DROPLET NUMBER DISTRIBUTION FUNCTIONS

To determine the volume fraction of oil dispersed in the water column,
it is necessary to adopt an assumption regarding the size distribution of
droplets. There are no reliable observations or theoretical estimates of
actual size distribution of droplets formed by breaking wave~slick
interaction. In Chapter 4, we presented an algorithm to estimate the
diameter of largest and smallest droplets formed. In Chapter 5, a simple
linear number density distribution was assumed to determine the fractional
volume of oil dispersed in the water column as a function of time. 1In this
Appendix, we will generalize the expressions obtained in Chapter 5 for an
arbitrary number density distribution of droplets.

Let the droplet number density distribution be given by the following

equation

g(d) ==admax f(b/) (F.1)

Where f(ﬂ’) is the distribution function and d/;s the nondimensional
diameter d/amax' The most general form of the distribution function can
be either a polynomial in 5’or a known function (such as exponential
function). However, certain closure conditions must be satisfied by the
chosen function. These conditions are:

- It has been observed that in a given volume of water containing oil
droplets, large numbers of small droplets are found. Hence the droplet
distribution function should be a monotonically decaying function.

- The smallest diameter was determined by the Weber number criterion
described in Chapter 4. Therefore, the distribution function should
have a maximum at the minimum diameter, dmin'

Some of the possible distributions are shown in Figure F.l. The

elementary volume of droplets of diameter d iz given by

- 3
av(d) = a dmax f(ar) d

F-1




E S kB s el o
icl
o
c
§ed
3]
c
3
w
c
2
3 Linear Distribution
B _~ Polynomial Distribution
Z e
‘D Exponential Distribution
T
[
e
[}
Ko
£
=3
2
P
Q
Q.
2
Q
N,
P do dm
N Droplet Diameter, d
» Figure F.1 Droplet Number Density Distribution Model
%\51
i F-2
o




T T T T T A R R TR TS TR T e =
- ‘I\\ / T A RN N - RENE

p v

VRO T =
N . “1&:-5«"{35‘ . ¥,

-, ﬂ‘l l‘g,
T G
- oottt o....... o, .

2]

¢

Ghicho i, |

L3

The total volume is:

d
max
£(F) a aa

dmin

The parameter W*, defined by Equation (5.22) may be redefined as:

4
* max 3
W = dmax a. f(J/) 4" da (F.2)
min

The fractional volume in the diameter range d and d+d44d is given by:

d +44d

_ 3
Fd =W 4 dmax f(a’) 4™ ad (F.3)

Once the functional form of f(i,) is known, W* and Fq may be readily
determined. These results for some simple functions are given here.

l, Linear Function

Let £(J ) be given by

£y =1-7 (F. 4)
Therefore

, a_ % a a % g 5

W = —2X . max min . min
20 4 5
(F.5)
4 d+ A4
& - * ¢
d W 4 5 a /

These expressions were used in the droplet distribution model developed
in Chapter 5.
2, 2nd degree polynomial

Let f(é’) be given by:

ey = ¢ +clcf+ czﬂ (F.6)

8ince £( ) should be maximum at d = 4

0

nin and steadily decrease, we will

agsume g = 1, c, = -0.5 and c, = ~0.5, which ylelds:
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The corresponding expressions for W and Fd are:
5 4 5 6
W* _ dmax _ dmaxdmin dmin dmin
15 4 10 12dmax
(F.7)
4 d+ad
F o= 1 maxd _ QE - 66
Tk 4 10 124
W max
d
3. Exponential Function
Iet the distribution function be exponential with a value of unity at
d = dmin‘ This is given by
dmax
£(§) = cpexp (- J 2% (F.8)
0 4
min
where Cq = - Substituting thig in Equations (F.2) and (F.3), we obtain
the following expressions for W* and f4.
% 4 dmax max3 dmax max
w o =d _ d. 16 - expfl - — —] + 3] + 6j7——]+ 6
max min d d d d
min minl mi min
4 3 2 a +a ) F2
a da. (~d/d4 . )
max min min d d d
F, = —————( -e + 3 + 6' + 6
d * a . d 4
W min min min P
Similar expressions can be obtained for any distribution function and can

be used in the algorithm developed in Chapter 5.
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